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ZigBee-Enabled RFID Reader Network 

Abstract 
The full potential of RFID technology has yet to be realized because of the inconvenient 
and costly implementation prescribed by the necessity for a wired infrastructure to 
transmit the valuable data to a central location. In order to advance this technology, this 
project designed and implemented a proof-of-concept wireless RFID reader system, 
composed of distributed autonomous nodes that communicate using the ZigBee standard. 
The working prototype that was presented to WJ Communications included the hardware, 
software and documentation necessary for further development with this valuable 
technology. 
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Executive Summary 
The emerging technology of radio frequency identification (RFID) promises to be a 
comprehensive approach to data collection. One of its potential applications includes the 
improvement of supply-chain operations, offering a more automated and informative 
alternative to barcode. RFID technology is an identification method that remotely reads 
data stored on devices called RFID tags using interrogator devices called RFID readers. 
Each tag contains an identification number, a unique value attributed to it. Collecting 
these IDs in a central location has the potential of enabling a virtual representation of an 
up-to-date inventory.  

As extensive as the possibilities of the technology are, they are limited by the anticipated 
difficulties of implementation. For typical applications, such as deployment in a retail 
setting, multiple RFID readers are densely distributed throughout a store with a single 
central node to control the network and manage the vast amount of data collected. 
Because of the number of readers transmitting their data to the central node through 
hardwired connections, installing a complete wired infrastructure is necessary to 
accommodate the data transmission. This increases the installation cost and the hassle of 
implementation, detracting from the appeal of RFID. To improve this situation, the major 
ambition of this project is to enable a wireless communication between the central node 
and the RFID readers. Having RFID readers that wirelessly update the inventory would 
lower installation costs and increase the flexibility of the system.  

The first step in allowing the central node and readers to communicate wirelessly is to 
choose the protocol to use. The relatively new ZigBee standard, specified by IEEE 
802.15.4, is fitting because it is designed for low cost and low power applications in 
particular. Choosing a standards-based technology over a proprietary solution is 
beneficial because it offers more flexibility and universal functionality. Of the available 
wireless standards, ZigBee was determined to be the appropriate solution because Wi-Fi 
and Bluetooth were more expensive and had higher power consumption due to the 
bandwidth and system resources offered.  

The next critical decision in the design process was how to implement the ZigBee 
standard. It was concluded that the most desirable method was to purchase preassembled 
development boards with the IEEE 802.15.4 and ZigBee protocol preloaded. This saved 
valuable implementation time. A development kit from Silicon Laboratories with six 
modules was chosen to serve as the ZigBee component to enable the wireless 
communication within an RFID system.  

For the RFID component of our system, this project utilizes a product in the development 
stage from WJ Communications, a leader in the RF industry. WJ Communications is 
developing a second generation RFID chip, called Voyager II that conforms to the latest 
industry-wide standards. The integration of each Silicon Labs development board with 
WJ’s Voyager II board fulfills the hardware requirements needed to prove that RFID and 
ZigBee technology can be merged to create a ZigBee network of RFID readers.  

After eight weeks, the result of this project is a functional prototype of a ZigBee-enabled 
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RFID reader network. The final network is managed by a central node, created by 
attaching an unmodified ZigBee coordinator to a computer and controlled by a PC-based 
application. Also included in the network are five ZigBee-enabled RFID readers. The 
ZigBee technology allows these devices to act as routers or end devices. The firmware 
that resides on the microcontrollers of the ZigBee modules has the capability for the 
devices to operate as either. The hardware for each of these nodes is the same, as well. It 
was determined that an additional hardware component was necessary to connect the 
Voyager II board to the ZigBee module. This was achieved by using a null modem and 
creating an adaptor board to convert the UART voltage levels from the ZigBee module to 
RS-232 levels needed by the Voyager II board.  

 
Figure 1: Graphical Representation of Final Network 

In Figure 1, the network of ZigBee-enabled RFID readers is graphically depicted. 
Because of the wireless communication shown by dotted lines, the central node is able to 
broadcast commands to all of the end devices, specifying for the device to initiate the 
Voyager II board to read nearby tags. Upon receiving a command, the nodes complete the 
requested task and report back to the central node with the gathered data.  

Before the result of this project could become a marketable product, WJ would need to 
finalize the development of the Voyager II and then create their own ZigBee-enabled 
RFID reader using a Voyager II chip and the two major components of the ZigBee 
development board, the microcontroller and the transceiver. This step would reduce the 
size and power consumption of the node to a marketable battery-powered autonomous 
node, which would be ideal for possible applications. 

This project performed the necessary steps to act as the foundation for future research by 
WJ into this promising niche of research. This integration of ZigBee and RFID has the 
potential to offer the retail industry a cost-efficient solution to installing an RFID system 
by eliminating the need for a wired infrastructure. The prototype created in this project 
demonstrates that ZigBee technology is a viable option to use for an RFID system to 
communicate wirelessly.  

iv 



ZigBee-Enabled RFID Reader Network 

Table of Contents 
ABSTRACT ........................................................................................................................... II 
EXECUTIVE SUMMARY........................................................................................................ III 
1 INTRODUCTION.............................................................................................................. 1 
2 GENERAL BACKGROUND............................................................................................... 2 

2.1 Radio Frequency Identification (RFID) Technology ............................................ 2 
2.1.1 Customizing an RFID Solution ....................................................................... 2 
2.1.2 RFID System Components and Operation...................................................... 6 

2.2 Creating a Wireless Connection ............................................................................ 8 
2.2.1 Existing Wireless Standards ........................................................................... 8 

2.3 IEEE 802.15.4 Standard ...................................................................................... 10 
2.4 ZigBee Technology ............................................................................................. 11 

3 PROJECT SPECIFICATIONS............................................................................................ 13 
4 ALTERNATIVE DESIGN APPROACHES .......................................................................... 14 
5 SYSTEM LEVEL DESIGN .............................................................................................. 17 

5.1 Voyager II Emulator Board ................................................................................. 17 
5.1.1 Host Program................................................................................................ 19 

5.2 Silicon Labs ZigBee 2.4 GHz Development Kit ................................................. 23 
5.2.1 C8051F121 MCU.......................................................................................... 25 
5.2.2 Additional Hardware Features ..................................................................... 27 
5.2.3 Software Features ......................................................................................... 29 
5.2.4 Operation of ZigBee Network ....................................................................... 30 

6 DESIGN DOCUMENTATION .......................................................................................... 34 
6.1 Project Plan.......................................................................................................... 34 
6.2 Central Node........................................................................................................ 35 

6.2.1 Hardware ...................................................................................................... 36 
6.2.2 Software ........................................................................................................ 36 
6.2.3 Console User Interface ................................................................................. 39 

6.3 Autonomous Nodes ............................................................................................. 40 
6.3.1 Hardware ...................................................................................................... 41 
6.3.2 Software ........................................................................................................ 43 

7 RESULTS...................................................................................................................... 46 
8 FUTURE CONSIDERATIONS .......................................................................................... 48 

8.1 Hardware Considerations .................................................................................... 48 
8.2 Network Software Considerations....................................................................... 48 
8.3 Controller Application Interface Considerations................................................. 48 

9 CONCLUSION............................................................................................................... 49 
REFERENCES ...................................................................................................................... 50 
APPENDIX A: WJ COMMUNICATIONS, INC .................................................................... 51 
APPENDIX B: USER’S MANUAL..................................................................................... 52 
APPENDIX C: INCLUDED SOURCE CODE........................................................................ 55 

ZigBeeHost.h................................................................................................................. 55 
Serial.h........................................................................................................................... 58 

APPENDIX D: WJ COMMUNICATIONS VOYAGER II EMULATOR BOARD SCHEMATIC..... 61 
APPENDIX E: ZIGBEE DEVELOPMENT KIT USER’S GUIDE ............................................ 62 
APPENDIX F: APPLICATION NOTE 222: ZIGBEE DEVELOPMENT BOARD HARDWARE 

v 



ZigBee-Enabled RFID Reader Network 

USER’S GUIDE 63 
APPENDIX G: C8051F12X DATA SHEET ....................................................................... 64 
APPENDIX H: APPLICATION NOTE 242: 2.4 GHZ ZIGBEE NETWORK API PROGRAMMING 
EXAMPLE GUIDE................................................................................................................ 65 
APPENDIX I: APPLICATION NOTE 241: NETWORK EXAMPLE BLINKY .......................... 66 

vi 



ZigBee-Enabled RFID Reader Network 

List of Figures and Tables 

Figure 1: Graphical Representation of Final Network....................................................... iv 
Figure 2: Example of an Electronic Product Code (EPC) .................................................. 4 
Figure 3: Directional Patch Antenna [www.centurion.com] .............................................. 5 
Figure 4: A Variety of RFID Tag Antennas ....................................................................... 6 
Figure 5: Typical RFID System.......................................................................................... 7 
Figure 6: Wireless-Enabled RFID System.......................................................................... 8 
Table 1: Available Wireless Standards [4] ......................................................................... 9 
Figure 7: The ZigBee Standard and IEEE 802.15.4 [www.sensorsmag.com] ................. 10 
Table 2: Possible ZigBee Modules ................................................................................... 15 
Figure 8: ZigBee-Enabled Network of RFID Readers ..................................................... 17 
Figure 9: Voyager II Emulator Board............................................................................... 18 
Figure 10: Voyager II Antenna ......................................................................................... 18 
Figure 11: Voyager II Emulator Board Block Diagram [WJ Communications] .............. 19 
Figure 12: Voyager II Host Program ................................................................................ 20 
Figure 13: Format of Request Packet................................................................................ 21 
Figure 14: Format of Response Packet ............................................................................. 21 
Figure 15: Generation 2 Command Fields........................................................................ 22 
Table 3: Gen2 Subcommands ........................................................................................... 22 
Figure 16: Read EPCs Subcommand Fields ..................................................................... 22 
Figure 17: Complete Response from Read EPCs command ............................................ 23 
Figure 18: In Progress Response from Read EPCs command.......................................... 23 
Figure 19: Silicon Labs ZigBee Development Kit [8]...................................................... 24 
Figure 20: ZigBee Development Board............................................................................ 25 
Figure 21: C8051F121 Features [10]................................................................................ 26 
Figure 22: C8051F121 Block Diagram [10]..................................................................... 27 
Figure 23: CC2420 Block Diagram [11] .......................................................................... 28 
Figure 24: CP2101 Block Diagram [12]........................................................................... 29 
Figure 25: ZigBee Network Formation Process ............................................................... 31 
Figure 26: Steps of Project................................................................................................ 34 
Figure 27: Software Flow Chart for Coordinator ............................................................. 37 
Figure 28: Software Flow Chart for End Devices ............................................................ 41 
Figure 29: Schematic of Adaptor Board ........................................................................... 42 
Figure 30: Complete Hardware of End Device/Router..................................................... 43 
Figure 31: Display of Tags Read ...................................................................................... 46 
Figure 32: Display of Network Status .............................................................................. 47 
Figure 33: Diagram of ZigBee Module ............................................................................ 52 
Figure 34: Display Upon Start Up .................................................................................... 53 

vii 



ZigBee-Enabled RFID Reader Network 

1 Introduction 
Although the promise of Radio Frequency Identification (RFID) technology is thought to 
be great, its development has been slow because of the anticipated difficulties of 
implementation for typical applications. Specifically, for a deployment in a retail store, 
an RFID system would be composed of a multitude of RFID readers and a single central 
node that collects and manages the vast amount of data collected. The costly readers are 
densely packed and a wired infrastructure is necessary to transmit the data to the central 
node. This type of installation would include high installation costs because of the effort 
needed to install a wired network within a store. To make this technology more attractive 
to retailers, the implementation costs must be reduced greatly. This can be achieved if the 
communication to the central node is conducted wirelessly. 

The goal of this project is to develop a working prototype that proves this concept is a 
possibility. To enable RFID readers to communicate to the central node wirelessly, this 
project aims to attach a ZigBee component to each device and establish a ZigBee network 
for the data transmission. This would allow each RFID reader to be self-sufficient, 
battery powered, and distributed within its available range; these nodes would form a 
Distributed Autonomous Reader Network (DARN). 

The deliverable of this project is a working prototype of a ZigBee network that 
successfully wirelessly transmits the data of RFID tag data through the ZigBee network 
to the Coordinator, which controls the central node. By proving this technology is 
possible, further developments are enabled with the hopes of a marketable product in the 
near future.  
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2 General Background 
In order to gain a better understanding of this project and its significance to WJ 
Communications and the industry, first it was necessary to perform relevant background 
research, beginning with radio frequency identification (RFID) technology. Although it is 
not the project’s sole focus, some familiarity with the operation of RFID technology is 
necessary to understand the limitations and possible application of the finished project. 
Our project does, however, require an in-depth knowledge of the chosen wireless 
communication standard, ZigBee. The preference of the ZigBee wireless standard is 
explained in the following section. Because ZigBee only specifies the Application and 
Network/Security layers of the stack, the research extended to the IEEE 802.15.4 
standard that details the Media Access Control (MAC) and Physical (PHY) layers of the 
stack. This section lays the framework necessary to understand the project’s goal and 
appreciate the possibilities of the success of this project.  

2.1 Radio Frequency Identification (RFID) Technology 
The focus of this project is to enable WJ Communications’ RFID readers to communicate 
wirelessly. One factor in this project’s success is a basic knowledge of RFID technology 
in order to understand its potential. As an automatic identification technology that has 
been around for over 50 years, the possibilities of RFID have been largely 
underdeveloped because of a lack of sufficient standardization and the overall expense of 
the technology. However, with standards now in place and a growing demand, the mass 
production of RFID products is expected to decrease the deployment cost of RFID 
systems [1]. 

Although RFID has numerous applications in various markets, it is primarily used in 
security, access control, and for supply chain tracking. More recently, the obvious 
benefits of an RFID inventory system over barcode systems have created an inclination 
for RFID in the retail industry. These benefits include increased automation due to the 
ability of RFID tags to be read without optical line-of-sight, as well as the ability to store 
more information than barcodes. Such advantages predict real-time in-transit supply 
chain visibility for all sizes and types of retail stores. A standard RFID system – a 
transceiver or reader, and a transponder or tag – can be expanded to meet the varying 
needs of the application. 

2.1.1 Customizing an RFID Solution 
RFID systems can operate at a variety of frequencies. The chosen frequency has 
important effects on the way that tags and readers interact. This versatility allows the user 
to choose the RFID products that work best for their intended use. For example, tags and 
readers can operate at low, high or ultra-high frequencies. Other opportunities exist to 
create an application-specific RFID system, such as choosing different types of tags and 
antennas. The next sections provide an introduction to each of the components and their 
effects used in customizing RFID systems. 

Basic RFID System. A standard RFID system includes a central node, readers and tags. 
Each of these components can be modified depending on the intended application for the 
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technology. Read range is a parameter of RFID performance that can be greatly affected 
by the choice of tag, antenna, or frequency. For example, passive and active tags perform 
differently and achieve different read ranges. The read range can also be affected by the 
frequency used by the communication between the reader and tag. The choices between 
antennas on both the tag and reader also provide some flexibility with the desirable 
performance of the system. Having these alternatives allows the user to customize RFID 
solutions to meet the needs of the application. 

Frequencies. The data transmission between the tags and readers can occur at a variety 
of different frequencies. For short reading ranges and low system costs, low frequencies 
(LF) (30 KHz to 500 KHz) are appropriate for security access and asset tracking. At this 
frequency the wavelength is approximately 2.4 kilometers, a great deal larger than the 
tags and readers. Because the tags and readers cannot radiate effectively, they rely on 
inductive coupling to operate which requires close proximity. This results in a read range 
of only a few 10’s of centimeters. The frequency at 13.56 MHz is referred to as high 
frequency (HF) [2]. It is typically used when medium data rate and read ranges are 
required. With a wavelength of about 20 meters, larger than most antennas, inductive 
coupling is still required for operation. Thus, close proximity continues to be necessary at 
high frequencies; read ranges are comparable to the size of the reader antenna, from a few 
cm to a meter. 

Ultra-High Frequencies (UHF) (850 MHz to 950 MHz) enable long read ranges because 
the size of the wavelength is comparable to the antennas of the readers and tags. At a 
typical operating frequency, 902-928 MHz, the wavelength is about 30 cm. Because it is 
similar to the size of readers and tags, radiative coupling, not inductive coupling, is used 
to achieve read ranges as much as 10 meters. In the microwave Industrial, Scientific, and 
Medical (ISM) band, readers and tags operate at 2.4-2.45 GHz. At this frequency, the 
wavelength is about 12 cm (5 inches); using radiative coupling, typical read ranges are 
around 1 to 3 meters (3 to 10 feet). These specifications make this frequency suitable for 
automated toll collection and supply chain applications [3].  

Tags. Because of the vast number of applications that use RFID technology, there are 
multiple types of tags that can be used. A tag is composed of an antenna and the 
integrated circuit that stores and communicates the data assigned to it [3]. The small chip 
has a rectifying circuit responsible for converting the received 900 MHz signal to a DC 
voltage used to power the rest of the circuit.  

The two major categories of tags are passive and active. With an internal power source, 
active RFID tags are able to power any internal circuits as well as generate the outgoing 
signal. Although active tags are larger, fairly expensive and have a limited operational 
life depending on battery, they have advantages such as increased read ranges and higher 
capacity for memory. In contrast, passive RFID tags are considerably lower in cost but 
have a smaller memory capacity and shorter read range. If operating at 2.4 GHz, passive 
tags have read ranges of 3 to 10 feet; if operating at 900 MHz, the read range can be as 
much as 30 feet. Passive RFID tags contain no internal power source and are energized 
using DC power derived from the RF signal received from the reader. The passive tag 
responds by modulating the carrier signal; this modulation can be decoded to yield the 
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tag’s unique code [2]. 

The unique identification (UID) code assigned to each tag is standardized by EPCglobal, 
a nonprofit organization with the following mission: “to establish a global standard for 
real-time, automatic identification of information in the supply chain of any company, 
anywhere in the world” [4]. One example of EPCglobal’s efforts is the Electronic Product 
Code (EPC), a form of storing the information on the tag that is more detailed than 
barcode. Within an EPC, values are used to identify the manufacturer, product category 
and even the individual item. This is the valuable information distinct to each tag that is 
transmitted to the reader and ultimately to the central node in an RFID system [4]. 

 
Figure 2: Example of an Electronic Product Code (EPC) 

An example EPC is displayed in Figure 2, showing the header and the three sets of data 
that accompany it. The header identifies the EPC version number, allowing for future 
expansion. The EPC Manager is a number that would distinguish the manufacturer of the 
item. The Object Class number refers to the exact type of product, comparable to the 
stock-keeping unit (SKU). Lastly, the Serial Number is a series of numbers that is unique 
to the item. The EPC is detailed further in EPCglobal’s latest specification, the 
EPCglobal UHF Generation 2 (Gen2) standard, which overcomes limitations of older 
Class 0 and Class 1 technology [4]. The new standard offers advanced encryption 
technology, password protection and authentication. It is designed for real-world 
performance with appropriate tag read-and-write speeds as well as the ability to work in 
dense reader environments. 

Antennas. Essentially, an antenna is a device built to transmit and receive 
electromagnetic waves, often times constructed simply from wires. An antenna can act in 
one of two modes. When an antenna acts as a transmitting device, it converts an attached 
source of AC power to electromagnetic wave energy to radiate an electromagnetic field. 
In the receiving mode, an antenna intercepts electromagnetic waves and converts their 
energy to induce an alternating current for power. In general, an antenna can receive and 
transmit equally well. 

An antenna’s design affects its many parameters and ultimately, its performance. The 
resonant frequency, or the frequency that the antenna is specifically tuned for, is 
associated with the physical length of the wire. An antenna with gain means that it 
distributes its power more strongly in some directions than in others. Gain is usually 
described in relation to an isotropic antenna, a theoretical device that radiates equally in 
all directions.  

Polarization is the direction that the electric field of the electromagnetic wave is traveling 
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in; it is generally perpendicular to the direction of the wave. Common polarizations are 
linear, such as vertical or horizontal, and circular, which is divided into right-hand and 
left-hand circular. The polarizations of both the reader antenna and the tag antenna factor 
into the performance of the RFID system. For the best performance, the highest power 
transfer between antennas occurs when their polarizations match, e.g. a vertically 
polarized reader antenna transmitting to a vertically polarized tag antenna. This is ideal if 
the orientation of the tag can be controlled during reading; if the tag is accidentally varied 
to an orientation perpendicular to the polarization of the reader antenna, it may not be 
read. When the tag orientation is unknown, a circularly polarized reader antenna is best 
because it can read both vertical and horizontal tags with equal ability. However because 
circular polarization has both a horizontal and a vertical component, each only has half of 
the transmitted power. Therefore half of the transmitted power is wasted when reading a 
linearly polarized tag and the read range is greatly reduced.  

The dipole antenna is a popular antenna that operates fairly close to the ideal isotropic 
antenna. The basic design of a dipole antenna consists of two open pieces of wire that act 
as a sort of capacitor, but with the electric field open to transmission instead of being 
concentrated between two closely-spaced plates. Because of this design, the dipole 
transmits equally in all directions perpendicular to the axis, as well as directions more 
than a few degrees away, but no radiation is transmitted directly along its axis, creating a 
toroidal radiation pattern. Another antenna that is nearly isotropic is a monopole, 
essentially half of a dipole placed above a ground plane. The radiation pattern above the 
ground plane is similar to that of a dipole, below the ground plane, there is very little 
radiation. Monopole antennas have the added feature of being compact and easy to use. 
In contrast to the nearly isotropic antennas, also available are directional antennas, like 
the patch antenna pictured below in Figure 3. Patch antennas can be circularly or linearly 
polarized, are usually flat and radiate primarily in the direction opposite the ground plane 
[2]. 

 
Figure 3: Directional Patch Antenna [www.centurion.com] 

The antennas used in an RFID system are completely dependent on the intended use. For 
a fixed application, patch antennas are commonly used; handheld operation calls for a 
compact antenna, like a dipole or vertical whip. If the intended application involves tags 
mainly in a single direction with respect to the antenna, nearly isotropic antennas like 
dipoles and monopoles are inappropriate because the radiation in other directions is 
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wasted. In this case, a higher read range will be achieved with a directional antenna, like 
a patch antenna, that has a higher gain and a radiation pattern primarily in the direction 
opposite the ground plane [2].  

 
Figure 4: A Variety of RFID Tag Antennas 

In an RFID system, the design of the antenna is important within the tag as well. In a 
variety of sizes and shapes similar to those pictured in Figure 4, tag antennas vary greatly 
to meet the need of the intended application. Due to the compact size inherent to a tag, 
the radiation efficiency and power are compromised. Another factor in tag antenna design 
is their local environment. Since tags are meant to be attached to objects, nearby 
materials like metal or aqueous fluids may severely damage the tag’s performance. To 
counteract these shortcomings, a tag may have multiple antennas, each employed in 
different polarizations to increase the chance of being read. 

2.1.2 RFID System Components and Operation 
Along with understanding the possible ways to achieve the desired performance of the 
RFID system, its basic operation is also important. The operation of a simple RFID 
system begins with a reader interrogating the tagged merchandise by sending and 
receiving radio frequency signals to and from the tag, or transponder, via their antennas. 
The tags respond back to the reader with a unique identification code assigned to it, its 
EPC. The reader then transmits this data to the central node where an up-to-date picture 
of the inventory is created.  

Readers. Also referred to as an interrogator, the reader consists of an antenna, 
transceiver, and decoder. As a radio transmitter and receiver, a reader simultaneously 
communicates with the tag population (interrogates), while providing power to operate 
the integrated circuits in passive tags. The reader transmits an amplitude-modulated 
signal, which powers up the tags and sends the instructions. While the tags take turns 
responding with their identification code, the reader continues to transmit a non-
modulated signal while it listens for tag responses. In the United States, readers must 
“hop” randomly from one frequency channel to another when operating in the ISM band, 
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remaining for no longer than 0.4 seconds at any one frequency.  

Central Node. The data transmitted between tag and reader is not useful for commercial 
application unless the vast amounts of information are integrated within a larger system. 
Acting as a central node, a computer with specialized software can enable this 
incorporation of data. Middleware is the generic term given to this specialized software 
that takes the raw data from the reader and passes on the useful data. It can categorize the 
aggregated data, ultimately providing a representation of the physical inventory of the 
business. 

 
Figure 5: Typical RFID System 

Implementation. The components described above interact to create a basic RFID system 
pictured in Figure 5, composed of tags, readers, and a central node. An implementation of 
this type of system at the storefront or distribution level would require an abundance of 
readers, dispersed throughout shelves and shelves of tagged items. These readers must 
communicate back to the central node so that the information can be used to provide 
supply chain visibility.  

Typically, systems transmit data collected by the RFID reader to the central node over a 
wired connection. The task of installing such a system involves expanding it to the level 
of scale necessary for a retailer at the storefront or distribution level. Depending on the 
size of scale, installing the necessary wired infrastructure may outweigh the few benefits 
of wired networking, such as reliability and low power consumption. Coupled with the 
high installation cost, the implementation of a wired network infrastructure may not be 
justifiable.  

The next option would be to enable the reader and the central node to communicate 
wirelessly. This would alleviate the difficulty and cost of implementation. With a 
wireless connection, the system becomes invaluable due to its flexibility and ease of 
installation. However, the issue of power must be considered as a ramification of 
eliminating the wired connection. This creates the need for ultra-low-power readers; 
relying on battery power is a possible answer if power consumption is minimized. Even 
with such constraints, however, the ideal possible growth for an RFID system with 
wireless communication between the reader and central node is represented in Figure 6.  
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Figure 6: Wireless-Enabled RFID System 

2.2 Creating a Wireless Connection  
After recognizing the value of enabling a wireless connection between the reader and the 
central node, an evaluation of the existing wireless standards was the next task. Other 
methods for making this connection wireless exist, but the benefits of using a standard 
instead of using a proprietary wireless communication protocol are obvious. A 
standardized protocol functions universally. After deciding that a standard was the best 
choice, the available wireless standards were evaluated based on selected criteria. For the 
application of an RFID system, low power consumption and long range were imperative 
requirements. Support for a large network size was an additional advantage, as well as 
low cost.  

2.2.1 Existing Wireless Standards 
Four possible options for the wireless connectivity mentioned are presented in Table 1 
below. Table 1 illustrates the range of available wireless data communications standards 
from the very short range (Bluetooth) to the very long range (cellular 
GSM/GPRS/CDMA). Each technology has applications it is best suited for. GSM, GPRS, 
CDMA, and 1xRTT are all standards for cellular telephone communications. Wi-Fi was 
developed to connect devices in local area networks (LANs). Bluetooth is a technology 
that was created for connecting devices in small personal area networks (PANs), such as 
a printer and a computer without the use of cables. ZigBee was developed for monitoring 
and control applications in short ranges.  

As just mentioned, each technology has an appropriate purpose, or its application focus. 
For each of these applications, the system resources specifies approximately how much 
memory is necessary. The expandability of each technology is a feature characterized by 
its network size, the number of possible nodes within the network. Battery life, 
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bandwidth and transmission range are self-explanatory and are important factors in 
choosing between technologies.  

The system resources required for the cellular technologies, GSM/GPRS/CDMA, are too 
substantial to be even considered for this low-power project. The Wi-Fi and Bluetooth 
wireless standards, unlike ZigBee, consume more power and offer more features than 
needed and are therefore more expensive. As one can see from Table 1, ZigBee is a 
viable solution for a low complexity, low power, and medium range application like the 
distributed reader network. From this decision-making process, it was determined that the 
ZigBee standard would be used to send the information to the central node from the 
readers. 

Table 1: Available Wireless Standards [4] 

 
 

The foundation of ZigBee was outlined by the Institute of Electrical and Electronics 
Engineer (IEEE) as IEEE standard 802.15.4. In this document, the IEEE defined the 
Physical (PHY) and Media Access Control (MAC) layers of the stack. Additional 
specfiications were developed by members of the industry who formed the ZigBee 
Alliance to establish a global standard and promote the technology. The ZigBee Alliance 
set specifications for the Application Framework and Network/Security layers of the 
stack. The interaction of both the IEEE 802.15.4 standard and ZigBee specifications is 
represented in Figure 7. 
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Figure 7: The ZigBee Standard and IEEE 802.15.4 [www.sensorsmag.com] 

2.3 IEEE 802.15.4 Standard 
The IEEE 802.15.4 Standard defines a low-power, short-range protocol for wireless 
communication. The specifications define only the lowest two layers of the networking 
stack: the physical and MAC (Media Access Control) layers. The operating frequency, 
network size and data rates are designated by the standard. 802.15.4-compliant devices 
may operate in one of three frequency bands: 868 MHz (Europe), 915 MHz (North 
America), and 2450 MHz (global). Each band has a fixed number of channels: 1, 10, and 
16 channels respectively. A channel refers to the frequency band that all the devices on 
the same network share. Theoretically, an unlimited number of devices could 
communicate on the same channel, but network performance degrades with large 
numbers of devices. Data rates vary with distance and transmission power, ranging from 
as high as 250 kb/s to 20 kb/s. 

An IEEE 802.15.4 network consists of at least two devices operating on the same 
physical channel. The size of a network is not explicitly limited by the standard. 
Nonetheless, network addresses are stored and sent as either 16-bit or 64-bit numbers, 
effectively limiting the maximum network size to 264, or thousands of billions of nodes. 
Because devices must be within physical transmission range of each other (1-100+ 
meters), actual networks are unlikely to ever reach their theoretical limit. Network 
arbitration is managed using collision avoidance algorithms (CSMA-CA), and each node 
is given guaranteed time slots (GTS) in which to transmit a frame, although this time slot 
can be exceeded if necessary. 

Each IEEE 802.15.4 network must have at least one full-function device (FFD) 
implementing the complete 802.15.4 protocol, which manages the network. The 
remaining devices may be either full-function or reduced-function (RFD). Two kinds of 
network topology are defined: star and peer-to-peer. In a star configuration, each edge 
device (FFD or RFD) communicates only with the central node (FFD). This network is 
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typically used in personal computer peripherals or personal health care products. The 
alternative to star network is peer-to-peer, which has no fixed structure. Nodes on the 
network form wireless meshes, and the structure changes dynamically. This type of 
network is typically used in industrial control and monitoring or inventory tracking 
applications, which both encompass our project’s scope. 

2.4 ZigBee Technology 
ZigBee is a technology based on IEEE 802.15.4 that provides users with a cost-effective 
standard with the ability to run for months or years on inexpensive primary batteries for 
typical applications. The relatively new technology is promoted by the ZigBee Alliance, 
an organization of semiconductor manufacturers, wireless IP providers and OEMs. The 
standard is named for the silent zig-zag dancing technique used by honey bees to 
communicate information about a newly discovered food source to fellow colony bees. 
The continuous communication of vital information exploited in a colony of honeybees 
mirrors the control and monitoring applications that ZigBee is designed for.  

ZigBee devices operate in unlicensed bands of 2.4 GHz. At this frequency, 16 channels 
are available with a throughput rate of 250 kbps. The range of ZigBee can extend from 10 
to 75 meters and is dependent on the power output of the devices and the environment of 
the coverage area. ZigBee achieves its attractive low power consumption because of the 
low duty cycle expected for battery powered nodes within a ZigBee network. Once a 
node is associated with a network, it can wake up, communicate with other ZigBee 
devices and return to sleep. The longer the time in sleep, the lower the average power 
consumption. Although battery life is dependent on battery type, capacity and 
application, the ZigBee Alliance encourages users to generally expect multi-year battery 
life when using standard, alkaline batteries in a typical application [5]. 

Because the ZigBee standard is based on the IEEE 802.15.4, implementing a ZigBee 
network has similar requirements to an 802.15.4 network. As mentioned for 802.15.4, 
ZigBee devices can function as either an FFD or RFD. At least one FFD is required to 
operate as the ZigBee coordinator to initialize the network, manage nodes and store 
information. Additional devices can be FFDs, becoming ZigBee routers, if they contain 
sufficient system resources for network routing, approximately 16 to 20 KB. Typically 
FFDs are line powered and are also responsible for discovering other FFDs and RFDs to 
establish communications. Often referred to as ZigBee end devices, RFDs are usually 
battery powered because of the extended sleep periods. Due to the stack size and memory 
being reduced to approximately 12 to 16 KB, the RFDs utilize a less expensive IC, 
thereby lowering the cost of the ZigBee network.  

Because of the applications that ZigBee was developed for, security, data integrity, and 
reliability are key features of the technology. To ensure a highly reliable network, ZigBee 
utilizes Direct Sequence Spread Spectrum including collision avoidance, receiver energy 
detection, link quality indication, acknowledgement and packet freshness. For security 
and data integrity issues, ZigBee provides access control lists, packet freshness timers 
and 128-bit encryption. Access control lists are maintained to verify trusted devices 
within the network. With sequential freshness, ZigBee uses an ordered sequence of inputs 

11 



ZigBee-Enabled RFID Reader Network 

to reject frames that have been replayed. In addition, ZigBee stops devices without 
cryptographic keys from modifying data using frame integrity. All of these features 
combine to ascertain reliable and secure networks. 

ZigBee products are offered in integrated single-chip solutions or in complete 
preassembled development boards. A ZigBee module consists of an RF IC, and a low-
power microcontroller that interfaces with a sensor or actuator. Chipcon, Ember 
Corporation, and Freescale Semiconductor are three suppliers of ZigBee modules that 
offer standalone chips as well as development kits for setting up ZigBee networks. 
Research into these manufacturers and others was completed before making a decision of 
which product to use.  
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3  Project Specifications 
The goal of this project, as stated by WJ Communications, is to “design, implement, and 
test a prototype RFID shelf reader network using the ZigBee data communications 
standard.” In working towards this goal, several requirements have shaped this project 
and its corresponding design process. As a proof of concept project, the focus was mainly 
on demonstrating the ability of the technology, and less on the specific operating 
requirements of the system. Nonetheless, some general requirements include: 

 To establish a robust network using a standards-based wireless technology, 
preferably ZigBee, which is 

o Composed of autonomous, battery-powered wireless nodes, each with the 
capability of an RFID reader;  

 To prove the ability to reliably transmit data from end devices to router and from 
router to central node at a minimum of several (3-5) feet for reasonable range in a 
typical implementation. 

 To deliver a working prototype system, including the hardware, software and 
documentation necessary to allow further development.  
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4 Alternative Design Approaches 
The specifications mentioned in the previous section dictate the goal of this project; it 
was determined that there existed various means by which to achieve this aim. Several 
criteria were used to make the critical design choices necessary. For this project, the most 
crucial deciding factor was time. With only eight weeks for the entire project and the 
overwhelming desire from WJ Communications for a fast implementation, the most time-
efficient method was chosen. This section discusses the existing possible alternatives, 
providing the reader with the reasoning behind the choices made in our major design 
decisions. 

Technology.  In a previous section entitled Available Wireless Standards, the reasons for 
choosing the ZigBee technology were delineated. As a wireless protocol designed 
specifically for a low-power, low-cost application, ZigBee was the obvious choice. 
Proprietary solutions also exist but the benefits of using a standardized technology are 
evident: vendor independence, product interoperability, and accessibility to broader 
markets. Using the ZigBee standard eliminated the possibility of being ‘locked-in,’ or 
being restricted to using a single vendor’s products. Standardized technology enables the 
flexibility of more choices of products as well as the reliability that those products will 
cooperate. This rationale led to a search focused solely on ZigBee compliant devices. 

Hardware Options.  Once a wireless technology was decided upon, the next option was 
what type of ZigBee solution to choose. Although this project utilizes a manufacturer’s 
complete assembled development board, other options exist. Manufacturers of the ZigBee 
Alliance offer complete modules or single transceiver chips that require additional 
circuitry to function. Ordering just the ZigBee transceiver chip requires the assembly of a 
ZigBee module using chosen supplementary hardware. This was not a time-efficient 
option for this project and would best be used when time is not an issue and low cost is 
significant. This project dictated the need for preassembled modules to speed the 
implementation of a basic network.  

Manufacturers.  With the search limited to ZigBee compliant development kits, deciding 
between manufacturers was the next selection. With the multitude of manufacturers and 
possible solutions, it was important that the development kit fulfilled certain criteria. 
Because of the time constraints on this project, the primary factor was availability. 
Overnight availability was ideal; a lead time of a week or longer was unacceptable. 
Likewise, out of stock items were not even considered. Another important consideration 
is the hardware interface offered on the ZigBee module. The Voyager II provides a serial 
port, defined by the RS-232 protocol. To save time, a convenient connection to the 
Voyager II’s interface is an essential; this connection would preferably be made using a 
corresponding serial port. Also critical in our choice for a ZigBee module is the included 
feature of the ZigBee software stack. Some modules come with only the IEEE 802.15.4 
protocol stack loaded onto the hardware, lacking the ZigBee functions included to enable 
the desired network. This means either the additional software must be purchased for an 
additional cost or writing the software becomes our responsibility. Although cost is not a 
major issue, purchasing the additional software from a different manufacturer may create 
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compatibility problems. Writing a ZigBee stack is not compliant with a time-efficient 
implementation. Therefore our ideal ZigBee solution is an immediately available, 
complete development kit with modules offering a serial port and ZigBee software stack 
from a manufacturer who is a member of the ZigBee Alliance.  

After researching possible manufacturers and their products, the options represented in 
Table 2 remained. The AXON-Synaptrix Development Kit from Innovative Wireless 
Technologies (IWT Wireless) offered more than enough boards complete with serial 
ports; however the lack of ZigBee stack and exorbitant price removed it from contention. 
Ember’s Jumpstart Kit had all the necessary features; nonetheless its price was out of 
range even for this project. Freescale seemed ideal but would take 24 weeks to ship. 
Crossbow Technologies offered flexibility and expandability by offering a separate board 
for interfacing. However, what Crossbow featured in price and availability would be 
negated with the additional implementation time needed to replace the lack of ZigBee 
software. 

The ZM2400 Development Kit from Cirronet fulfilled all the necessary criteria. The 
price, hardware and software were ideal, and the lead time was possibly manageable. The 
Development Kit from Silicon Labs was still a candidate, however. Its only fault is the 
USB port in place of a serial port. This would require the need for a USB to serial 
conversion, achieved by making hardware modifications described later. After weighing 
between losing three weeks implementation time in a eight week project and the need for 
an additional part, it was determined that the three weeks were too valuable to lose.  

Table 2: Possible ZigBee Modules 

Product Name 
Manufacturer 

Contents Hardware 
Interface 

Software Cost Availability/ 
Lead Time 

2.4 GHz ZigBee Dev Kit 
Silicon Labs [8] 

6 boards USB ZigBee stack $950 ASAP 

ZMN2400DK 
Cirronet, Inc. [15] 

2 boards Serial Port ZigBee stack $299 3 weeks 

MPR2400CA 
Crossbow [16] 

1 radio/processor 
board and 1 

interface board 

Serial Port No ZigBee $220 5 days 

MC13193EVB 
Freescale [17] 

2 boards Serial Port ZigBee stack $498 24 weeks 

Ember Jumpstart Kit 
Ember Corporation [18] 

6 boards Serial Port ZigBee stack $4,995 ASAP 

AXON-Synaptrix Dev Kit 
IWT Wireless [19] 

12 boards Serial Port No ZigBee $3,500 ASAP 

 
The chosen development kit from Silicon Labs offers the appropriate number of 
development boards. Six modules will allow us to set up a small network of multiple 
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nodes for testing and demonstration. With the included ZigBee stack, time is not wasted 
implementing this required software. Also, the cost of the development kit is right in our 
ideal range. Lastly, with the immediate availability, the conversion from USB to serial 
can be resolved.  

The goal of our project could potentially be achieved in a variety of manners. The choice 
of a complete development kit from Silicon Labs was simply one of many. The decisions 
made worked best for the constraints of our project. If time is not as critical as it was for 
this project, another development kit might have been chosen or building the module 
from scratch using a ZigBee transceiver.  
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5 System Level Design 
The goal of this project is to use ZigBee technology to enable WJ Communications’ 
RFID readers to communicate wirelessly in a network environment. To achieve this goal, 
several Voyager II emulator boards will be integrated with a ZigBee development board 
and set up to interoperate in a basic network and transmit data back to a central node. As 
represented in Figure 8, one ZigBee module will be connected to a PC to create a ZigBee 
coordinator. As the central node or ZigBee coordinator, this device is responsible for 
initiating the network and managing the ZigBee routers and end devices.  

Multiple ZigBee-enabled RFID readers will act as autonomous nodes with the ability to 
act as ZigBee routers or end devices. Both devices are responsible for performing RFID 
reader functions such as reading surrounding tags but nodes that are designated as ZigBee 
routers have the additional duty of discovering nearby end devices and other routers. 
ZigBee end devices, in contrast, are accountable for a minimum number of tasks. In 
response to a broadcasted command from the central node, the end devices awaken and 
perform the requested function of reading tags. After sending the collected data back to a 
nearby ZigBee router, the end devices return to stand-by state. ZigBee routers transmit 
their own collected tag data, as well as data from end devices, back to the central node 
using a shared ZigBee network stack and return to their own stand-by state.  

 
Figure 8: ZigBee-Enabled Network of RFID Readers 

Each node whether router or end device, relies on the integration of ZigBee technology 
with WJ’s Voyager II emulator board. This section provides the hardware and software 
background of both major components of this integration, the Silicon Laboratories 
ZigBee Development Kit and WJ Communications Voyager II Emulator Board. 

5.1 Voyager II Emulator Board 
WJ Communications is in the development stage of producing a second generation RFID 
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chip, called Voyager that conforms to the EPCglobal Class 1 Generation 2 standard. This 
project utilizes an emulator board, shown in Figure 9 that was built with the first 
generation Voyager chip as part of the development process. This board is ideal for our 
low power RFID reader network because power dissipation is a critical issue in the 
development of the Voyager II (V2) chip. The capabilities of the board include reading 
EPC Class 0 and Class 1 Generation 2 tags as well as ISO 180000-6B tags. 

 
Figure 9: Voyager II Emulator Board 

The RF SMA connector that can be seen at the top of Figure 9 can be used with an 
appropriate 880-960 MHz antenna. Typically, a 902-928 MHz dipole antenna is attached 
to this connector, similar to the one pictured in Figure 10. With a gain of 2.14 dBi, this 
device radiates fairly close to the ideal isotropic pattern, in that it transmits no radiation 
along its axis but transmits equally in all directions perpendicular to the axis and nearly 
as well to directions more than a few degrees away from the axis.  

 
Figure 10: Voyager II Antenna 

One of the board’s key components is a Philips LPC2106 microcontroller which controls 
the emulation process. The board requires a 6.0 V power supply for operation. An RS-
232 port is utilized for serial communication between the emulator board and a host 
program from a computer, as well as three JTAG ports for debugging and testing 
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purposes. 

 

Figure 11: Voyager II Emulator Board Block Diagram [WJ Communications] 

5.1.1 Host Program 
The Voyager II board is controlled by a computer-based host interface program, which 
communicates with the board via the serial port. A user-driven program, the host sends 
various commands to the Voyager II board, such as Read Tag, Inventory, and Write. 
Figure 12 is an example of a menu with these types of commands. After interpreting 
these commands, the LPC2106 microcontroller instructs the reader to perform the 
appropriate tasks and then responds to the program with the requested data. It is 
important to become familiar with the messaging protocol defined by this existing host 
program. From this program, selected functions, particularly the Read EPC command, 
will be incorporated into our own program for the ZigBee microcontroller.  
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Figure 12: Voyager II Host Program 

For the serial communication between the host and reader, the parameters that defines the 
UART port is: 

1. Baud rate: 57,600 

2. Data bits:  8 

3. Parity: None 

4. Stop bits: 1 

5. Flow control: None; managed instead by having message size limits, buffering 
large enough to support the maximum message sizes and by using a command 
response messaging protocol [6]. 

In addition to describing the host interface bus, the messaging protocol is defined; a 
request-response protocol is followed with the host sending request packets and the 
reader sending responses to the requests. As a result, the reader always responds to valid 
request packets and never sends unsolicited packets. The response from the V2 board 
may be composed of a single or multiple packets, depending on the size of the data.  

Each request and response packet must be formatted correctly. The packets are 
communicated big-endian, or MS-byte first, and are required to have a proper Start of 
Frame (SOF) and a valid Cyclic Redundancy Check (CRC) or they are ignored. Because 
there is no explicit symbol for the end of the message, the length byte is used to 
determine the end of the packet. The maximum length of a packet including the SOF 
character is 64 bytes for a request, 256 bytes for a response. Figure 13 and Figure 14 
below shows the necessary format of the request and response packets.  
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Figure 13: Format of Request Packet 

 

 
Figure 14: Format of Response Packet 

Both the request and response packets use the byte 0x01 as the SOF to mark the 
beginning. The Reserved for Future Use (RFU) is not specified and simply has the value 
of 0x00. The Length byte specifies the number of bytes in the packet, excluding the SOF 
byte. After the Length byte is a section only required for the response packet, Status. The 
value of the Status byte indicates the state of the command on the reader: completed 
(0x00), in progress (0x01), or error encountered (0xFF). If an error as occurred, more 
detailed information can be determined from the error code supplied in the Data section 
of the response packet. It is within the Data section of both the response and request 
packets that the important information lives. In a request packet, when the host asks the 
reader to perform a function, the data section contains the specific command. A response 
packet, sent from the reader to the host, has a data section that is command dependent – it 
contains the information requested [6].  

The last section of the packet is a 16-bit CRC, part of a hash function used to verify the 
contents of the packet. This conventional method is when a small fixed number of bits, 
the CRC, is calculated using a simple algorithm against a block of data, similar to a 
packet described above. The produced number, or checksum, is used to detect errors and 
ensure the validity of the commands from the reader or of the backscattered replies from 
the tag. For this implementation, the algorithm used is [x16+x12+x5+1] or 0x1021 and is 
specified by the International Telegraph and Telephone Consultative Committee 
(CCITT). It is calculated on all of the bytes of the packet, excluding the SOF, before 
transmission and verified afterwards. It can be calculated using the polynomial with a 
preload value of 0xFFFF or using a table of pre-calculated CRC values to accelerate the 
speed of the verification [7].  

Gen 2 commands. Although the V2 board has the ability to respond to a variety of 
commands including reading ISO 180000-6B tags, the only relevant commands are in the 
Gen 2 set. As can be seen in Figure 15, there are several fields of the Data section that are 
common to all Gen 2 commands. By setting the value to 0x06 in the Command field, the 
Gen2 Subcommands can be accessed. The value of the Subcommand field varies 
according to which operation the reader wants to perform and will be detailed below. The 
next field specifies the RF power level of the transmit signal. A value of 0xFF indicates 
the maximum level; 0x00 indicates an ‘off’ state. For the purpose of this project, the next 
field of RFU was used to specify a corresponding value for the antenna used. 
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Figure 15: Generation 2 Command Fields 

Each possible value of the Subcommand field corresponds to a certain Gen2 function. 
Table 3 below specifies the available Gen2 operations for the reader to pass to the tag. 
The function predominantly used in this project was Read EPCs with a value of 0x00 but 
it was important to understand the operation of the other subcommands as well. The 
Select Tags subcommand is used to allow the host to select which tag(s) should 
participate in the next interrogation round. The Config subcommand specifies parameters 
that will be used in the next interrogation round. The other commands read or write from 
a specified memory location, lock a specific tag’s memory by preventing future changes, 
or kill a specified tag by permanently rendering it non-responsive [7].  

Table 3: Gen2 Subcommands 
Subcommand Name Value 
Read EPCs 0x00 
Select Tags 0x01 
Config 0x02 
Read Tag Memory 0x03 
Write 0x04 
Lock Tag Memory 0x05 
Kill Tag 0x06 

Using a value of 0x00 selects the Read EPCs subcommand. Upon choosing this 
command, the reader starts a new round of interrogation to read tag’s EPCs using 
previously set parameters. In addition to the fields that are common to all Gen 2 
commands, the Read EPCs subcommand requires fields to specify two additional 
parameters, as can be seen in Figure 16.  

 
Figure 16: Read EPCs Subcommand Fields 

The first byte specifies the maximum number of tags for the reader to read EPCs from. 
The second byte, or starting Query (Q) number, is used to regulate the probability of a tag 
response. It is exploited to avoid collision, utilizing an algorithm where tags load a 
random number into a slot counter, decrement this slot counter based on commands from 
the reader, and then reply to the reader when their slot counter reaches zero. When a tag 
is being read by the reader, it essentially rolls a 2Q – 1 sided die. If a ‘0’ is rolled, the tag 
responds. If a non-zero value is rolled, the tag stores that number into its slot-counter and 
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waits for further commands in a “holding state.” The value of Q ranges from 0 to 15 and 
should be chosen such that 2Q >= the number of tags to read. For example, for a Max Tag 
Count = 1, Q = 0; and for Max Tag Count = 2, Q = 1 and so on [6, 7]. 

Using all of the mentioned parameters to correctly format a request packet for the Gen2 
Read EPCs command solicits a response from the reader. The response may contain more 
than one packet, depending on how many tags were found in the field of the reader. Each 
response packet will have a Status byte of 0x01 to indicate In Progress, except for the last 
response packet, when Status will be 0x00 for Complete. The Data section of the status 
Complete packet will have values representing the total number of tags found and the 
number of CRC errors detected.  

 
Figure 17: Complete Response from Read EPCs command 

The Data section of each In Progress packet will contain the number of tags described 
within the packet, followed by a repeating group of data for each tag. The Tag ID field 
can vary in length, depending on how many tag EPCs are listed. Since EPCs are not 
uniform length, an “epcLength” byte is affixed before each tag EPC to specify its length 
in bytes. The Tag ID can contain as many tag EPCs as will fit in the allotted 249 bytes 
[6]. 

 
Figure 18: In Progress Response from Read EPCs command 

A thorough understanding of the above mentioned Gen 2 commands is essential to 
creating a program on the ZigBee controller to instruct the Voyager II. Although only the 
Read EPCs command is within this project’s scope, for future reference the Voyager II 
Host Interface document also specifies the format for other commands, including ISO 
18000-6B and additional Gen 2 instructions. The composition of the request and response 
packets for each command is detailed as well.  

5.2 Silicon Labs ZigBee 2.4 GHz Development Kit 
In order to enable WJ’s Voyager II to communicate data wirelessly, a ZigBee component 
must be added. The ZigBee component of the project will be responsible for receiving 
data through the serial port from the Voyager II board and transmitting it wirelessly over 
the ZigBee network to the central node. Although multiple manufacturers offer a variety 
of ZigBee solutions, it was important that the ZigBee development kit for this project 
fulfilled certain criteria. The criteria and decision process is explained later with details 
such as our primary factors of availability, interface options and the feature of a complete 
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ZigBee software stack. The 2.4 GHz ZigBee Development Kit pictured in Figure 19 from 
Silicon Laboratories matched all of our necessary conditions. 

 
Figure 19: Silicon Labs ZigBee Development Kit [8] 

Silicon Laboratories is a member of the ZigBee Alliance and offers this development kit 
to simplify and accelerate the process of creating ZigBee applications. By providing all 
the necessary hardware and software to build a ZigBee network, the user is able to focus 
on application development rather than hardware selection. The development kit contains 
the resources to build a six-node ZigBee network. As can be seen in Figure 19, in 
addition to the six development boards and attaching antennas, the kit also supplied a AC 
to DC power adapter, six 9 V batteries, two USB cables and a USB JTAG debug adapter. 
The provided CD-ROM included documentation, demonstration software, development 
tools like an assembler, linker and compiler, as well as source code examples and register 
definition files. 

Each development board, pictured in Figure 20, features three key components: a Silicon 
Labs C8021F121 microcontroller, a Chipcon CC2420 2.4 GHz 802.15.4 transceiver and a 
Silicon Labs CP2101 USB-to-UART bridge. For the board’s memory, 128 kb of Flash 
and 8448 bytes of RAM are sufficient resources on the C8051F121 microcontroller for 
developing and debugging network software. For power, the board can use a 2.1 mm 
power jack to connect to a 9 V DC wall transformer, a USB cable to connect to a PC, or a 
switch to connect to the 9 V battery. For support, the board offers four programmable 
switches and eight programmable LEDs as visual feedback. In addition, a reset switch is 
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available, as are two red LED’s for power status indicators for the 2.1 mm jack and USB 
power [9]. 

 

Figure 20: ZigBee Development Board 

Other features include a voltage regulator, a thumb wheel potentiometer to demonstrate 
ADC input capability and an internal temperature sensor in the C8051F121 
microcontroller. The board’s RF SMA connector may be used with the supplied 2.4 GHz 
swivel antenna from gigaAnt, a half-wave antenna independent of ground plane. Also, 
the C8051F121 allows for non-intrusive testing with on-board JTAG debug circuitry for 
full speed, in-circuit debugging [9]. 

5.2.1 C8051F121 MCU 
Silicon Labs C8051F121 Precision Mixed Signal MCU chip is the controller of the board, 
capable of fulfilling demanding requirements for high-speed precision digital and analog 
performance. As a stand-alone System-on-a-Chip solution, it has its own on-chip VDD 
monitor, Watchdog Timer, and clock oscillator. Figure 21 represents the merger of digital 
and analog features in the circuitry.  
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Figure 21: C8051F121 Features [10] 

The CPU of the microcontroller has a peak throughput of 100 million instructions per 
second (MIPS), providing a high-speed CIP-51 core. The C8051F121 block diagram in 
Figure 22 depicts the multiple analog and digital features on the IC. In addition to two 
12-bit DACs, the C8051F121 features a 12-bit ADC and an 8-bit ADC for superior noise 
and distortion performance. The 12-bit successive-approximation register (SAR) ADC 
has a sampling rate of 100 ksps and a signal-to-noise plus distortion performance of 66 
dB. The two on-chip voltage output DACs are matched in speed to the ADC with a 
differential nonlinearity (DNL) of ±1 LSB. With an additional on-chip 8-bit ADC that 
features a maximum sampling rate of 500 ksps, the higher resolution 12-bit ADC can be 
responsible for more critical tasks. All of the chip’s data converters are configured by 
software via special function registers. Other high performance analog functions include 
two comparators, two programmable gain amplifiers, an internal precision voltage 
reference and a VDD monitor/brown-out detector [10].  
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 Figure 22: C8051F121 Block Diagram [10] 

For the digital peripherals, the C8051F121 boasts a Crossbar that allows concurrent 
access to the SMBusTM, SPITM, and the two UART serial ports. Five timers are also 
available for use. Also known as the Priority Crossbar Decoder, this feature enables the 
user to select the appropriate combination of digital peripherals for their application. The 
settings of the crossbar dictate the pin-out of the device based on a priority order to 
include only selected peripherals, leaving the rest for general-purpose I/O functions [10].  

5.2.2 Additional Hardware Features 
Although the C8051F121 is the main controller of the development board, two other ICs 
are integral to the operation and function of the board. The Chipcon CC2420 is 
responsible for the wireless connectivity and the Silicon Labs CP2101 provides 
connectivity to a PC. Both chips and their features are documented in further detail 
below. 

Chipcon CC2420 2.4 GHz RF Transceiver. Another important aspect of the 
development board is the chip that enables wireless connectivity, the Chipcon CC2420 
2.4 GHz RF transceiver. The transceiver features automatic CRC checking, PAN and 
address filtering, and acknowledgement transmission. Its current consumption is 
appropriate for the low power ZigBee technology: receive – 18.8 mA, transmit – 17.4 
mA. As for its interface, the SPI peripheral of the C8051F121 (master) is connected to 
the SPI port of the CC2420 (slave). Although the controller and transceiver are specified 
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to operate at higher clock rates, the bus capacitance limits the data rate reliably up to 4 
MHz. The CC2420 uses a digital direct sequence spread spectrum baseband modem to 
provide a spreading gain of 9 dB and an effective data rate of 250 kbps.  

 
Figure 23: CC2420 Block Diagram [11] 

Figure 23 represents a simplified block diagram of the CC2420 chip. Operation begins 
when the received RF signal is amplified by the low noise amplifier and down-converted 
in quadrature (I/Q, in phase and quadrature) to 2 MHz, intermediate frequency (IF). At 2 
MHz, this complex I/Q signal is filtered, amplified, and passed to the ADCs to be 
digitized. From here, the signal is passed into a 128 byte receive First In, First Out 
(FIFO) buffer and waits to be read by the user through the SPI interface. For transmitting, 
data from the 128 byte transmit FIFO buffer is assigned a preamble and start of frame 
delimiter. The signal is first passed through the DACs and then through the analog low-
pass filter. Finally, the signal is transferred to the quadrature (I and Q) up-conversion 
mixers and amplified through the power amplifier before being fed to the antenna [11]. 

Silicon Laboratories CP2101 USB-to-UART bridge. The third IC significant in the 
operation of the ZigBee development board is the Silicon Laboratories CP2101 USB-to-
UART bridge. The CP2101 is a solution for updating RS-232 designs to USB with a 
minimum of components and PCB space. The chip includes a USB 2.0 full-speed 
function controller and bridge control logic as well as a universal asynchronous serial 
data bus (UART) interface with transmit/receive buffers and modem handshake signals. 
In addition, the device features an integrated internal oscillator, on-board EEPROM, a 
USB transceiver, and a voltage regulator, eliminating the need for the external 
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components usually required for USB applications. These features are depicted in Figure 
24, a system block diagram of the CP2101 chip. 

 
Figure 24: CP2101 Block Diagram [12] 

The transmit (TX) and receive (RX) lines that can be seen in Figure 24 are connected to 
both UART0 and UART1. Although UART0 is used in many simple 8051 code 
examples, UART1 offers more flexibility in setting baud rates. The CP2101 can 
communicate with the C8051F121 using either UART, however, both should be enabled 
in the crossbar. The TX output should be enabled only on the UART actually in use [12].  

For ease of implementation, Silicon Laboratories provides royalty-free Virtual COM Port 
(VCP) device drivers with the chip, enabling the development board to appear as a COM 
port to a PC. For power, the CP2101 relies on the USB bus. If the USB is not connected, 
the CP2101 is un-powered.  

5.2.3 Software Features 
Along with the hardware included in the 2.4 GHz ZigBee Development Kit, Silicon 
Laboratories also supplied the tools needed to write, compile, download and debug 
simple ZigBee applications. On the included CD-ROM, several programs are included 
for a complete development environment, such as Silicon Labs own Integrated 
Development Environment (IDE), demonstration software, ZigBee Application 
Programming Interface (API) library and source code examples. Also, Silicon Labs 
provided Keil Software 8051 Development Tools which consists of an evaluation 
assembler, linker and C compiler [8].  

With the demonstration software, the user has the convenience of a graphical PC-based 
demonstration with no required programming. The demonstration application has the 
example temperature, radio signal strength, and analog measurement applications. After 
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installing the software and setting up the hardware, the demonstration software may be 
used to configure the nodes in a preconfigured network topology, allowing the user to 
experiment with various topologies such as star, cluster and linear. Next the user must 
assign to each module its MAC and network addresses and other network characteristics. 
Once the basic ZigBee network is established, the software enables the user to 
communicate simple messages with each node or relay date between the various nodes to 
the master node. With the included applications, the master node can receive information 
from each node regarding its potentiometer, its RF Received Signal Strength (RSSI) or its 
C8051F121 temperature sensor [13].  

In order to develop a custom ZigBee application, the user has the Keil tools at his or her 
disposal. With the evaluation version of the assembler, the user is limited to 4 kB of 
linked user code, excluding the included ZigBee library components. This software 
library contains the 802.15.4 MAC and ZigBee network layers. Silicon Labs provides 
documentation for a code example that uses the ZigBee Network layer API to 
demonstrate ZigBee network formation; this example may be the starting point for users 
desiring to develop a custom ZigBee network application.  

The Network Blinky firmware, the code example provided, once loaded onto the 
modules, allows the user to configure a ZigBee Coordinator as one of three network 
topologies. The example then utilizes the buttons (SW3-SW5) on each module causing it 
to join to the ZigBee network as end devices or routers. Pushing the buttons a second 
time broadcasts data either from the coordinator to the network or back to the coordinator 
from a router or end device. Although minimal, this example is a building block for 
customized ZigBee applications [14]. The parameters for the ZigBee functions in this 
project’s ZigBee program were chosen based on a large majority of the ZigBee functions 
used in Network Blinky.  

5.2.4 Operation of ZigBee Network 
For the purpose of this project, understanding the functions that control the ZigBee 
network operations was very important. Silicon Labs included an Application Interface 
Programmer’s Guide as documentation for the ZigBee network functions. This document 
provided brief explanations of each function and its required parameters. The other 
resource for understanding these functions was the program Network Blinky, mentioned 
above. By evaluating which functions were included in this program, it was possible to 
determine to an extent what the operation and responsibilities of each function were.  

During the operation of a ZigBee network, the application layer communicates with the 
network layer in one of two ways: by direct function calls or by using a shared buffer. If a 
primitive is being transmitted from the application layer to the network layer, direct 
function calls are used. For vice versa, the indication primitives from the network layer 
are stored in a shared buffer; the application layer needs to poll this buffer to receive the 
primitive for an incoming event.  

In setting up the ZigBee application, the network needs to be setup in a set sequence 
specified in the user documentation. This is done by the application calling a list of 
functions from the network layer. The application will need to disable global interrupts, 
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initialize system hardware, initialize transceiver, initialize transceiver interrupt, initialize 
MAC internal variables and default PIB settings, initialize NWK layer, and enable global 
interrupts. The list of functions necessary to perform these functions is executed by 
calling the InitAllSystem().  

After initializing each node, the ZigBee network is formed with the designation of a 
coordinator. The coordinator calls specific functions to build the network and permit 
other nodes to join the network. At this point, other ZigBee devices are allowed to join 
the network as routers or end devices. The required processes include discovering a 
network and joining said network, as well as polling for and transferring data. Figure 25 
offers a graphical representation of how a primitive ZigBee network is formed and what 
functions are involved. 

 
Figure 25: ZigBee Network Formation Process 

The processes represented in Figure 25 are realized using several functions that are 
fundamental to the ZigBee network operations. For example, a ZigBee device can be 
reset using the function nlmeResetRequest() which is responsible for instructing the 
network layer to perform a reset operation. The reset occurs by setting the values of the 
network layer information base to defaults, resetting the MAC layer, and clearing the 
network-level parameters such as discovered routes. Because this function must be called 
immediately on power-up, it is a prerequisite for any other function to be performed. 
There are no parameters necessary for nlmeResetRequest to operate, and the only 
returned value is a status value of type NWK_ENUM.  

The next function in the set up of a coordinator is nlmeNetworkFormationRequest(). This 
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function instructs the device to initialize itself as the coordinator of a new ZigBee 
network; it can not be performed by routers or end devices. The function will fail if the 
device is not a full-function device (FFD) or if it is already participating in an established 
network. In order to perform its tasks, the function nlmeNetworkFormationRequest() 
necessitates the use of several parameters. For example, scanChannels is a sequence of 
bits that corresponds to which channels should be scanned; the value of scanDuration 
specifies the amount of time to spend scanning each channel. In addition, beaconOrder 
specifies the beacon order of the network if in star or tree mode and superframeOrder 
specifies the superframe order of the network. A boolean is also required to determine if 
the ZigBee coordinator is started in a mode called supporting battery life extension. All 
of the values for the mentioned parameters are extracted from the demonstration 
software. Their values of are little significance in this project. Lastly, 
nlmeNetworkFormationRequest() expects a word to identify the network to establish; Pan 
ID is an arbitrary value for this project, as long as the chosen Pan ID is not existing. 

The next function, nlmePermitJoiningRequest, is not exclusive to ZigBee coordinators. 
The function, which enables a ZigBee device to accept other devices to its network, can 
be performed by a Coordinator or a Router. When nlmePermitJoiningRequest is called, a 
permit flag in the MAC layer of the ZigBee stack is set for a fixed period of time during 
which it will accept devices onto its network. The single parameter needed for this 
function is a value for permitDuration, specifying the length of time that the device will 
allow associations.  

In the operation order of a ZigBee End Device or Router, the function 
nlmeNetworkDiscoveryRequest is performed. By calling this function, the device’s 
network layer is instructed to search for networks within range. The function necessitates 
the use of two parameters to operate. The value of scanChannels is a sequence of bits that 
indicates which channels to scan, while scanDuration specifies the length of time to scan 
each. After discovering the desired network, a ZigBee device is able to join it by calling 
the function nlmeJoinRequest. The function allows a child to join the network and 
requires several parameters to specify its operation. Several of the parameters have been 
previously discussed because they are utilized in other functions. Values for panId, 
scanChannels, and scanDuration were previously explained. In addition to these, 
nlmeJoinRequest requires two booleans: joinAsRouter, to indicate if the ZigBee device is 
joining as a router or not, and rejoinNetwork, to indicate whether the device is joining 
directly to the network or rejoining. Three new values are also needed. A value for 
powerSource specifies the power source of the device, while rxOnWhenIdle specifies 
whether the device must receive packets during its idle periods. Lastly, the value of 
macSecurity indicates whether MAC security is enabled or not. 

If a ZigBee device desires to configure itself as a Router, the function 
nlmeStartRouterRequest() must be called. The only three parameters necessary for the 
operation of this function are the same as ones needed for the configuration of a 
Coordinator. Values for beaconOrder, superframeOrder, and BatteryLifeExtension are 
specified when the function is called. The significance of these parameters were 
discussed above.  
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When a ZigBee device desires to leave the network it is associated with, the function that 
is used is nlmeLeaveRequest(). The function requires a single parameter to work: the 
address of the device to be disconnected. If the device is a child, the address passed to the 
function is NULL; if it is a parent, the 64-bit address is specified.  

A ZigBee function whose operation has direct significance on this project is 
nldeDataRequest(). It is used by Coordinators, Routers and End Devices to transmit data 
over the air. When nldeDataRequest is executed, the receiving end has an Indication 
variable that is set. The receiving end continues to poll this variable until it sees that data 
has been sent. The parameters needed by nldeDataRequest() are used to specify the actual 
transmission. For example, dstAddr is the network address of the destination device and 
broadcastRadius is the distance, in hops, that a broadcast is allowed to travel. Additional 
booleans are used as well; discoverRoute enables the route discovery operations and 
securityEnable enables the security processing for the transmit frame. There are also 
parameters that specify not the actual transmission, but the data to be transmitted. The 
byte nsduHandle is used to specify the handle associated with the network service data 
unit (NSDU) to be transmitted. The length of the NSDU is specified by nsduLength and 
*pNsdu is a pointer that indicates the packet payload. 

All of the ZigBee functions mentioned above utilize global variables, Indication and 
Confirm, to enable the messaging between the application layer and the network layer, as 
discussed above. Indication is used to notify the application layer that an event will be 
stored in a shared buffer. This is useful when messaging from the network layer to the 
application layer. The application layer continuously polls this buffer for notification of 
an incoming event. Confirm is used as a status indicator corresponding to a request. 
Confirm is conveyed as a return value of the requesting function call. If the Confirm 
primitive contains more than one parameter, the function call of the request stores the 
data in the shared buffer [14].  
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6 Design Documentation 
This chapter outlines the requirements that dictated the design process of this project, as 
well as the steps taken for implementation. The level of detail provided within these 
sections would enable a future engineer to replicate the design process outlined here.  

6.1 Project Plan 
The specifications above were used to develop the design process for this project. The 
project goal can be condensed simply to create a distributed autonomous reader network 
(DARN). The DARN system, as stated above, would consist of RFID readers that are 
capable of communicating wirelessly to a central node. In order to achieve this result, the 
major objective is to first employ an autonomous, self-sufficient wireless RFID reader 
node. Completing this objective necessitated a prepared plan of action. These phases are 
represented graphically in Figure 26 below.  

 

Wired Connection 

Wireless Connection 

Figure 26: Steps of Project 
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According to Figure 26, the first phase of this project is to connect a ZigBee module to 
the PC. This involves creating software that will control the ZigBee module from a 
console interface that runs on the computer. This host program will be command driven 
and will take inputs from the user. Although this step is a building block for the 
autonomous node, it is labeled as Coordinator because the host program will evolve into 
the software that will reside on the coordinator. The next step involves a full-featured 
node, one with the capabilities of an RFID reader as well. As can be seen in Figure 26, 
the Voyager II board is added to the picture. In this step the host program is modified to 
enable the means for the RFID functions. In this PC-Controlled Node, the computer 
sends a tethered command to the ZigBee module which passes it to the Voyager II. After 
performing the requested function, the Voyager II transmits its response to the ZigBee 
module, which passes it back to the computer. This step simply verifies the serial 
communication between the ZigBee module and the Voyager II board.  

Step three is the phase where the PC is removed from direct communication with the 
node. The node still responds to commands from the PC but in this step those commands 
are transmitted wirelessly. The software from step two will be modified to run on the 
ZigBee microcontroller, the C8051F121 chip; this program will be responsible for the 
ZigBee functions required of the network, as well as for commanding the Voyager II 
board. Removing the computer creates an Autonomous Node, capable of RFID reader 
functions and participation in the ZigBee network. At this point, the major objective of 
this project will have been fulfilled. However, creating a multi-node network proves the 
ability of the technology and demonstrates the scalability of the project. Multiple nodes 
are created as part of step four. In this phase, the PC and ZigBee module form a 
Coordinator node with an evolved version of the software used in step one. The nodes, as 
routers or end devices, require the same hardware – ZigBee module and V2 board – as 
well as the same software that was developed during step three. The difficulty of step 
four is ensuring that the multiple nodes interact on the ZigBee network correctly. The 
conditions of the DARN system are fulfilled with step four: a distributed network of 
autonomous reader nodes. 

6.2 Central Node 
As a first step to achieving the goal of a DARN system, a central node is a necessity. The 
general responsibilities of the central node are previously stated above; its function is to 
provide commands to nodes and maintain the ZigBee network. The central node 
continually evolves throughout the planning process of this project. The hardware aspect 
of it requires little effort – it is simply a ZigBee module connected via USB to a 
computer. Its software is worked on and updated at each phase of the project. In addition, 
the central node software, unlike the router and end device program, features a user 
interface. At minimum, this user interface is a graphical user interface (GUI) with 
minimum features.  

The central nodes initial command is to form a network. After that is successful, the 
central node is capable of broadcasting commands to the nodes in the newly-created 
network. With an input of a user-selected command, the format of its output is a 
command packet, which travels from the computer, through the USB cable, and to the 
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ZigBee module where it is broadcasted. At the end of this project, the GUI console has 
the ability to transmit only minimal commands, enough for a demonstration of the 
networks capabilities. The software can be upgraded to understand additional commands 
as desired in later phases of development. For the Read EPCs command, the packet is 
clearly defined in System Level Design. When passed from the computer, this packet 
contains all the necessary parameters to be understood by the Voyager II board.  

6.2.1 Hardware 
The hardware of the central node is relatively straightforward. A ZigBee module is 
plugged into a PC, via a USB cable. This ZigBee module is untouched, in contrast to the 
modifications made to the remaining ZigBee modules later in the project. The computer 
communicates directly with the ZigBee module; the USB cable connects to the Silicon 
Laboratories Debug Adaptor, which plugs into the device’s JTAG port. This allows 
maximum flexibility for debugging and testing purposes. As mentioned in System Level 
Design, the ZigBee module features a Silicon Labs C8051F121 microcontroller, which 
manages all of the ZigBee module’s functions. This is the device that the computer 
communicates with.  

6.2.2 Software 
The program that will ultimately run on the coordinator node is originally started in step 
one of the project. The program handles basic functions: initializing, form network, 
manage data received over ZigBee, manage data received over serial link, and transmit 
data over ZigBee link. The code that controls the ZigBee module that acts as the 
coordinator contains some sections that are common to all ZigBee devices. In Figure 27, 
the logical flow of the software is represented. Each operation is described below and the 
ZigBee functions used are mentioned as well. For a detailed discussion of the ZigBee 
functions, please refer to the Operation of ZigBee Network section.  
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Figure 27: Software Flow Chart for Coordinator 

First, the ZigBee Coordinator must initialize itself. The complex operations needed to 
achieve this initialization are compressed into two functions: InitAllSystem() and 
Init_Device(). In the software support provided by Silicon Laboratories, InitAllSystem() 
was called at the beginning of the demonstration program. This project uses the function 
to format the crossbar of the C8051F121 microcontroller, as well as initialize the RF 
transceiver chip CC2420 and the ZigBee stack. In addition to these opening functions, 
Init_Device() runs an initialization sequence created specifically for this project. This 
configures oscillators and the necessary interrupts for UARTs. For the Crossbar, the 
SMBus is enabled in these initialization sequences, but the actual device is not used, so it 
is simply a placeholder to allow the desired pins for UART0.  
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The mode for each ZigBee module (coordinator, router, end device) can be selected by 
pushing a selected button. The code to allow for this flexibility follows the initialization 
sequences. Evidently for the module connected to the PC, the selection for Coordinator is 
chosen. This operates a function called CreateZigBeeCoordinator(), if the node is not 
currently associated with any ZigBee network. The success of this function lies on the ID 
associated with the network; this value is labeled PAN_ID. If CreateZigBeeCoordinator() 
runs and a network with the same ID is already running, the function terminates and a 
network is not created. If no existing networks have the same PAN_ID, then the module 
will become a coordinator and establish the network.  

Within the function of CreateZigBeeCoordinator(), several network layer operations 
occur. The ZigBee function, nlmeNetworkFormationRequest, instructs the module to 
initialize itself as the coordinator of a new ZigBee network. This function needs several 
parameters to specify factors like which channels to scan, the length of time spent 
scanning, and a value that identifies the network. The descriptions of these parameters for 
this function are found in System Level Design. The values used in this project were 
chosen because they were used in the demonstration software provided by Silicon 
Laboratories. In the attached files of source code in Appendix C:, the code shows which 
values were used. The CreateZigBeeCoordinator function also includes the code 
necessary to allow other nodes to connect to it. This is controlled by a ZigBee function 
called nlmePermitJoiningRequest, which requires a parameter specifying the amount of 
time to allow associations. As can be seen in Appendix C:, this value is set to the 
maximum, allowing the most flexibility for network associations. The final function in 
CreateZigBeeCoordinator uses the ZigBee function nlmeSetRequest to explicitly set the 
number of maximum broadcast retries to the value of one. This parameter is the only that 
was not chosen based on Silicon Labs’ demonstration software; Network Blinky 
specified three broadcast retries instead. 

Once the ZigBee module is networked as a coordinator, it has the ability to handle three 
major operations: data received from the ZigBee link, data received from the serial link, 
and data ready for transmission over the ZigBee link. When the coordinator receives 
information over the air, the data received flag is set. This packet is directly passed to 
UART0 for data processing by the console program. 

A ZigBee module can also handle data received via its serial link. In the case of a 
Coordinator, the serial link enables the communication with the computer. Before the 
ZigBee module can attend to the received data, several conditions must be met: a serial 
transmission is not in progress, the serial buffer must contain at least one complete packet 
and there is no data waiting to be transmitted over ZigBee. If these conditions are met, 
the packet that was received from the computer is removed from the serial buffer. Then it 
is formatted as a ZigBee packet by adding the header described in System Level Design, 
contains a SOF byte, a Network Address byte, and a byte for Length. Also, a CRC is 
calculated on the new packet. After being wrapped in this new packet, it is ready for 
transmission. The packet is then copied to the ZigBee transmit buffer and the data 
pending flag is set. 

A third major operation of the ZigBee module is the wireless transmission of data. The 
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ZigBee module is alerted to transmit when the data pending flag is set. Before data is 
allowed to transmit, the variable canSend is used to verify that the network layer can 
handle a transmission-ready packet. Before actually passing data to the network layer, the 
canSend variable must be set, confirming that the last packet was successfully accepted 
by the network layer. Using this check makes sure that the network layer is not burdened 
with an unregulated flow of data. The transmission of data begins when the packet passed 
from the ZigBee transmit buffer to the network layer.  

For the actual passing of data to the network layer, a function labeled ZigBeeSendData() 
is used to configure the ZigBee network function nldeDataRequest(). This function is 
specified by the ZigBee stack and has the responsibility of requesting the transfer of data 
over the air according to its parameters. ZigBeeSendData() formats the attributes of the 
structure of type NLDE_DATA_REQUEST such as length of frame, number of hops for 
broadcast, and location of ZigBee transmit buffer. These attributes are described in detail 
in System Level Design. For the purposes of this project, these attributes were chosen 
based on their values in the provided demonstration software. The values can be viewed 
in the complete code in Appendix C:.  

The three major operations mentioned above comprise a majority of the software 
necessary to control the ZigBee Coordinator. The rest of the code shown in Appendix C: 
is used specifically for this phase of the development process. For example, in the full 
code, there exists the use of LEDs to provide visual confirmation of the transmission and 
reception of data. The later phases of development would anticipate the optimization of 
code and therefore the removal of such code. 

6.2.3 Console User Interface 
At this early of a stage in the development of the DARN system, the user interface is 
relatively crude. The ideal user interface on the computer of the central node would be a 
full-featured GUI; however, for this project, time permitted only a simple GUI console 
program. Its setup offers a straightforward way to control the ZigBee network.  

To begin, the program prompts the user to input the specified COM port in use by the 
attached ZigBee module. After entering the appropriate value, the user can click a button 
labeled Connect for enabling the connection between the PC and the ZigBee module. 
After a successful connection, the RFID commands are enabled. If the user clicks the 
button labeled Report Network Status, the display tells how many end devices or routers 
are connected and what their assigned node address is. This feature instructs the 
coordinator to send out an echoing command, created specifically for this project that 
initiates a response from the connected modules that contains their network address. The 
display gets its information from these responses.  

If the user clicks the Read Tags button, the program instructs the ZigBee module to 
broadcast accordingly by sending it a packet with the Voyager II Read EPCs command 
included. The central node ZigBee module passes this packet to the transmit buffer and 
sends it to the network layer for wireless transmission to other ZigBee modules. Upon 
reception of data, the ZigBee module forwards it directly to the computer via the USB on 
UART0. The program then verifies the CRC of the received packet. If the CRC fails the 
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check, the packet is ignored. If the CRC checks out, the packet is evaluated to extract the 
useful data. The packet is stripped of its ZigBee header of an SOF byte, a Network 
Address byte and Length, as well as the two trailing CRC bytes. These extra bytes added 
during ZigBee transmission are described in System Level Design. The remaining bytes 
contain the data from the Voyager II board. Depending on the data included in the packet, 
the number of tags read and corresponding tag IDs are displayed on the computer screen.  

Ideally, this program would be fully featured and graphically impressive. The visual 
depiction of the location of the nodes in the network, the tags read, and other ZigBee 
features would be represented by the program. Please refer to Future Considerations for 
more detail on the potential of the user interface of this program. For more information 
on the operation of this console, refer to the User’s Manual section of the Appendices.  

6.3 Autonomous Nodes 
The hardware combination of a ZigBee module and a Voyager II board, as well as an 
adaptor board to be later discussed, are the requisites for the label of an Autonomous 
Node. With similar software loaded onto the C8051F121 microcontroller, there is little 
difference between the foundation of the end device and of the router. The software 
allows for a simple push of a button to choose between the functioning of one or the 
other. This flexible option allows for scalability and adaptability for specific applications.  

As mentioned in System Level Design, the responsibilities on the ZigBee network layer 
differ between the router and the end device. Both are responsible for passing commands 
through the serial port to the Voyager II, preparing that response for transmission, and 
passing the packet to the network layer. ZigBee routers have the additional routing 
capability of discovering nearby end devices and other routers. These routing abilities are 
performed in functions utilized from Silicon Labs’ demonstration software. The actual 
operation of these functions is unknown at the time of this project; the source code from 
Silicon Labs is necessary to comprehend their processes.  
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Figure 28: Software Flow Chart for End Devices 

The flow chart above in Figure 28 is a visual depiction of the logical flow of operation 
used in the ZigBee router and end devices. A discussion of more detail is below in the 
Software section. Although some degree of functionality differs between the end devices 
and the routers, the flow chart above applies to the operation of both. The functions that 
make a router different from the end device are ZigBee functions whose actual behavior 
is unknown at the time of this project.  

6.3.1 Hardware 
Initially, the hardware necessary to create an Autonomous Node is simply the Voyager II 
board and a ZigBee module. As the steps of this project progressed, however, it was 
discovered that an intermediary was necessary to achieve the RS-232 connection. An 
adaptor board was created and assembled to realize this link, resulting in modifications 
made to the ZigBee module. The three piece board completed the goal of an Autonomous 
Node – RFID reader capabilities with wireless transmission. The node is connected to the 
computer through the USB cable and JTAG debug adaptor only for debugging and 
flashing to the memory. 

The Autonomous Nodes, in contrast to the Coordinator, use UART1 for serial 
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communication. The Priority Crossbar is configured in software for the utilization of 
UART1 by disabling SMBus for the appropriate setup in the C8051F121 microcontroller. 
This allows a pin configuration necessary for this project. However the most significant 
customization is the Adaptor Board, designed to fulfill the communication between the 
ZigBee module’s UART1 port and the Voyager II’s RS-232 connection.  

 
Figure 29: Schematic of Adaptor Board 

The adaptor board introduces the use of a RS-232 driver chip, Maxim’s MAX3313 RS-
232 Transceiver. The chip converts the UART signal voltage levels from the ZigBee 
module to RS-232 voltage levels. The schematic shown in Figure 29 was created by a 
drafter at WJ Communications and successfully connects to pins 48 (P0.7) and 49 (P0.6) 
off of the C8051F121 chip to capture the UART1 signal and utilize for the RS-232 
connection. These wires are connected to the transmit and receive lines of the RS-232 
transceiver. Pin 48 from the MCU is connected to the receive connection of the RS-232 
transceiver, which is pin 5 on the schematic in Figure 29; pin 49 of the MCU connects to 
transmit pin 4 on the schematic.  

As can be seen in the schematic, the TX and RX of the serial port (pins 2 and 3) are 
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connected to the appropriate pins on the RS-232 transceiver. This configuration would 
allow us to communicate with the serial port of a computer; however, the serial port of 
the Voyager II is configured the same way. Both are designed to act as a slave device and 
communicate with a master, such as a computer. This does not allow the devices to 
communicate to each other, however. In the jargon of RS-232 connections, this setup 
required two Data Communications Equipments (DCEs) to communicate; however the 
customary setup is a connection between a Data Terminal Equipment (DTE) and a DCE. 
To enable this communication, a simple null modem is used. Its purpose was to connect 
the transmit line of one device to the receive line of the other device, and vice versa.  

 

Figure 30: Complete Hardware of End Device/Router 

In Figure 30, the entire hardware configuration of a ZigBee-Enabled RFID Reader can be 
viewed. The addition of the adaptor board and null modem is obvious. Although these 
two additional parts achieve the necessary goal of connecting the V2 and ZigBee module, 
the consequence of two unexpected hardware additions was a lot of time and effort. 
Please refer to Future Considerations for ways to avoid this situation in future projects. 

6.3.2 Software 
The software for the Autonomous Nodes share a basic set up with the software for the 
Coordinator. Consequently, the Autonomous Node program handles the same basic 
functions of initialization, network formation, wireless data transmission, and control of 
received data. There is some additional code that separates a router from an end device 
but the majority of the code is implemented as it is for the Coordinator.  

The initialization of the node is performed by calling the same two functions from the 
Coordinator code: InitAllSystem() and Init_Device(). Init_Device() recognizes that the 
device is an end device or router and runs additional preparation functions to configure 
the Priority Crossbar for this project. The SMBus device is enabled like it is for the 
Coordinator, however, it is then disabled so that UART1 can utilize its pins. 

The node next executes the code where the user chooses the operating mode of the device 
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by a button push. This is the junction of shared code between routers and end devices. If 
the operating mode of a router is chosen, CreateZigBeeRouter() is executed, if the node is 
not already associated with a network currently, and the intended network has already 
been established. If CreateZigBeeRouter() fails, the node is not associated with the 
intended network and an LED is lit to provide the user with visual feedback of the error. 

Executing CreateZigBeeRouter() involves several ZigBee network functions that were 
included based on their performance in Silicon Labs’ demonstration software. The 
parameters and purpose of these network functions are described in System Level Design 
and the chosen values of the parameters can be seen in the full code in Appendix C:. The 
function nlmeNetworkDiscoveryRequest instructs the node to search for available 
networks that fulfill the characteristics of the provided parameters such as how long and 
which channels to scan. Next is the code necessary to allow the node to join to the 
intended network, by calling nlmeJoinRequest. This function requires multiple 
parameters, most of them familiar such as the network id or the channels to scan. In this 
project, the values used for these parameters were determined using those of Silicon 
Labs’ demonstration software. Once the node enjoys the success of joining the network 
as a router, the specific router operations must be called. The ZigBee function 
nlmeStartRouterRequest uses three specified parameters to configure its operation as a 
router; the three values are utilized directly from the provided Network Blinky program. 
The function is a prerequisite for the next function as a router, 
nlmePermitJoiningRequest. This function is responsible for allowing a router to accept 
devices onto its network. The only value necessary for this function is the length of time 
to allow such associations; for this project, the maximum value was chosen, 0xFF. This 
ensures that the router will permit associations from fellow nodes for an unspecified 
amount of time.  

If the user selects a button that corresponds to the operating mode of the end device, 
functions similar to those described for a router are used. Again, 
nlmeNetworkDiscoveryRequest and nlmeJoinRequest are used to detect nearby networks 
and allow the device to join the desired network. In contrast to the router, this is where 
the major operations end for a ZigBee end device. The rest of CreateZigBeeEndDevice 
simply retrieves the address of the network and coordinator the device is associated with, 
if its join is confirmed. These functions were included because of their use in Silicon 
Labs’ demonstration software.  

After the ZigBee module is networked as a router or end device, the software provides 
the ability to handle the same three major operations as a coordinator: data received from 
the ZigBee link, data receive from the serial link, and data ready for transmission over the 
ZigBee link. All three operations are treated similarly to that of a coordinator. The data 
received over the air is first verified for integrity by checking the CRC. The inner packet 
is then extracted and passed to the serial buffer for the Voyager II board.  

Data received over the serial connection, from the Voyager II board, is formatted for 
transmission and copied to the ZigBee transmit buffer. After verification of the three 
conditions mentioned in the coordinator software discussion, the ZigBee header of an 
SOF byte, a Network Address byte and a Length byte is appended to the beginning of the 
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Voyager’s response. An additional CRC is attached to the end of the packet as well. This 
newly formatted packet is sent to the ZigBee transmit buffer and the data pending flag is 
set. Finally, data ready for wireless transmission is waiting in the ZigBee transmit buffer 
and its presence is signaled by the data pending flag. The variable canSend is utilized, 
similar to its operation in the ZigBee Coordinator code. If the network layer confirmed 
the receipt of the most recent transmitted packet, a value of true as the canSend variable 
represents the ability for the packet to be passed to the network layer.  

The ZigBee function ZigBeeSendData is utilized for the transmission of the data. The 
ZigBeeSendData function formats the structure of type NLDE_DATA_REQUEST. The 
nldeDataRequest function utilizes the structure as a parameter to request the transfer of 
data over the air according to its parameters. Please refer to the detailed description of 
nldeDataRequest in System Level Design. As with the Coordinator software, aside from 
the three major operations, the remaining code is simply for the sole benefit of this 
project.  
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7 Results 
After eight weeks of intensive research, testing and designing, the result is a working 
prototype of a network of ZigBee-enabled RFID readers. The project was approached in 
steps, with the completion of each as a design milestone.  

In the Project Plan section of this document, each phase of the project is listed and 
described. For the first major step of the project, a single ZigBee module was connected 
to a computer and a PC-based application was created to control this module as the 
coordinator of the ZigBee network. The next step involved adding the Voyager II board 
to the configuration and modifying the host program for controlling the Voyager II. 
Achieving this step early in the project allowed the computer to send a command via 
USB to the ZigBee module which passed it to the Voyager II; the response from the 
Voyager II was passed along the same communication lines back to the computer.  

 

Figure 31: Display of Tags Read 

After successfully witnessing the operation of this step, the computer was removed from 
this step. The appropriate firmware was loaded onto the microcontroller of the ZigBee 
module to control the device without the computer. In this step, the wireless 
communication was tested and verified. The commands still originate from the PC but the 
communication between the computer and the node was over the ZigBee link. At this 
point, the major objective of the project was fulfilled by proving that a node in a ZigBee 
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network could also be capable of RFID reader functions and communicate with a central 
node. To expand this to a network, the next step was to replicate the process on the other 
nodes of ZigBee modules and Voyager II boards. A single ZigBee module was connected 
to the computer to act as the coordinator of the ZigBee network and as the central node of 
the RFID system. The PC-based application sends a command to the connected ZigBee 
module to broadcast the network and request the Voyager II boards to read nearby tags. 
The GUI controller application displays the tag IDs when they are received back over the 
ZigBee network, shown in Figure 31. An additional feature that was added to the GUI 
was a report of the network status, shown in Figure 32. 

 

Figure 32: Display of Network Status 

Eight weeks of research, hardware modifications and software testing, the goal of this 
project was achieved. This was marked by the successful transmission of data over a 
ZigBee network of five RFID readers, controlled by a PC based application and a ZigBee 
coordinator. The resulting hardware and software have been presented to WJ 
Communications and will form the basis for further development of this promising new 
technology. 
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8 Future Considerations 
For the future possible product development of a Distributed Autonomous Reader 
Network, there are recommendations that this system would benefit from. The 
considerations that should be made in the future include hardware and software design 
decisions. 

8.1 Hardware Considerations 
It is preferable to obtain ZigBee modules preassembled with RS-232 ports. Any module 
without an RS-232 port would require modifications to enable the device to communicate 
with the Voyager II board. It is strongly recommended to avoid making modifications on 
purchased modules to avoid undesirable and unpredictable behavior. 

Another way to avoid the adaptor board modifications would be to build the ZigBee 
modules in-house by purchasing ZigBee RF transceivers. This requires extensive time in 
order to guarantee properly functioning ZigBee modules. Care is needed in designing the 
layout to ensure high-quality RF performance. The vendors of RF transceivers often 
provide reference designs as suggestions for the circuit layout.  

8.2 Network Software Considerations 
Building ZigBee modules in-house would require the purchase of a ZigBee network 
stack. In purchasing network stacks from various vendors, it is important to be sure that 
the stack has excellent support and available source code. This helps ensure that there 
will not be conflicts between this software and the software controlling the Voyager II. 

8.3 Controller Application Interface Considerations 
This project culminated with the creation of a network consisting of a central node and 
multiple end devices. The controller program residing on the PC needs to be modified in 
order to understand when it is communicating with a network of readers. In doing so, it 
would be able to identify and display the address of the end device from which data is 
received. It is also desirable add features to the GUI application. More features would 
make the application more user-friendly and this is desirable for the future end product. 
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9 Conclusion 
The goal of this project was to attempt using ZigBee technology to wirelessly transmit 
the data collected by an RFID reader. RFID systems benefit from having a central node 
that manages the vast amounts of tag IDs and inventory data; by wirelessly 
communicating the data from the reader to the central node, the installation of a wired 
infrastructure is avoided in a typical RFID application. 

After research into the operation of WJ’s Voyager II product and the available ZigBee 
products offered by vendors, the major hardware components of this project were settled 
on. Using the development kit from Silicon Labs and the emulator board of Voyager II, 
this project originated a ZigBee-enabled RFID reader device. After multiple hardware 
modifications and software testing, five of these devices were enabled to interact 
wirelessly in a network managed by a central node. 

This project exhibited the ability to create an RFID reader network that communicates to 
a central node via the ZigBee data communication standard. The possibilities of this 
system can be realized by furthering the research highlighted by this project. WJ 
Communications could benefit from taking the results of this project and using them to 
continue to the next step in the process for creating a marketable product. 
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Appendix A: WJ Communications, Inc 
Watkins-Johnson Company was founded in 1957 and was involved with the design and 
manufacturing of microwave components, and systems for the defense market. In 1995 
WJ had a goal of combining its technical expertise along with its cost-effective design 
and advanced packaging technologies to serve the commercial telecommunications 
market. 

Today, WJ Communications, Inc. is a leading provider of radio frequency (RF) solution 
for various markets. WJ targets the markets of wireless communications, radio frequency 
identification (RFID), broadband cable, and defense and homeland security. WJ deals 
with issues facing radio frequency by providing a line of products such as, amplifiers, 
mixers, RF integrated circuits (RFICs), RFID readers, chipsets, and multi-chip modules 
(MCM). For this particular project, we will be working to develop a new generation of 
RFID readers using WJ's new Voyager II chip. For more information on WJ 
Communications and their products, visit www.wj.com. 
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Appendix B: User’s Manual 
This user manual will describe the steps to follow in order to setup the network of RFID 
readers and run the RFID application. First, the steps necessary for initializing the 
coordinator are covered. Then the steps to setup end devices and routers follow. Finally, 
the instructions on running the controller application are covered. Figure 33 shows the 
layout of the ZigBee module to help you locate the buttons and LEDs available. 

  
Figure 33: Diagram of ZigBee Module 

Coordinator 
The coordinator is the first device that should be initialized. End devices and routers will 
need a coordinator in order to participate in a network.  

1. Connect antenna to SMA port on ZigBee module. 

2. Connect USB cable from a PC to the ZigBee module. The USB cable will provide 
power to the ZigBee board, thus additional power supplies are not necessary. 

3. Press button SW3 on coordinator to create a network. If a network is formed 
correctly, LED 6 will light as an indication. If there is an error, LED 9 will light 
as an indication. 

End Device and Router Setup 
Once a coordinator is available, end devices and routers can be configured to join the 
network. 

1. Attach antennas to both SMA connections on the V2 and ZigBee modules. 
Attempting to read tags without attaching an antenna to the V2 can damage the 
equipment. 
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2. Connect V2 and ZigBee module using null modem. A null modem is necessary to 
route the transmit and receive lines from the ZigBee module and V2 
appropriately. 

3. Connect power cable from adapter board to V2 power jack. 

4. Connect 6V power supply to power jack on adapter board. The battery supply and 
power jack on the ZigBee module provide power to only the ZigBee module. By 
using the power jack available on the adapter board, it makes it possible to run the 
entire system with one power supply. 

5. To configure a router, press button SW4. If the device successfully joins the 
available network LED 7 will light as an indication. If there is an error in joining, 
LED 9 will light as an indication. 

6. To configure an end device, press button SW5. If the device successfully joins the 
available network LED 8 will light as an indication. If there is an error in joining, 
LED 9 will light as an indication. 

Running the Application 
After setting up a coordinator and joining end devices and routers to the network, the 
RFID application can be used. The screen shown on start up is displayed in Figure 34. 

 

Figure 34: Display Upon Start Up 

1. Start controller application, “RFID Console.exe” on the PC. 
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2. In the COM textbox, type in appropriate COM port which the ZigBee module is 
configured to use. Viewing the hardware configurations on the computer can 
identify the COM port that the ZigBee module is communicating on. The 
hardware configuration can be viewed by right-clicking on My Computer and 
displaying the System Properties dialog box. By selecting the Hardware tab and 
opening the Device Manager, a list of the active COM ports can be viewed.  

3. Once connected, the user can specify the parameters for the RFID reader to use 
for performing its functions. There are text boxes for the Q parameter and Max 
Tag Count. These parameters are described in the Host Program section of this 
document. 

4. Press the Read Tag button to send a single read-tag command. To perform a 
continuous read, select the Loop Read checkbox and press the Read Tag button 
again. The program will continue reading until the Loop Read checkbox is 
unchecked. A field labeled Loop Delay can take a value in milliseconds of how 
long to wait between read commands. 

5. If the user wants the node address of the connected end devices, clicking the 
Report Network Status button will display a list of this information.  

6. Both the coordinator and end devices and routers use LED 13 to indicate when 
they send data, and LED 12 is used to indicate when data is received. 

 

54 



ZigBee-Enabled RFID Reader Network 

Appendix C: Included Source Code 

ZigBeeHost.h 
/********************************************************************** 
 * WJ Communications - Distributed Autonomous Reader Network 
 * Zigbee device firmware 
 * ZigbeeHost.h - Header file for Zigbee networking and packet  
 * manipulation functions 
 * 
 * Author: Michael Walter-Echols 
 *  
 * (C) WJCI 2006 
 * 401 River Oaks Pkwy 
 * San Jose, CA 95134-1916 
 * USA 
**********************************************************************/ 
 
#ifndef ZIGBEEHOST_H 
#define ZIGBEEHOST_H 
 
#include <string.h>    // for memcpy() 
#include "../include/hal/c8051F120.h" // SFR definitions 
#include "../include/DataDef.h"  // data type definitions 
#include "portdefs.h"    // LEDs and buttons 
#include "serial.h"   // for packet structure definition 
#include "crc.h"     // for CalcFwdBlockCRC() 
#include "../include/HS_Net/HS_Net.h" // Zigbee stack 
 
#define Z_BUF_SIZE   256 // Zigbee transmit buffer size 
 
/* CRC definitions */ 
#define CRC_TYPE 16    // 16-bit CRC 
#define CRC_LEN (CRC_TYPE / 8)  // length (in bytes) of CRC 
#define CRC_PRELOAD 0xBEEF   // CRC seed 
 
/* Zigbee network settings */ 
#define SCAN_CHANNELS 0x00001000L  // channel to scan 
#define SCAN_DURATION 5   // time to scan a channel 
#define PAN_ID   0x0002 // network identifier 
#define POWER_MAINS  1  // connected to mains power 
#define POWER_OTHER  0 // connected to other power source 
#define BROADCAST  0xFFFF  // broadcast address 
#define COORD_ADDR  0x0000 // coordinator address 
#define HANDLE   1  // data handle 
#define BROADCAST_RADIUS 1  // number of hops for broadcast 
 
/* Packet manipulation functions */ 
/********************************************************************** 
 * packet_init() 
 * Initialize a packet structure 
 *  
 * Parameters: 
 * packet * - pointer to packet structure to be initialized 
 * Postcondition: 

55 



ZigBee-Enabled RFID Reader Network 

 * packet structure pointed to by parameter is reset to empty state 
 * start = 0, end = 0 
**********************************************************************/ 
void packet_init(packet *); 
 
/**********************************************************************     
 * packet_calc_crc() 
 * Calculate and attach CRC to packet 
 *  
 * Precondition: 
 * packet has been initialized 
 * Parameters: 
 * packet * - pointer to packet structure to be calculated 
 * Postcondition: 
 * CRC has been calculated on packet contents (excluding SOF byte),  
 * stored as the last two bytes of payload. Packet length byte is  
 * increased by 2 
**********************************************************************/ 
void packet_calc_crc(packet *); 
 
/********************************************************************** 
 * crc_ok() 
 * Check the CRC of a packet 
 *  
 * Precondition: 
 *  packet contains CRC 
 * Parameters: 
 * packet * - pointer to packet structure to be checked 
 * Return value: 
 * BOOL - TRUE if calculated CRC matches CRC contained in packet,  
 * else FALSE 
 * Postcondition: 
 * packet is unchanged 
**********************************************************************/ 
BOOL crc_ok(packet *); 
 
/* ZigBee functions */ 
/********************************************************************** 
 * CreateZigbeeCoordinator() 
 * Start as Zigbee coordinator 
 * 
 * Precondition: 
 * Node is currently not associated with any Zigbee network 
 * Postcondition: 
 * If no network with ID of PAN_ID is already started, this node  
 * will act as coordinator for network with a ID of PAN_ID 
 * If network with ID of PAN_ID already exists, LED13 is lit and no  
 * network is established. 
**********************************************************************/ 
void CreateZigbeeCoordinator(void); 
 
/********************************************************************** 
 * CreateZigbeeRouter() 
 * Start as Zigbee router 
 * 
 * Precondition: 
 * Node is currently not associated with any Zigbee network 

56 



ZigBee-Enabled RFID Reader Network 

 * Network with ID of PAN_ID has already been established 
 * Postcondition: 
 * Node is acting as router for network with ID of PAN_ID unless the  
 * join operation fails, in which case LED12 is lit and the network has  
 * not been joined 
**********************************************************************/ 
void CreateZigbeeRouter(void); 
 
/********************************************************************** 
 * CreateZigbeeEndDevice() 
 * Start as Zigbee end device 
 * 
 * Precondition: 
 * Node is currently not associated with any Zigbee network 
 * Network with ID of PAN_ID has already been established 
 * Postcondition: 
 * Node is associated with network with ID of PAN_ID unless the join  
 * operation fails, in which case LED11 is lit and the network has not 
 * been joined 
**********************************************************************/ 
void CreateZigbeeEndDevice(void); 
 
/********************************************************************** 
 * ZigbeeSendData() 
 * Pass data to network layer for transmission over Zigbee link.      
 * Address is determined by type of network association. 
 * Coordinator: frame addressed to BROADCAST 
 * Router/End device: frame addressed to COORD_ADDR 
 *  
 * Precondition: 
 * Data to be transmitted is in z_buf 
 * Parameters: 
 * UINT8 - number of bytes to transmit from z_buf 
 * Postcondition: 
 * Request has been passed to network layer 
 
**********************************************************************/ 
void ZigbeeSendData(UINT8); 
 
/********************************************************************** 
 * Leave the network if router or end device.  Dissolve the network if 
 * coordinator 
 * 
 * Precondition: 
 * Node is currently associated with a Zigbee network 
 * Postcondition: 
 * Node is no longer associated with a Zigbee network 
**********************************************************************/ 
void LeaveNet(void); 
 
#endif 
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Serial.h 
/********************************************************************** 
 * WJ Communications - Distributed Autonomous Reader Network 
 * Zigbee coordinator firmware 
 * serial.h - Header file for serial communications functions 
 * 
 * Author: Michael Walter-Echols 
 *  
 * (C) WJCI 2006 
 * 401 River Oaks Pkwy 
 * San Jose, CA 95134-1916 
 * USA 
**********************************************************************/ 
 
#ifndef SERIAL_H 
#define SERIAL_H 
 
#include <string.h>      // for memcpy() 
#include "../include/hal/c8051F120.h"  // SFR definitions 
#include "../include/DataDef.h"  // data type definitions 
 
#define BUF_SIZE 64   // size (in bytes) of serial buffer 
#define CONSISTANT 0   // first byte in buffer is SOF 
#define INCONSISTANT 1    // undefined buffer state 
 
/* buffer structure definition */ 
typedef struct { 
 BYTE queue[BUF_SIZE];     // buffer queue 
 UINT8 start;      // start index 
 UINT8 end;       // end index 
 BOOL state;       // buffer state 
} buffer; 
 
/* packet attribute definitions */ 
#define MAX_REQUEST 64   // max length (in bytes) of request packet 
#define MAX_RESPONSE 256 // max length (in bytes) of response packet 
#define RFU    0x00  // data written to RFU byte 
#define SOF    0x01  // data written to SOF byte 
#define LEN_I   2   // index of length byte 
#define PAYLOAD_I  3  // index of first payload byte 
#define LOCAL_CMD  0xFF  // command for zigbee module 
 
/* payload field indexes */ 
#define CMD    0    // command field 
#define SUBCMD   1   // subcommand field 
#define STATUS   0    // status byte 
#define NODES_JOINED 1    // nodes joined field 
#define NODE_TABLE  2   // start of node table 
 
/* module subcommands */ 
#define ECHO   0x01   // respond with success 
#define NET_REPORT  0x02 // report which nodes are joined 
 
/* packet structure definition */ 
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typedef struct { 
 BYTE sof;      // start of frame byte 
 BYTE addr;     // reserved for future use 
 BYTE len;    // length of packet (excluding SOF) 
 BYTE payload[MAX_RESPONSE - 3];  // packet payload 
} packet; 
 
/* interrupt service routines */ 
/********************************************************************** 
 * UART interrupt service routines 
 * Controls the reception and transmission of data on UART 
 * 
 * Precondition: 
 * UART is enabled on crossbar 
 * Baud rate for UART has been set 
 * UART has been enabled to receive 
 * Postcondition: 
 * Any bytes received have been added to UART buffer 
 * Any bytes in buffer when TI0/1 flag is set are sent and buffer   
 * indexes set as empty 
**********************************************************************/ 
#ifdef ZigBee_COORDINATOR 
void uart0(void); 
#else 
void uart1(void); 
#endif 
 
/********************************************************************** 
 * Initialize serial buffer 
 * 
 * Parameters: 
 * buffer xdata * - pointer to buffer to be initialized 
 * Postcondition: 
 * start and end indexes for buffer have been set to 0 
**********************************************************************/ 
void buf_init(buffer xdata *); 
 
/********************************************************************** 
* Add data to serial buffer 
 * This function disables UART interrupts and can therefore block data  
 * reception 
 * 
 * Precondition: 
 * Buffer has been initialized 
 * Parameters: 
 * buffer xdata * - pointer to buffer to add data to 
 * void xdata * - pointer to first byte of data to be added 
 * UINT8 - desired number of bytes to add 
 * Return value: 
 * UINT8 - number of bytes actually added to buffer 
 * Postcondition: 
 * The number of bytes indicated in return value have been added to  
 * buffer 
**********************************************************************/ 
UINT8 buf_in(buffer xdata *, void xdata *, UINT8); 
 
/********************************************************************* 
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 * Remove data from serial buffer 
 * This function does not disable UART interrupts and therefore does  
 * not block 
 * data reception 
 *  
 * Precondition: 
 * Buffer has been initialized 
 * Parameters: 
 * buffer xdata * - pointer to buffer to remove data from 
 * void xdata * - pointer to location to copy data to 
 * UINT8 - desired number of bytes to remove 
 * Return value: 
 * UINT8 - number of bytes actually removed from buffer 
 * Postcondition: 
 * The number of bytes indicated in return value have been copied to  
 * the 
 * pointed to location 
**********************************************************************/ 
UINT8 buf_out(buffer xdata *, void xdata *, UINT8); 
 
/********************************************************************** 
 * Determine if a complete packet is waiting in buffer and if so, its  
 * length 
 *  
 * Precondition: 
 * Buffer has been initialized 
 * Parameters: 
 * buffer xdata * - pointer to buffer to check 
 * Return value: 
 * UINT8 - length (in bytes) of packet in buffer, 0 if  
 * none/incomplete 
 * Postcondition: 
 * A packet of length indicated by the return value is in buffer 
 * Buffer is unchanged 
**********************************************************************/ 
UINT8 buf_packet(buffer xdata *); 
 
#endif 
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Appendix D: WJ Communications Voyager II Emulator 
Board Schematic 
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ZigBee-2.4-DK

2.4 GHZ ZIGBEE™ DEVELOPMENT KIT USER ’S GUIDE

1.  Kit Contents
The 2.4 GHz ZigBee™ Development Kit contains the following items, shown in Figure 1.
� 2.4 GHz 802.15.4/ZigBee Target Boards (6)
� Antennas (6)
� 9 V batteries (6)
� 2.4 GHz ZigBee Development Kit User's Guide (this document)
� Silicon Laboratories Development Kit IDE and Product Information CD-ROM. CD content includes the following:

z Silicon Laboratories Integrated Development Environment (IDE)
z Keil Software 8051 Development Tools (evaluation assembler, linker and C compiler)
z ZigBee Application Programming Interface (API) library
z Source code examples and register definition files
z 2.4 GHz ZigBee Demonstration Software
z Documentation

� AC to DC power adapter
� USB debug adapter (USB to debug interface)
� USB cables (2)

Figure 1. 2.4 GHz ZigBee Development Kit
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2.  Kit Overview
The 2.4 GHz ZigBee Development kit contains everything necessary to demonstrate and develop a six-node
ZigBee network. The ZigBee Demonstration Software provides a quick and convenient graphical PC-based
demonstration with no programming required. A complete development environment is provided in the kit for those
wishing to develop a custom ZigBee application. The development environment includes an IDE, evaluation C
compiler, software libraries, and a code example.

3.  Demonstration Tools
The kit includes a demonstration to enable the user to quickly construct a ZigBee network, shown in Figure 2.
The demonstration application has two components:  development board firmware and a PC application, the
2.4 GHz ZigBee Demonstration Software. It includes example temperature, radio signal strength, and analog
measurement applications. Development boards are shipped with the firmware preloaded. Software and firmware
updates are available upon request through Silicon Laboratories’ Applications group.
Detailed instructions are in document "AN240:  2.4 GHz ZigBee Demonstration Software User's Guide", included
with this kit.

Figure 2. 2.4 GHz ZigBee Demonstration Software
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4.  Development Tools
The 2.4 GHz ZigBee Development Kit includes everything necessary to write, compile, download, and debug a
simple ZigBee-based application.  
The Silicon Laboratories Integrated Development Environment (IDE) serves as the primary programming and
debugging tool.  The IDE includes an evaluation versions of the Keil C compiler, assembler, and linker, limited to
4 kB of linked user code.  The included ZigBee library components do not count against this limit. The kit also
includes an adapter for programming and debugging from the IDE environment as shown in Figure 3.
The software library includes the 802.15.4 MAC and ZigBee Network layers.  A Network Application Programming
Interface (API) contains all necessary network primitives to manage and access a ZigBee network from a user-
defined application. A software example illustrates the Network API. This example builds an ad-hoc ZigBee
network using the included Network API software library.
Refer to "AN241:  ZigBee Network Application Programming Interface Layer Guide" for a complete description of
the API commands and usage.  This guide closely follows the format of the ZigBee Alliance Network Specification,
which should also be reviewed before beginning development. "AN242:  2.4 GHz ZigBee Network API
Programming Example Guide" describes the Network API programming example, IDE setup and operation, and
details of using the software library. Both documents are included in this kit.

Figure 3. Development Environment Components
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5.  Hardware
The 2.4 GHz ZigBee Development Kit includes six target boards. These boards are all identical and may be used
for demonstration or development.
Each board features a Silicon Laboratories C8051F121 microcontroller and a Chipcon CC2420 2.4 GHz 802.15.4
transceiver. Support components include a USB interface, JTAG programming interface, a variety of pushbuttons
and LED's, and a voltage regulator.
Refer to "AN222:  2.4 GHz 802.15.4/ZigBee Development Board Hardware User's Guide" for schematics, PCB
layout, and configuration instructions.
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CONTACT INFORMATION
Silicon Laboratories Inc.
4635 Boston Lane
Austin, TX 78735

Internet: www.silabs.com

Silicon Laboratories and Silicon Labs are trademarks of Silicon Laboratories Inc.
Other products or brandnames mentioned herein are trademarks or registered trademarks of their respective holders.

The information in this document is believed to be accurate in all respects at the time of publication but is subject to change without notice. 
Silicon Laboratories assumes no responsibility for errors and omissions, and disclaims responsibility for any consequences resulting from 
the use of information included herein. Additionally, Silicon Laboratories assumes no responsibility for the functioning of undescribed features 
or parameters. Silicon Laboratories reserves the right to make changes without further notice. Silicon Laboratories makes no warranty, rep-
resentation or guarantee regarding the suitability of its products for any particular purpose, nor does Silicon Laboratories assume any liability 
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation conse-
quential or incidental damages. Silicon Laboratories products are not designed, intended, or authorized for use in applications intended to 
support or sustain life, or for any other application in which the failure of the Silicon Laboratories product could create a situation where per-
sonal injury or death may occur. Should Buyer purchase or use Silicon Laboratories products for any such unintended or unauthorized ap-
plication, Buyer shall indemnify and hold Silicon Laboratories harmless against all claims and damages. 
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AN222

2.4 GHZ 802.15.4/ZIGBEE™ DEVELOPMENT BOARD HARDWARE USER ’S GUIDE

1.  Introduction
The Silicon Laboratories 2.4 GHz 802.15.4
Development Board provides a hardware platform for
the development of 802.15.4 and ZigBee™ Wireless
Personal Area Networks. The 2.4 GHz 802.15.4
Development Board features the following key
components:

Silicon Laboratories C8051F121 MCU
Chipcon CC2420 RF Transceiver
Silicon Laboratories CP2101 USB-to-UART bridge

This development platform can be used with an
802.15.4 Media Access Controller (MAC), with a
complete ZigBee stack, or it can be used to develop
application-specific firmware. This document describes
the hardware features and details of operation.

2.  Features
The controller on the 802.15.4 Development board is
the Silicon Labs C8051F121 Precision Mixed Signal
MCU.
C8051F121 Features:

100 MIPS 8051 CPU 
128 kB Flash memory 
8448 bytes RAM 
12-bit 100 ksps SAR ADC
8-bit 500 ksps SAR ADC
Two 12-bit DACs 
Two analog comparators 
Voltage reference 
Temperature sensor 
Five 16-bit timers 
6-channel PCA 
48 digital I/O pins 
16 x 16 MAC 
64-pin TQFP64 package 

The C8051F121 has ample resources for 802.15.4
MAC and ZigBee network firmware development. The
large Flash memory and RAM size provide enough
space to develop and debug networking software.
The C8051F121 features a JTAG connection on-chip
debug module. Wireless networking code can be
developed using this hardware platform with a simple

USB Debug Adapter and Silicon Laboratories IDE. An
expensive emulator is not needed. The 2.4 GHz
802.15.4 Development Board, USB Debug Adapter,
and IDE provide a complete development environment
for wireless networking firmware.
The C8051F121 also features a full complement of high
precision analog peripherals. The high precision ADC
and DAC can be used for wireless sensor networks.
Wireless connectivity is provided using the Chipcon
CC2420 802.15.4 RF Transceiver.
Chipcon CC2420 Features:

2.4 GHz IEEE 802.15.4 RF transceiver
8051-compatible high-speed SPI interface
Dual 128-byte FIFOs for RX and TX
Automatic CRC checking
Automatic PAN and address filtering
Automatic acknowledgement transmission
Low current consumption 
(RX: 19.7 mA, TX: 17.4 mA) 
Integrated voltage regulator 
QLP-48 package, 7 x 7 mm

The C8051F121 communicates with the CC2420 via
SPI peripheral and a full implementation of hardware
control signals.
The CP2101 provides USB connectivity and a Virtual
COM Port (VCP) connection to a PC.
CP2101 Features:

USB 2.0 compliant function controller
Full-featured UART interface
On-chip voltage regulator
Virtual COM port drives
28-pin QFN package (5 x 5 mm)

After installing the CP2101 Virtual COM Port drivers,
the 802.15.4 Development Board appears as a
conventional COM port on the PC. The PC software can
communicate with the development board using a
standard COM port interface. The MCU firmware
communicates with the CP2101 using either one of the
integrated UARTs.
The 2.4 GHz 802.15.4 Development Board is capable of
operating from multiple power sources. A 2.1 mm power
jack is provided for use with a 9 V dc wall transformer. The
2.4 GHz 802.15.4 Development Board may also be
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powered from the USB port when connected. A 9 V battery
holder is also provided for battery operation. A switch is
provided to disconnect the battery when not in use.
The board includes five push button switches. Switch
SW1 is a reset switch provided for reseting the MCU.
Four user-programmable switches are provided for the
application firmware user interface (SW 2–5). 
The 2.4 GHz 802.15.4 Development Board has a total
of eleven LEDs. Two red LEDs are used for power
status indicators for the 2.1 mm jack and USB power.
These LEDs are located adjacent to the 2.1 mm jack
and USB receptacle. The 9 V battery power source
does not have a power status indicator LED since the
battery is intended for low-power operation. 
Eight LEDs are available for user-programmable
indicators. These LEDs are grouped into two sets of
four LEDs with four different colors in each group:
green, yellow, amber, and red. The LEDs are connected
to port P2 on the ‘F121 and may be activated
collectively using byte access, or individually using bit
access.These LEDs are adjacent to the four switches
so that the LEDs may also used for tactile feedback or
mode indicators.
An extra red LED is provided connected to P1.1. This
LED may be used as a dimmer, using the PCA in 8-bit
PWM mode to drive the LED. This LED may also be
used as a heartbeat indicator for a periodic interrupt
timer. The heartbeat monitor will toggle the LED at a
imperceptible high frequency if the timer is getting
serviced properly and will blink at a perceptible low
frequency if the timer is not getting serviced.
The 2.4 GHz 802.15.4 Development Board also
includes a thumb wheel potentiometer to demonstrate
ADC input capability. The C8051F121 contains a
internal temperature sensor that is also used with the
ADC. The board also has test points available for one
analog input and one analog output. A twisted pair of
wires can be used to connect the analog input and
output to an external system. The analog input is also
connected to an analog comparator. The analog
comparator can be used to generate an alarm interrupt
when the input voltage exceeds the reference voltage.
The RF SMA connector may be used with the supplied
antenna or may be connected to test equipment using
standard 50 Ω SMA coax cable. 

3.  Hardware Details
A detailed schematic of the 2.4 GHz 802.15.4
Development Board is provided in Section 4. The silk
screen and top side components are shown in Figure 1.
The remaining figures are images of the other PCB
layers.

The power supply circuit uses a 3.3 V low drop out
regulator (U3). The LM2936 was selected for its low
quiescent current to enable low power operation. A
high-current low drop out regulator, such as the
LM2937, is recommended for continuous 100 MIPS
operation. Three schottky diodes are connected from
regulator input to the three possible power sources:
power jack, USB, and 9 V battery. In this configuration,
the current will be supplied by the input source with the
highest voltage. Note that the supplied wall transformer
voltage is normally higher than both the USB bus
voltage and the 9 V battery. However, the battery
voltage is normally higher than the USB bus voltage. So
the battery power switch should be turned off to
conserve the battery. A tantalum capacitor C21 is
provided on the regulator output to minimize the ripple
voltage. This capacitor may be safely removed for ultra-
low power operation. A ceramic capacitor with a resistor
in series is provided to ensure regulator stability with the
tantalum capacitor removed.
The CP2101 provides a USB connection for the
2.4 GHz 802.15.4 Development Board. The CP2101 is
always powered from the USB bus. The CP2101 is
unpowered when the USB is not connected. The TX
and RX lines of the CP2101 are connected to both
UART0 and UART1. UART0 is used in many simple
8051 code examples. UART1 provides more flexibility in
setting baud rates, especially with lower system clock
frequencies. Both UART0 and UART1 should be
enabled in the crossbar. However, the TX output should
be enabled only on the UART actually in use. The
SSPND signal is connected to P3.7 of the C8051F121.
This can be used to accommodate the USB suspend
mode. When the SSPND signal is asserted, a bus
powered USB device should switch to a low power
state, drawing less than 500 µA. This feature may not
be implemented in the development firmware.
A 10-pin JTAG connector is provided for in-circuit
programming and debug. This connector is configured
to work with the Silicon Laboratories USB Debug
Adapter. The USB Debug Adapter can be powered from
VDD on pin 1 of the connector. The 2.4 GHz 802.15.4
Development Board is also compatible with the USB
Debug Adapter. However, the board cannot be powered
by the USB Debug Adapter.
The 2.4 GHz 802.15.4 Development Board comes with
an 8 MHz crystal for the C8051F121. This crystal was
selected for compatibility with existing 802.15.4 MAC
firmware. The C8051F121 draws about 1 mA per MHz
while executing code from Flash memory. Typical
current consumption for the C8051F121 using an
8 MHz crystal is 8 mA running directly off the crystal,
24 mA running at 24 MHz off the PLL, and about 2 mA
with the crystal running and the CPU in IDLE mode.
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The 8 MHz crystal can be replaced with a low frequency
crystal for ultra-low power operation. The current
consumption of the C8051F121 is about 30 µA using a
32 kHz crystal with the MCU in IDLE mode. The internal
oscillator of the C8051F121 can then be used with or
without the PLL when executing code.
The 2.4 GHz 802.15.4 Development Board CC2420
interface provides complete interface for the CC2420
transceiver. The SPI peripheral of the C8051F121 is
connected to the SPI port of the CC2420. The
C8051F121 is configured as the SPI master and the
CC2420 is configured as a slave. The SPI peripheral of
the C8051F121 must be configured for four-wire mode
to skip the NSS pin in the crossbar. The SCLK, MOSI,
and NSS are configured as outputs. The SPI bus
operates reliably up to about 4 MHz. While the
C8051F121 and CC2420 are specified to operate at
higher clock rates, the bus capacitance limits the data
rate. Test points are provided and labeled for observing
the SPI data with an oscilloscope.
The start-of-frame delimiter (SFD) signal from the
CC2420 is connected to P1.0 of the C8051F121. This
port pin may be configured as an input capture pin, such
as CEX0, using the PCA in input capture mode. This

feature may be used to time-stamp an incoming frame
and synchronize with a beacon frame. The FIFO
threshold signal FIFOP is connected to P1.2 of the
C8051F121. This port pin may be configured as an
external interrupt, INT0. This signal is typically used to
interrupt the CPU and initiate the reception of an
incoming data frame.
The PCB layout is designed to provide good RF
performance and isolation between the RF and CPU.
The PCB uses a cost-effective construction with a
standard 0.062 inch nominal thickness and FR4
dielectric thicknesses of 0.012/0.028/0.012 inches.
Layer 3 is a solid ground plane layer over the entire
board. Layer 2 has a VDD plane under the MCU section
and carefully routed supply traces for the RF section.
The top and bottom layers are used for routing with
unused areas flooded with ground plane. Via stitching is
used in the RF section. The RF layout is closely
duplicated from the CC2420EM reference design from
Chipcon (www.chipcom.com). The RF output 50 Ω
traces are adjusted slightly for a FR4 dielectric
thickness of 0.036 inches between the top layer and the
ground plane layer 3.

http://www.chipcom.com
http://www.chipcom.com
http://www.chipcom.com
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4.  Schematic
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5.  Bill of Materials

Qty. Parts Description Value Package Part Number Manufacturer

1 U4 RF Transceiver QFP48 CC2420* Chipcon

1 U1 USB-UART Bridge QFN28 CP2101* Silicon Labs

1 U2 8-Bit MCU QFP64 C8051F121* Silicon Labs

4 C10, C13, C14, C15 Chip Capacitor 0.1 µF, 6.3 V 402 490-1318-1-ND

4 C11, C23, C24, C25 Chip Capacitor 68 pF 402 490-1289-1-ND

2 C16, C18 Chip Capacitor 0.5 pF 402 399-1000-1-ND

2 C17, C19 Chip Capacitor 5.6 pF 402 399-1008-1-ND

2 L1, L3 Chip Inductor 7.5 nF 402 490-1143-1-ND

1 C12 Chip Capacitor 0.01 µF, 25 V 402 399-3066-1-ND

1 L2 Chip Inductor 5.6 nF 402 490-1081-1-ND

1 R11 Chip Resistor 2.0 402 311-2.0JCT-ND

1 R16 Chip Resistor 43 k 402 RHM43.0KLCT-ND

14 C1, C4, C5, C6, C7, 
C27, C28, C29, C30, 
C34, C36, C38, C39, 
C41

Chip Capacitor 0.1 µF, 25 V 603 399-1282-1-ND

11 R2, R4, R5, R6, R7, R8, 
R12, R13, R14, R15, 
R26

Chip Resistor 10 k 603 RHM10.0KHCT

9 R10, R17, R18, R19, 
R20, R21, R22, R23, 
R24

Chip Resistor 270 603 RHM270GCT-ND

7 C2, C3, C20, C35, C37, 
C40, C42

Chip Capacitor 1.0 µF, 16 V 805 399-1284-1-ND

3 C26, C32, C33 Chip Capacitor 10 µF, 6.3 V 805 399-3138-1-ND

5 D1,D2,D5,D9,D13 SM LED Red 805 160-1176-1-ND

2 D8,D12 SM LED Amber 805 160-1177-1-ND

2 D7,D11 SM LED Yellow 805 160-1175-1-ND

2 D6,D10 SM LED Green 805 160-1179-1-ND

2 C8, C9 Chip Capacitor 33 pF 603 399-1055-1-ND

2 C22, C31 Chip Capacitor 27 pF 603 399-1054-1-ND

1 R3 Chip Resistor 1.5 k 603 311-1.50KHCT

1 R9 Chip Resistor 2.0 603 311.2.0HCT-ND

1 R1 Chip Resistor 560 603 P560CGCT-ND

*Note:  Manufacturer’s Part Number. All other part numbers listed are Digi-Key part numbers.
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1 D15 USB OVP SP0503BAH
T

SP0503BAHT* Littlefuse

3 “D3, D4, D14” Schottky Diode SOD123 MBR0520LCT-ND

1 X1 Crystal 8 MHz SE3414-ND

1 C21 Tantalum Capacitor 47 µF, 6.3 V Case B 478-1692-1-ND

1 U3 Micro-power LDO SOT-223 LM2936MP-3.3CT-ND

1 X2 Crystal 16 MHz TSX10A TSX-10A 16MHz* Toyocom

5 “SW1,SW3, SW4, 
SW5, SW6”

6 mm Push-Button SW_PB_6M
M

P8007-ND

1 J4 Vertical SMA SMA ARFX1231-ND

1 SW2 SPDT Switch SS12DP2* NKK

1 B1 Battery Holder 9 V 1294K-ND

1 J2 Shrouded 10 pin 
header

JTAG MHB10K-ND

1 J3 USB Connector USB ED9003-ND

1 J1 2.1 mm Jack RAPC722 SC1153-ND

1 R25 Thumb-Wheel Pot 10 k P4A9103-ND

1 Antenna 2.4 GHz SMA 2010B4844-01* GigaAnt

Qty. Parts Description Value Package Part Number Manufacturer

*Note:  Manufacturer’s Part Number. All other part numbers listed are Digi-Key part numbers.
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6.  PCB Layout

Figure 1. Top Silk Screen
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Figure 2. Layer 1 (Top)
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Figure 3. Layer 2 (Inner Top)
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Figure 4. Layer 3 (Inner Bottom)
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Figure 5. Layer 4 (Bottom)
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Figure 6. Bottom Silk Screen
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Figure 7. Top Solder Mask
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Figure 8. Bottom Solder Mask
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CONTACT INFORMATION
Silicon Laboratories Inc.
4635 Boston Lane
Austin, TX 78735

www.silabs.com

Silicon Laboratories and Silicon Labs are trademarks of Silicon Laboratories Inc.
Other products or brandnames mentioned herein are trademarks or registered trademarks of their respective holders.

The information in this document is believed to be accurate in all respects at the time of publication but is subject to change without notice. 
Silicon Laboratories assumes no responsibility for errors and omissions, and disclaims responsibility for any consequences resulting from 
the use of information included herein. Additionally, Silicon Laboratories assumes no responsibility for the functioning of undescribed features 
or parameters. Silicon Laboratories reserves the right to make changes without further notice. Silicon Laboratories makes no warranty, rep-
resentation or guarantee regarding the suitability of its products for any particular purpose, nor does Silicon Laboratories assume any liability 
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation conse-
quential or incidental damages. Silicon Laboratories products are not designed, intended, or authorized for use in applications intended to 
support or sustain life, or for any other application in which the failure of the Silicon Laboratories product could create a situation where per-
sonal injury or death may occur. Should Buyer purchase or use Silicon Laboratories products for any such unintended or unauthorized ap-
plication, Buyer shall indemnify and hold Silicon Laboratories harmless against all claims and damages. 



ZigBee-Enabled RFID Reader Network 

Appendix G: C8051F12x Data Sheet 

64 



Mixed Signal ISP Flash MCU Family

C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3

Pr
Analog Peripherals
- 10 or 12-bit SAR ADC

• ± 1 LSB INL
• Programmable throughput up to 100 ksps
• Up to 8 external inputs; programmable as single-

ended or differential
• Programmable amplifier gain: 16, 8, 4, 2, 1, 0.5
• Data-dependent windowed interrupt generator
• Built-in temperature sensor

- 8-bit SAR ADC (‘F12x Only)
• Programmable throughput up to 500 ksps
• 8 external inputs (single-ended or differential)
• Programmable amplifier gain: 4, 2, 1, 0.5

- Two 12-bit DACs (‘F12x Only)
• Can synchronize outputs to timers for jitter-free wave-

form generation
- Two Analog Comparators
- Voltage Reference
- VDD Monitor/Brown-Out Detector
On-Chip JTAG Debug & Boundary Scan
- On-chip debug circuitry facilitates full-speed, non-

intrusive in-circuit/in-system debugging
- Provides breakpoints, single-stepping, watchpoints, 

stack monitor; inspect/modify memory and registers
- Superior performance to emulation systems using 

ICE-chips, target pods, and sockets
- IEEE1149.1 compliant boundary scan
- Complete development kit
100-Pin TQFP or 64-Pin TQFP Packaging
- Temperature Range: –40 to +85 °C
- RoHS Available

High Speed 8051 µC Core
- Pipelined instruction architecture; executes 70% of 

instruction set in 1 or 2 system clocks
- 100 MIPS or 50 MIPS throughput with on-chip PLL
- 2-cycle 16 x 16 MAC engine (C8051F120/1/2/3 and 

C8051F130/1/2/3 only)
Memory
- 8448 bytes internal data RAM (8 k + 256)
- 128 or 64 kB Banked Flash; in-system programma-

ble in 1024-byte sectors
- External 64 kB data memory interface (programma-

ble multiplexed or non-multiplexed modes)
Digital Peripherals
- 8 byte-wide port I/O (100TQFP); 5 V tolerant
- 4 Byte-wide port I/O (64TQFP); 5 V tolerant
- Hardware SMBus™ (I2C™ Compatible), SPI™, and 

two UART serial ports available concurrently
- Programmable 16-bit counter/timer array with 

6 capture/compare modules
- 5 general purpose 16-bit counter/timers
- Dedicated watchdog timer; bi-directional reset pin
Clock Sources
- Internal precision oscillator: 24.5 MHz
- Flexible PLL technology
- External Oscillator: Crystal, RC, C, or clock
Voltage Supples
- Range: 2.7–3.6 V (50 MIPS) 3.0–3.6 V (100 MIPS)
- Power saving sleep and shutdown modes
eliminary Rev. 1.4 12/05 Copyright © 2005 by Silicon Laboratories C8051F12x C8051F13x
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1. System Overview
The C8051F12x and C8051F13x device families are fully integrated mixed-signal System-on-a-Chip
MCUs with 64 digital I/O pins (100-pin TQFP) or 32 digital I/O pins (64-pin TQFP).

Highlighted features are listed below.  Refer to Table 1.1 for specific product feature selection.

• High-Speed pipelined 8051-compatible CIP-51 microcontroller core (100 MIPS or 50 MIPS)
• In-system, full-speed, non-intrusive debug interface (on-chip)
• True 12 or 10-bit 100 ksps ADC with PGA and 8-channel analog multiplexer
• True 8-bit 500 ksps ADC with PGA and 8-channel analog multiplexer (C8051F12x Family)
• Two 12-bit DACs with programmable update scheduling (C8051F12x Family)
• 2-cycle 16 by 16 Multiply and Accumulate Engine (C8051F120/1/2/3 and C8051F130/1/2/3)
• 128 or 64 kB of in-system programmable Flash memory
• 8448 (8 k + 256) bytes of on-chip RAM
• External Data Memory Interface with 64 kB address space
• SPI, SMBus/I2C, and (2) UART serial interfaces implemented in hardware
• Five general purpose 16-bit Timers
• Programmable Counter/Timer Array with 6 capture/compare modules
• On-chip Watchdog Timer, VDD Monitor, and Temperature Sensor

With on-chip VDD monitor, Watchdog Timer, and clock oscillator, the C8051F12x and C8051F13x devices
are truly stand-alone System-on-a-Chip solutions. All analog and digital peripherals are enabled/disabled
and configured by user firmware. The Flash memory can be reprogrammed even in-circuit, providing non-
volatile data storage, and also allowing field upgrades of the 8051 firmware.

On-board JTAG debug circuitry allows non-intrusive (uses no on-chip resources), full speed, in-circuit
debugging using the production MCU installed in the final application. This debug system supports inspec-
tion and modification of memory and registers, setting breakpoints, watchpoints, single stepping, run and
halt commands. All analog and digital peripherals are fully functional while debugging using JTAG.

Each MCU is specified for operation over the industrial temperature range (–45 to +85 °C). The Port I/O,
RST, and JTAG pins are tolerant for input signals up to 5 V. The devices are available in 100-pin TQFP or
64-pin TQFP packaging.  Table 1.1 lists the specific device features and package offerings for each part
number. Figure 1.1 through Figure 1.6 show functional block diagrams for each device.
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Table 1.1. Product Selection Guide
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C8051F120 100 128 k 8448 2 5 64 8 - 8 12 2 2 - 100TQFP

C8051F120-GQ 100 128 k 8448 2 5 64 8 - 8 12 2 2 100TQFP

C8051F121 100 128 k 8448 2 5 32 8 - 8 12 2 2 - 64TQFP

C8051F121-GQ 100 128 k 8448 2 5 32 8 - 8 12 2 2 64TQFP

C8051F122 100 128 k 8448 2 5 64 - 8 8 12 2 2 - 100TQFP

C8051F122-GQ 100 128 k 8448 2 5 64 - 8 8 12 2 2 100TQFP

C8051F123 100 128 k 8448 2 5 32 - 8 8 12 2 2 - 64TQFP

C8051F123-GQ 100 128 k 8448 2 5 32 - 8 8 12 2 2 64TQFP

C8051F124 50 128 k 8448 - 2 5 64 8 - 8 12 2 2 - 100TQFP

C8051F124-GQ 50 128 k 8448 - 2 5 64 8 - 8 12 2 2 100TQFP

C8051F125 50 128 k 8448 - 2 5 32 8 - 8 12 2 2 - 64TQFP

C8051F125-GQ 50 128 k 8448 - 2 5 32 8 - 8 12 2 2 64TQFP

C8051F126 50 128 k 8448 - 2 5 64 - 8 8 12 2 2 - 100TQFP

C8051F126-GQ 50 128 k 8448 - 2 5 64 - 8 8 12 2 2 100TQFP

C8051F127 50 128 k 8448 - 2 5 32 - 8 8 12 2 2 - 64TQFP

C8051F127-GQ 50 128 k 8448 - 2 5 32 - 8 8 12 2 2 64TQFP

C8051F130 100 128 k 8448 2 5 64 - 8 - - - 2 - 100TQFP

C8051F130-GQ 100 128 k 8448 2 5 64 - 8 - - - 2 100TQFP

C8051F131 100 128 k 8448 2 5 32 - 8 - - - 2 - 64TQFP

C8051F131-GQ 100 128 k 8448 2 5 32 - 8 - - - 2 64TQFP

C8051F132 100 64 k 8448 2 5 64 - 8 - - - 2 - 100TQFP

C8051F132-GQ 100 64 k 8448 2 5 64 - 8 - - - 2 100TQFP

C8051F133 100 64 k 8448 2 5 32 - 8 - - - 2 - 64TQFP

C8051F133-GQ 100 64 k 8448 2 5 32 - 8 - - - 2 64TQFP
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Figure 1.1. C8051F120/124 Block Diagram
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Figure 1.2. C8051F121/125 Block Diagram
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Figure 1.3. C8051F122/126 Block Diagram
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Figure 1.4. C8051F123/127 Block Diagram
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Figure 1.5. C8051F130/132 Block Diagram
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Figure 1.6. C8051F131/133 Block Diagram

P0, P1, 
P2, P3 
Latches

JTAG 
Logic

TCK
TMS
TDI

TDO

UART1

SMBus

SPI Bus

PCA

VDD 
Monitor

Timers 0, 
1, 2, 4

Timer 3/
RTC

P0
 Drv

C
R
O
S
S
B
A
R

Port I/O 
Config.

Crossbar
Config.

AV+

VDD
VDD
VDD

DGND
DGND
DGND

AGND

ResetRST

Digital Power

Analog Power

Debug HW

Boundary Scan

P2.0

P2.7

P1.0/AIN2.0

P1.7/AIN2.7

P0.0

P0.7

P1
 Drv

P2
 Drv

Data Bus

Address Bus

Bus Control

VREF

ADC
100ksps
(10-Bit)

A
M
U
X

AIN0.0
AIN0.1
AIN0.2
AIN0.3
AIN0.4
AIN0.5
AIN0.6
AIN0.7

CP0+
CP0-
CP1+
CP1-

VREF

TEMP
SENSOR

UART0

P3.0

P3.7

P3
 Drv

MONEN WDT

VREF0

Prog
Gain

CP0

CP1

C
T
L

P4 Latch

D
a
t
a

P7 Latch

A
d
d
r

P5 Latch

P6 Latch

P7
DRV

P5
DRV

P6
DRV

P4
DRV

XTAL1
XTAL2

External Oscillator
Circuit

System
 Clock

Calibrated Internal 
Oscillator

PLL 
Circuitry

256 byte 
RAM

SFR Bus

8
0
5
1 

C
o
r
e

8kbyte 
XRAM

External Data 
Memory Bus

FLASH
128kbyte 
(‘F131)
64kbyte 
(‘F133)

64x4 byte 
cache
26 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
1.1. CIP-51™ Microcontroller Core
1.1.1. Fully 8051 Compatible
The C8051F12x and C8051F13x utilize Silicon Labs’ proprietary CIP-51 microcontroller core. The CIP-51
is fully compatible with the MCS-51™ instruction set; standard 803x/805x assemblers and compilers can
be used to develop software. The core has all the peripherals included with a standard 8052, including five
16-bit counter/timers, two full-duplex UARTs, 256 bytes of internal RAM, 128 byte Special Function Regis-
ter (SFR) address space, and 8/4 byte-wide I/O Ports.

1.1.2. Improved Throughput
The CIP-51 employs a pipelined architecture that greatly increases its instruction throughput over the stan-
dard 8051 architecture. In a standard 8051, all instructions except for MUL and DIV take 12 or 24 system
clock cycles to execute with a maximum system clock of 12-to-24 MHz. By contrast, the CIP-51 core exe-
cutes 70% of its instructions in one or two system clock cycles, with only four instructions taking more than
four system clock cycles. 

The CIP-51 has a total of 109 instructions. The table below shows the total number of instructions that
require each execution time.

With the CIP-51's maximum system clock at 100 MHz, the C8051F120/1/2/3 and C8051F130/1/2/3 have a
peak throughput of 100 MIPS (the C8051F124/5/6/7 have a peak throughput of 50 MIPS).

Clocks to Execute 1 2 2/3 3 3/4 4 4/5 5 8
Number of Instructions 26 50 5 14 7 3 1 2 1
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1.1.3. Additional Features
Several key enhancements are implemented in the CIP-51 core and peripherals to improve overall perfor-
mance and ease of use in end applications.

The extended interrupt handler provides 20 interrupt sources into the CIP-51 (as opposed to 7 for the stan-
dard 8051), allowing the numerous analog and digital peripherals to interrupt the controller. An interrupt
driven system requires less intervention by the MCU, giving it more effective throughput. The extra inter-
rupt sources are very useful when building multi-tasking, real-time systems.

There are up to seven reset sources for the MCU: an on-board VDD monitor, a Watchdog Timer, a missing
clock detector, a voltage level detection from Comparator0, a forced software reset, the CNVSTR0 input
pin, and the RST pin. The RST pin is bi-directional, accommodating an external reset, or allowing the inter-
nally generated POR to be output on the RST pin. Each reset source except for the VDD monitor and Reset
Input pin may be disabled by the user in software; the VDD monitor is enabled/disabled via the MONEN
pin. The Watchdog Timer may be permanently enabled in software after a power-on reset during MCU ini-
tialization.

The MCU has an internal, stand alone clock generator which is used by default as the system clock after
any reset. If desired, the clock source may be switched on the fly to the external oscillator, which can use a
crystal, ceramic resonator, capacitor, RC, or external clock source to generate the system clock. This can
be extremely useful in low power applications, allowing the MCU to run from a slow (power saving) exter-
nal crystal source, while periodically switching to the 24.5 MHz internal oscillator as needed.  Additionally,
an on-chip PLL is provided to achieve higher system clock speeds for increased throughput.

  

Figure 1.7. On-Board Clock and Reset
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1.2. On-Chip Memory
The CIP-51 has a standard 8051 program and data address configuration. It includes 256 bytes of data
RAM, with the upper 128 bytes dual-mapped. Indirect addressing accesses the upper 128 bytes of general
purpose RAM, and direct addressing accesses the 128 byte SFR address space. The lower 128 bytes of
RAM are accessible via direct and indirect addressing. The first 32 bytes are addressable as four banks of
general purpose registers, and the next 16 bytes can be byte addressable or bit addressable.

The devices include an on-chip 8k byte RAM block and an external memory interface (EMIF) for accessing
off-chip data memory. The on-chip 8k byte block can be addressed over the entire 64k external data mem-
ory address range (overlapping 8k boundaries). External data memory address space can be mapped to
on-chip memory only, off-chip memory only, or a combination of the two (addresses up to 8k directed to on-
chip, above 8k directed to EMIF). The EMIF is also configurable for multiplexed or non-multiplexed
address/data lines.

On the C8051F12x and C8051F130/1, the MCU’s program memory consists of 128 k bytes of banked
Flash memory. The 1024 bytes from addresses 0x1FC00 to 0x1FFFF are reserved. On the C8051F132/3,
the MCU’s program memory consists of 64 k bytes of Flash memory. This memory may be reprogrammed
in-system in 1024 byte sectors, and requires no special off-chip programming voltage.

On all devices, there are also two 128 byte sectors at addresses 0x20000 to 0x200FF, which may be used
by software for data storage.  See Figure 1.8 for the MCU system memory map.

Figure 1.8. On-Chip Memory Map
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1.3. JTAG Debug and Boundary Scan
JTAG boundary scan and debug circuitry is included which provides non-intrusive, full speed, in-circuit
debugging using the production part installed in the end application, via the four-pin JTAG interface. The
JTAG port is fully compliant to IEEE 1149.1, providing full boundary scan for test and manufacturing pur-
poses.

Silicon Labs' debugging system supports inspection and modification of memory and registers, break-
points, watchpoints, a stack monitor, and single stepping. No additional target RAM, program memory, tim-
ers, or communications channels are required. All the digital and analog peripherals are functional and
work correctly while debugging. All the peripherals (except for the ADC and SMBus) are stalled when the
MCU is halted, during single stepping, or at a breakpoint in order to keep them synchronized.

The C8051F120DK development kit provides all the hardware and software necessary to develop applica-
tion code and perform in-circuit debugging with the C8051F12x or C8051F13x MCUs.

The kit includes a Windows (95 or later) development environment, a serial adapter for connecting to the
JTAG port, and a target application board with a C8051F120 MCU installed.  All of the necessary commu-
nication cables and a wall-mount power supply are also supplied with the development kit. Silicon Labs’
debug environment is a vastly superior configuration for developing and debugging embedded applications
compared to standard MCU emulators, which use on-board "ICE Chips" and target cables and require the
MCU in the application board to be socketed. Silicon Labs' debug environment both increases ease of use
and preserves the performance of the precision, on-chip analog peripherals.

Figure 1.9. Development/In-System Debug Diagram
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1.4. 16 x 16 MAC (Multiply and Accumulate) Engine
The C8051F120/1/2/3 and C8051F130/1/2/3 devices include a multiply and accumulate engine which can
be used to speed up many mathematical operations. MAC0 contains a 16-by-16 bit multiplier and a 40-bit
adder, which can perform integer or fractional multiply-accumulate and multiply operations on signed input
values in two SYSCLK cycles. A rounding engine provides a rounded 16-bit fractional result after an addi-
tional (third) SYSCLK cycle. MAC0 also contains a 1-bit arithmetic shifter that will left or right-shift the con-
tents of the 40-bit accumulator in a single SYSCLK cycle.

Figure 1.10. MAC0 Block Diagram
MAC0CF

M
AC

0M
S

M
AC

0F
M

M
A

C
0S

A
T

M
A

C
0C

A
M

A
C

0S
D

M
A

C
0S

C

MAC0STA

M
AC

0N
M

A
C

0S
O

M
AC

0Z
M

A
C

0H
O

16 x 16 Multiply

MAC0RNDH MAC0RNDL
MAC0 Rounding Register

MAC0OVR MAC0ACC3 MAC0ACC2 MAC0ACC1 MAC0ACC0
MAC0 Accumulator

40 bit Add

MAC0MS

1

0

0

Rounding Engine1 bit Shift

MAC0FM

Flag Logic

MAC0BH MAC0BL
MAC0 B Register

MAC0AH MAC0AL
MAC0 A Register
Rev. 1.4 31



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3

1.5. Programmable Digital I/O and Crossbar
The standard 8051 8-bit Ports (0, 1, 2, and 3) are available on the MCUs. The devices in the larger (100-
pin TQFP) packaging have 4 additional ports (4, 5, 6, and 7) for a total of 64 general-purpose port I/O. The
Port I/O behave like the standard 8051 with a few enhancements.

Each Port I/O pin can be configured as either a push-pull or open-drain output. Also, the "weak pullups"
which are normally fixed on an 8051 can be globally disabled, providing additional power saving capabili-
ties for low-power applications. 

Perhaps the most unique enhancement is the Digital Crossbar. This is a large digital switching network that
allows mapping of internal digital system resources to Port I/O pins on P0, P1, P2, and P3. (See
Figure 1.11) Unlike microcontrollers with standard multiplexed digital I/O, all combinations of functions are
supported.

The on-chip counter/timers, serial buses, HW interrupts, ADC Start of Conversion inputs, comparator out-
puts, and other digital signals in the controller can be configured to appear on the Port I/O pins specified in
the Crossbar Control registers. This allows the user to select the exact mix of general purpose Port I/O and
digital resources needed for the particular application.

Figure 1.11. Digital Crossbar Diagram
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1.6. Programmable Counter Array
An on-board Programmable Counter/Timer Array (PCA) is included in addition to the five 16-bit general
purpose counter/timers. The PCA consists of a dedicated 16-bit counter/timer time base with 6 program-
mable capture/compare modules. The timebase is clocked from one of six sources: the system clock
divided by 12, the system clock divided by 4, Timer 0 overflow, an External Clock Input (ECI pin), the sys-
tem clock, or the external oscillator source divided by 8.

Each capture/compare module can be configured to operate in one of six modes: Edge-Triggered Capture,
Software Timer, High Speed Output, Frequency Output, 8-Bit Pulse Width Modulator, or 16-Bit Pulse Width
Modulator. The PCA Capture/Compare Module I/O and External Clock Input are routed to the MCU Port I/
O via the Digital Crossbar.

Figure 1.12. PCA Block Diagram
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1.8. 12 or 10-Bit Analog to Digital Converter
All devices include either a 12 or 10-bit SAR ADC (ADC0) with a 9-channel input multiplexer and program-
mable gain amplifier. With a maximum throughput of 100 ksps, the 12 and 10-bit ADCs offer true 12-bit lin-
earity with an INL of ±1LSB. The ADC0 voltage reference can be selected from an external VREF pin, or
(on the C8051F12x devices) the DAC0 output. On the 100-pin TQFP devices, ADC0 has its own dedicated
Voltage Reference input pin; on the 64-pin TQFP devices, the ADC0 shares a Voltage Reference input pin
with the 8-bit ADC2. The on-chip voltage reference may generate the voltage reference for other system
components or the on-chip ADCs via the VREF output pin. 

The ADC is under full control of the CIP-51 microcontroller via its associated Special Function Registers.
One input channel is tied to an internal temperature sensor, while the other eight channels are available
externally. Each pair of the eight external input channels can be configured as either two single-ended
inputs or a single differential input. The system controller can also put the ADC into shutdown mode to
save power.

A programmable gain amplifier follows the analog multiplexer. The gain can be set in software from 0.5 to
16 in powers of 2. The gain stage can be especially useful when different ADC input channels have widely
varied input voltage signals, or when it is necessary to "zoom in" on a signal with a large DC offset (in dif-
ferential mode, a DAC could be used to provide the DC offset).

Conversions can be started in four ways; a software command, an overflow of Timer 2, an overflow of
Timer 3, or an external signal input. This flexibility allows the start of conversion to be triggered by software
events, external HW signals, or a periodic timer overflow signal. Conversion completions are indicated by a
status bit and an interrupt (if enabled). The resulting 10 or 12-bit data word is latched into two SFRs upon
completion of a conversion. The data can be right or left justified in these registers under software control.

Window Compare registers for the ADC data can be configured to interrupt the controller when ADC data
is within or outside of a specified range. The ADC can monitor a key voltage continuously in background
mode, but not interrupt the controller unless the converted data is within the specified window.

Figure 1.13. 12-Bit ADC Block Diagram
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1.9. 8-Bit Analog to Digital Converter
The C8051F12x devices have an on-board 8-bit SAR ADC (ADC2) with an 8-channel input multiplexer and
programmable gain amplifier. This ADC features a 500 ksps maximum throughput and true 8-bit linearity
with an INL of ±1LSB. Eight input pins are available for measurement. The ADC is under full control of the
CIP-51 microcontroller via the Special Function Registers. The ADC2 voltage reference is selected
between the analog power supply (AV+) and an external VREF pin. On the 100-pin TQFP devices, ADC2
has its own dedicated Voltage Reference input pin; on the 64-pin TQFP devices, ADC2 shares a Voltage
Reference input pin with ADC0. User software may put ADC2 into shutdown mode to save power.

A programmable gain amplifier follows the analog multiplexer. The gain stage can be especially useful
when different ADC input channels have widely varied input voltage signals, or when it is necessary to
"zoom in" on a signal with a large DC offset (in differential mode, a DAC could be used to provide the DC
offset). The PGA gain can be set in software to 0.5, 1, 2, or 4.

A flexible conversion scheduling system allows ADC2 conversions to be initiated by software commands,
timer overflows, or an external input signal. ADC2 conversions may also be synchronized with ADC0 soft-
ware-commanded conversions. Conversion completions are indicated by a status bit and an interrupt (if
enabled), and the resulting 8-bit data word is latched into an SFR upon completion.

 

Figure 1.14. 8-Bit ADC Diagram
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1.10. 12-bit Digital to Analog Converters
The C8051F12x devices have two integrated 12-bit Digital to Analog Converters (DACs).  The MCU data
and control interface to each DAC is via the Special Function Registers. The MCU can place either or both
of the DACs in a low power shutdown mode.

The DACs are voltage output mode and include a flexible output scheduling mechanism. This scheduling
mechanism allows DAC output updates to be forced by a software write or scheduled on a Timer 2, 3, or 4
overflow. The DAC voltage reference is supplied from the dedicated VREFD input pin on the 100-pin TQFP
devices or via the internal Voltage reference on the 64-pin TQFP devices. The DACs are especially useful
as references for the comparators or offsets for the differential inputs of the ADCs.

Figure 1.15. DAC System Block Diagram
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1.11. Analog Comparators
Two analog comparators with dedicated input pins are included on-chip. The comparators have software
programmable hysteresis and response time. Each comparator can generate an interrupt on a rising edge,
falling edge, or both. The interrupts are capable of waking up the MCU from sleep mode, and Comparator
0 can be used as a reset source. The output state of the comparators can be polled in software or routed to
Port I/O pins via the Crossbar. The comparators can be programmed to a low power shutdown mode when
not in use.

Figure 1.16. Comparator Block Diagram
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2. Absolute Maximum Ratings

Table 2.1. Absolute Maximum Ratings*

Parameter Conditions Min Typ Max Units

Ambient temperature under bias –55 — 125 °C

Storage Temperature –65 — 150 °C

Voltage on any Pin (except VDD and Port I/O) with 
Respect to DGND

–0.3 — VDD + 
0.3

V

Voltage on any Port I/O Pin or RST with Respect to 
DGND

–0.3 — 5.8 V

Voltage on VDD with Respect to DGND –0.3 — 4.2 V

Maximum Total Current through VDD, AV+, DGND, 
and AGND

— — 800 mA

Maximum Output Current Sunk by any Port pin — — 100 mA

Maximum Output Current Sunk by any other I/O pin — — 50 mA

Maximum Output Current Sourced by any Port pin — — 100 mA

Maximum Output Current Sourced by any other I/O 
Pin

— — 50 mA

*Note:  Stresses above those listed under “Absolute Maximum Ratings” may cause permanent damage to the device. 
This is a stress rating only and functional operation of the devices at those or any other conditions above those 
indicated in the operation listings of this specification is not implied. Exposure to maximum rating conditions for 
extended periods may affect device reliability.
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3. Global DC Electrical Characteristics

Table 3.1. Global DC Electrical Characteristics
(C8051F120/1/2/3 and C8051F130/1/2/3)
–40 to +85 °C, 100 MHz System Clock unless otherwise specified.

Parameter Conditions Min Typ Max Units

Analog Supply Voltage1 SYSCLK = 0 to 50 MHz
SYSCLK > 50 MHz

2.7
3.0

3.0
3.3

3.6
3.6

V
V

Analog Supply Current Internal REF, ADCs, DACs, Com-
parators all active

— 1.7 — mA

Analog Supply Current with 
analog sub-systems inactive

Internal REF, ADCs, DACs, Com-
parators all disabled, oscillator 
disabled

— 0.2 — µA

Analog-to-Digital Supply 
Delta (|VDD – AV+|)

— — 0.5 V

Digital Supply Voltage SYSCLK = 0 to 50 MHz
SYSCLK > 50 MHz

2.7
3.0

3.0
3.3

3.6
3.6

V
V

Digital Supply Current with 
CPU active

VDD = 3.0 V, Clock = 100 MHz
VDD = 3.0 V, Clock = 50 MHz
VDD = 3.0 V, Clock = 1 MHz
VDD = 3.0 V, Clock = 32 kHz

— 65
35
1

33

— mA
mA
mA
µA

Digital Supply Current with 
CPU inactive (not accessing 
Flash)

VDD = 3.0 V, Clock = 100 MHz
VDD = 3.0 V, Clock = 50 MHz
VDD = 3.0 V, Clock = 1 MHz
VDD = 3.0 V, Clock = 32 kHz

— 40
20
0.4
15

— mA
mA
mA
µA

Digital Supply Current (shut-
down)

Oscillator not running — 0.4 — µA

Digital Supply RAM Data 
Retention Voltage

— 1.5 — V

SYSCLK (System Clock)2,3 VDD, AV+ = 2.7 to 3.6 V
VDD, AV+ = 3.0 to 3.6 V

0
0

— 50
100

MHz
MHz

Specified Operating Temper-
ature Range

–40 — +85 °C

Notes:
1. Analog Supply AV+ must be greater than 1 V for VDD monitor to operate.
2. SYSCLK is the internal device clock. For operational speeds in excess of 30 MHz, SYSCLK must be derived 

from the Phase-Locked Loop (PLL).
3. SYSCLK must be at least 32 kHz to enable debugging.
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Table 3.2. Global DC Electrical Characteristics (C8051F124/5/6/7)
–40 to +85 °C, 50 MHz System Clock unless otherwise specified.

Parameter Conditions Min Typ Max Units

Analog Supply Voltage1 2.7 3.0 3.6 V

Analog Supply Current Internal REF, ADC, DAC, Com-
parators all active

— 1.7 — mA

Analog Supply Current with 
analog sub-systems inactive

Internal REF, ADC, DAC, Com-
parators all disabled, oscillator 
disabled

— 0.2 — µA

Analog-to-Digital Supply 
Delta (|VDD – AV+|)

— — 0.5 V

Digital Supply Voltage 2.7 3.0 3.6 V

Digital Supply Current with 
CPU active

VDD = 3.0 V, Clock = 50 MHz
VDD = 3.0 V, Clock = 1 MHz
VDD = 3.0 V, Clock = 32 kHz

— 35
1

33

— mA
mA
µA

Digital Supply Current with 
CPU inactive (not accessing 
Flash)

VDD = 3.0 V, Clock = 50 MHz
VDD = 3.0 V, Clock = 1 MHz
VDD = 3.0 V, Clock = 32 kHz

— 27
0.4
15

— mA
mA
µA

Digital Supply Current (shut-
down)

Oscillator not running — 0.4 — µA

Digital Supply RAM Data 
Retention Voltage

— 1.5 — V

SYSCLK (System Clock)2,3 0 — 50 MHz

Specified Operating 
Temperature Range

–40 — +85 °C

Notes:
1. Analog Supply AV+ must be greater than 1 V for VDD monitor to operate.
2. SYSCLK is the internal device clock. For operational speeds in excess of 30 MHz, SYSCLK must be derived 

from the phase-locked loop (PLL).
3. SYSCLK must be at least 32 kHz to enable debugging.
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4. Pinout and Package Definitions

Table 4.1. Pin Definitions

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133

VDD 37, 
64, 90

24, 
41, 57

37, 
64, 90

24, 
41, 57

Digital Supply Voltage. Must be tied to +2.7 to 
+3.6 V.

DGND 38, 
63, 89

25, 
40, 56

38, 
63, 89

25, 
40, 56

Digital Ground. Must be tied to Ground.

AV+ 11, 14 6 11, 14 6 Analog Supply Voltage. Must be tied to +2.7 to 
+3.6 V.

AGND 10, 13 5 10, 13 5 Analog Ground. Must be tied to Ground.

TMS 1 58 1 58 D In JTAG Test Mode Select with internal pullup.

TCK 2 59 2 59 D In JTAG Test Clock with internal pullup.

TDI 3 60 3 60 D In JTAG Test Data Input with internal pullup. TDI is 
latched on the rising edge of TCK.

TDO 4 61 4 61 D Out JTAG Test Data Output with internal pullup. Data 
is shifted out on TDO on the falling edge of TCK. 
TDO output is a tri-state driver.

RST 5 62 5 62 D I/O Device Reset. Open-drain output of internal VDD 
monitor. Is driven low when VDD is < VRST and 
MONEN is high. An external source can initiate 
a system reset by driving this pin low.

XTAL1 26 17 26 17 A In Crystal Input. This pin is the return for the inter-
nal oscillator circuit for a crystal or ceramic reso-
nator. For a precision internal clock, connect a 
crystal or ceramic resonator from XTAL1 to 
XTAL2. If overdriven by an external CMOS 
clock, this becomes the system clock.

XTAL2 27 18 27 18 A Out Crystal Output. This pin is the excitation driver 
for a crystal or ceramic resonator.

MONEN 28 19 28 19 D In VDD Monitor Enable. When tied high, this pin 
enables the internal VDD monitor, which forces a 
system reset when VDD is < VRST. When tied 
low, the internal VDD monitor is disabled. 
This pin must be tied high or low.
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VREF 12 7 12 7 A I/O Bandgap Voltage Reference Output 
(all devices).
DAC Voltage Reference Input 
(C8051F121/3/5/7 only).

VREFA 8 A In ADC0 and ADC2 Voltage Reference Input.

VREF0 16 16 8 A In ADC0 Voltage Reference Input.

VREF2 17 17 A In ADC2 Voltage Reference Input.

VREFD 15 15 A In DAC Voltage Reference Input.

AIN0.0 18 9 18 9 A In ADC0 Input Channel 0 (See ADC0 Specification 
for complete description).

AIN0.1 19 10 19 10 A In ADC0 Input Channel 1 (See ADC0 Specification 
for complete description).

AIN0.2 20 11 20 11 A In ADC0 Input Channel 2 (See ADC0 Specification 
for complete description).

AIN0.3 21 12 21 12 A In ADC0 Input Channel 3 (See ADC0 Specification 
for complete description).

AIN0.4 22 13 22 13 A In ADC0 Input Channel 4 (See ADC0 Specification 
for complete description).

AIN0.5 23 14 23 14 A In ADC0 Input Channel 5 (See ADC0 Specification 
for complete description).

AIN0.6 24 15 24 15 A In ADC0 Input Channel 6 (See ADC0 Specification 
for complete description).

AIN0.7 25 16 25 16 A In ADC0 Input Channel 7 (See ADC0 Specification 
for complete description).

CP0+ 9 4 9 4 A In Comparator 0 Non-Inverting Input.

CP0- 8 3 8 3 A In Comparator 0 Inverting Input.

CP1+ 7 2 7 2 A In Comparator 1 Non-Inverting Input.

CP1– 6 1 6 1 A In Comparator 1 Inverting Input.

DAC0 100 64 A Out Digital to Analog Converter 0 Voltage Output. 
(See DAC Specification for complete descrip-
tion).

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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DAC1 99 63 A Out Digital to Analog Converter 1 Voltage Output. 
(See DAC Specification for complete descrip-
tion).

P0.0 62 55 62 55 D I/O Port 0.0. See Port Input/Output section for com-
plete description.

P0.1 61 54 61 54 D I/O Port 0.1. See Port Input/Output section for com-
plete description.

P0.2 60 53 60 53 D I/O Port 0.2. See Port Input/Output section for com-
plete description.

P0.3 59 52 59 52 D I/O Port 0.3. See Port Input/Output section for com-
plete description.

P0.4 58 51 58 51 D I/O Port 0.4. See Port Input/Output section for com-
plete description.

ALE/P0.5 57 50 57 50 D I/O ALE Strobe for External Memory Address bus 
(multiplexed mode)
Port 0.5
See Port Input/Output section for complete 
description.

RD/P0.6 56 49 56 49 D I/O /RD Strobe for External Memory Address bus
Port 0.6
See Port Input/Output section for complete 
description.

WR/P0.7 55 48 55 48 D I/O /WR Strobe for External Memory Address bus
Port 0.7
See Port Input/Output section for complete 
description.

AIN2.0/A8/P1.0 36 29 36 29 A In
D I/O

ADC2 Input Channel 0 (See ADC2 Specification 
for complete description).
Bit 8 External Memory Address bus (Non-multi-
plexed mode)
Port 1.0
See Port Input/Output section for complete 
description.

AIN2.1/A9/P1.1 35 28 35 28 A In
D I/O

Port 1.1. See Port Input/Output section for com-
plete description.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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AIN2.2/A10/P1.2 34 27 34 27 A In
D I/O

Port 1.2. See Port Input/Output section for com-
plete description.

AIN2.3/A11/P1.3 33 26 33 26 A In
D I/O

Port 1.3. See Port Input/Output section for com-
plete description.

AIN2.4/A12/P1.4 32 23 32 23 A In
D I/O

Port 1.4. See Port Input/Output section for com-
plete description.

AIN2.5/A13/P1.5 31 22 31 22 A In
D I/O

Port 1.5. See Port Input/Output section for com-
plete description.

AIN2.6/A14/P1.6 30 21 30 21 A In
D I/O

Port 1.6. See Port Input/Output section for com-
plete description.

AIN2.7/A15/P1.7 29 20 29 20 A In
D I/O

Port 1.7. See Port Input/Output section for com-
plete description.

A8m/A0/P2.0 46 37 46 37 D I/O Bit 8 External Memory Address bus (Multiplexed 
mode)
Bit 0 External Memory Address bus (Non-multi-
plexed mode)
Port 2.0
See Port Input/Output section for complete 
description.

A9m/A1/P2.1 45 36 45 36 D I/O Port 2.1. See Port Input/Output section for com-
plete description.

A10m/A2/P2.2 44 35 44 35 D I/O Port 2.2. See Port Input/Output section for com-
plete description.

A11m/A3/P2.3 43 34 43 34 D I/O Port 2.3. See Port Input/Output section for com-
plete description.

A12m/A4/P2.4 42 33 42 33 D I/O Port 2.4. See Port Input/Output section for com-
plete description.

A13m/A5/P2.5 41 32 41 32 D I/O Port 2.5. See Port Input/Output section for com-
plete description.

A14m/A6/P2.6 40 31 40 31 D I/O Port 2.6. See Port Input/Output section for com-
plete description.

A15m/A7/P2.7 39 30 39 30 D I/O Port 2.7. See Port Input/Output section for com-
plete description.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
44 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
AD0/D0/P3.0 54 47 54 47 D I/O Bit 0 External Memory Address/Data bus (Multi-
plexed mode)
Bit 0 External Memory Data bus (Non-multi-
plexed mode)
Port 3.0
See Port Input/Output section for complete 
description.

AD1/D1/P3.1 53 46 53 46 D I/O Port 3.1. See Port Input/Output section for com-
plete description.

AD2/D2/P3.2 52 45 52 45 D I/O Port 3.2. See Port Input/Output section for com-
plete description.

AD3/D3/P3.3 51 44 51 44 D I/O Port 3.3. See Port Input/Output section for com-
plete description.

AD4/D4/P3.4 50 43 50 43 D I/O Port 3.4. See Port Input/Output section for com-
plete description.

AD5/D5/P3.5 49 42 49 42 D I/O Port 3.5. See Port Input/Output section for com-
plete description.

AD6/D6/P3.6 48 39 48 39 D I/O Port 3.6. See Port Input/Output section for com-
plete description.

AD7/D7/P3.7 47 38 47 38 D I/O Port 3.7. See Port Input/Output section for com-
plete description.

P4.0 98 98 D I/O Port 4.0. See Port Input/Output section for com-
plete description.

P4.1 97 97 D I/O Port 4.1. See Port Input/Output section for com-
plete description.

P4.2 96 96 D I/O Port 4.2. See Port Input/Output section for com-
plete description.

P4.3 95 95 D I/O Port 4.3. See Port Input/Output section for com-
plete description.

P4.4 94 94 D I/O Port 4.4. See Port Input/Output section for com-
plete description.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
ALE/P4.5 93 93 D I/O ALE Strobe for External Memory Address bus 
(multiplexed mode)
Port 4.5
See Port Input/Output section for complete 
description.

RD/P4.6 92 92 D I/O /RD Strobe for External Memory Address bus
Port 4.6
See Port Input/Output section for complete 
description.

WR/P4.7 91 91 D I/O /WR Strobe for External Memory Address bus
Port 4.7
See Port Input/Output section for complete 
description.

A8/P5.0 88 88 D I/O Bit 8 External Memory Address bus (Non-multi-
plexed mode)
Port 5.0
See Port Input/Output section for complete 
description.

A9/P5.1 87 87 D I/O Port 5.1. See Port Input/Output section for com-
plete description.

A10/P5.2 86 86 D I/O Port 5.2. See Port Input/Output section for com-
plete description.

A11/P5.3 85 85 D I/O Port 5.3. See Port Input/Output section for com-
plete description.

A12/P5.4 84 84 D I/O Port 5.4. See Port Input/Output section for com-
plete description.

A13/P5.5 83 83 D I/O Port 5.5. See Port Input/Output section for com-
plete description.

A14/P5.6 82 82 D I/O Port 5.6. See Port Input/Output section for com-
plete description.

A15/P5.7 81 81 D I/O Port 5.7. See Port Input/Output section for com-
plete description.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
A8m/A0/P6.0 80 80 D I/O Bit 8 External Memory Address bus (Multiplexed 
mode)
Bit 0 External Memory Address bus (Non-multi-
plexed mode)
Port 6.0
See Port Input/Output section for complete 
description.

A9m/A1/P6.1 79 79 D I/O Port 6.1. See Port Input/Output section for com-
plete description.

A10m/A2/P6.2 78 78 D I/O Port 6.2. See Port Input/Output section for com-
plete description.

A11m/A3/P6.3 77 77 D I/O Port 6.3. See Port Input/Output section for com-
plete description.

A12m/A4/P6.4 76 76 D I/O Port 6.4. See Port Input/Output section for com-
plete description.

A13m/A5/P6.5 75 75 D I/O Port 6.5. See Port Input/Output section for com-
plete description.

A14m/A6/P6.6 74 74 D I/O Port 6.6. See Port Input/Output section for com-
plete description.

A15m/A7/P6.7 73 73 D I/O Port 6.7. See Port Input/Output section for com-
plete description.

AD0/D0/P7.0 72 72 D I/O Bit 0 External Memory Address/Data bus (Multi-
plexed mode)
Bit 0 External Memory Data bus (Non-multi-
plexed mode)
Port 7.0
See Port Input/Output section for complete 
description.

AD1/D1/P7.1 71 71 D I/O Port 7.1. See Port Input/Output section for com-
plete description.

AD2/D2/P7.2 70 70 D I/O Port 7.2. See Port Input/Output section for com-
plete description.

AD3/D3/P7.3 69 69 D I/O Port 7.3. See Port Input/Output section for com-
plete description.

AD4/D4/P7.4 68 68 D I/O Port 7.4. See Port Input/Output section for com-
plete description.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
AD5/D5/P7.5 67 67 D I/O Port 7.5. See Port Input/Output section for com-
plete description.

AD6/D6/P7.6 66 66 D I/O Port 7.6. See Port Input/Output section for com-
plete description.

AD7/D7/P7.7 65 65 D I/O Port 7.7. See Port Input/Output section for com-
plete description.

NC 15, 
17, 
99, 
100

63, 64 No Connection.

Table 4.1. Pin Definitions (Continued)

Name

Pin Numbers

Type Description
‘F120
‘F122
‘F124
‘F126

‘F121
‘F123
‘F125
‘F127

‘F130
‘F132

‘F131
‘F133
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C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
Figure 4.1. C8051F120/2/4/6 Pinout Diagram (TQFP-100)
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C8051F130/1/2/3
Figure 4.2. C8051F130/2 Pinout Diagram (TQFP-100)
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C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
Figure 4.3. TQFP-100 Package Drawing
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Figure 4.4. C8051F121/3/5/7 Pinout Diagram (TQFP-64)
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Figure 4.5. C8051F131/3 Pinout Diagram (TQFP-64)
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Figure 4.6. TQFP-64 Package Drawing
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C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
5. ADC0 (12-Bit ADC, C8051F120/1/4/5 Only)
The ADC0 subsystem for the C8051F120/1/4/5 consists of a 9-channel, configurable analog multiplexer
(AMUX0), a programmable gain amplifier (PGA0), and a 100 ksps, 12-bit successive-approximation-regis-
ter ADC with integrated track-and-hold and Programmable Window Detector (see block diagram in
Figure 5.1). The AMUX0, PGA0, Data Conversion Modes, and Window Detector are all configurable under
software control via the Special Function Registers shown in Figure 5.1. The voltage reference used by
ADC0 is selected as described in Section “9. Voltage Reference” on page 113. The ADC0 subsystem
(ADC0, track-and-hold and PGA0) is enabled only when the AD0EN bit in the ADC0 Control register
(ADC0CN) is set to logic 1. The ADC0 subsystem is in low power shutdown when this bit is logic 0.

Figure 5.1. 12-Bit ADC0 Functional Block Diagram

5.1. Analog Multiplexer and PGA
Eight of the AMUX channels are available for external measurements while the ninth channel is internally
connected to an on-chip temperature sensor (temperature transfer function is shown in Figure 5.2). AMUX
input pairs can be programmed to operate in either differential or single-ended mode. This allows the user
to select the best measurement technique for each input channel, and even accommodates mode
changes "on-the-fly". The AMUX defaults to all single-ended inputs upon reset. There are two registers
associated with the AMUX: the Channel Selection register AMX0SL (SFR Definition 5.2), and the Configu-
ration register AMX0CF (SFR Definition 5.1). The table in SFR Definition 5.2 shows AMUX functionality by
channel, for each possible configuration. The PGA amplifies the AMUX output signal by an amount deter-
mined by the states of the AMP0GN2-0 bits in the ADC0 Configuration register, ADC0CF (SFR Definition
5.3). The PGA can be software-programmed for gains of 0.5, 2, 4, 8 or 16. Gain defaults to unity on reset.
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The Temperature Sensor transfer function is shown in Figure 5.2. The output voltage (VTEMP) is the PGA
input when the Temperature Sensor is selected by bits AMX0AD3-0 in register AMX0SL; this voltage will
be amplified by the PGA according to the user-programmed PGA settings. Typical values for the Slope and
Offset parameters can be found in Table 5.1.

Figure 5.2. Typical Temperature Sensor Transfer Function

0-50 50 100
Temperature (Celsius)

Vo
lta

ge

VTEMP = (Slope x TempC) + Offset

Offset (V at 0 Celsius)

Slope (V / deg C)

TempC = (VTEMP - Offset) / Slope
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5.2. ADC Modes of Operation
ADC0 has a maximum conversion speed of 100 ksps. The ADC0 conversion clock is derived from the sys-
tem clock divided by the value held in the ADCSC bits of register ADC0CF.

5.2.1. Starting a Conversion
A conversion can be initiated in one of four ways, depending on the programmed states of the ADC0 Start
of Conversion Mode bits (AD0CM1, AD0CM0) in ADC0CN. Conversions may be initiated by: 

1. Writing a ‘1’ to the AD0BUSY bit of ADC0CN; 
2. A Timer 3 overflow (i.e. timed continuous conversions);
3. A rising edge detected on the external ADC convert start signal, CNVSTR0;
4. A Timer 2 overflow (i.e. timed continuous conversions).

The AD0BUSY bit is set to logic 1 during conversion and restored to logic 0 when conversion is complete.
The falling edge of AD0BUSY triggers an interrupt (when enabled) and sets the AD0INT interrupt flag
(ADC0CN.5). Converted data is available in the ADC0 data word MSB and LSB registers, ADC0H, ADC0L.
Converted data can be either left or right justified in the ADC0H:ADC0L register pair (see example in
Figure 5.5) depending on the programmed state of the AD0LJST bit in the ADC0CN register. 

When initiating conversions by writing a ‘1’ to AD0BUSY, the AD0INT bit should be polled to determine
when a conversion has completed (ADC0 interrupts may also be used). The recommended polling proce-
dure is shown below.

Step 1. Write a ‘0’ to AD0INT;
Step 2. Write a ‘1’ to AD0BUSY;
Step 3. Poll AD0INT for ‘1’;
Step 4. Process ADC0 data.

When CNVSTR0 is used as a conversion start source, it must be enabled in the crossbar, and the corre-
sponding pin must be set to open-drain, high-impedance mode (see Section “18. Port Input/Output” on
page 235 for more details on Port I/O configuration).
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5.2.2. Tracking Modes
The AD0TM bit in register ADC0CN controls the ADC0 track-and-hold mode. In its default state, the ADC0
input is continuously tracked when a conversion is not in progress. When the AD0TM bit is logic 1, ADC0
operates in low-power track-and-hold mode. In this mode, each conversion is preceded by a tracking
period of 3 SAR clocks (after the start-of-conversion signal). When the CNVSTR0 signal is used to initiate
conversions in low-power tracking mode, ADC0 tracks only when CNVSTR0 is low; conversion begins on
the rising edge of CNVSTR0 (see Figure 5.3). Tracking can also be disabled (shutdown) when the entire
chip is in low power standby or sleep modes. Low-power track-and-hold mode is also useful when AMUX
or PGA settings are frequently changed, to ensure that settling time requirements are met (see Section
“5.2.3. Settling Time Requirements” on page 59).

Figure 5.3. ADC0 Track and Conversion Example Timing

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

CNVSTR0
(AD0CM[1:0]=10)

ADC0TM=1

ADC0TM=0

Timer 2, Timer 3 Overflow;
Write '1' to AD0BUSY

(AD0CM[1:0]=00, 01, 11)

ADC0TM=1

ADC0TM=0

A. ADC Timing for External Trigger Source

B. ADC Timing for Internal Trigger Sources

SAR Clocks

SAR Clocks
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SAR Clocks

Track Convert Low Power ModeLow Power
or Convert

Track Or Convert Convert Track

Track Convert Low Power ModeLow Power
or Convert

Track or
Convert Convert Track
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5.2.3. Settling Time Requirements
A minimum tracking time is required before an accurate conversion can be performed. This tracking time is
determined by the ADC0 MUX resistance, the ADC0 sampling capacitance, any external source resis-
tance, and the accuracy required for the conversion. Figure 5.4 shows the equivalent ADC0 input circuits
for both Differential and Single-ended modes. Notice that the equivalent time constant for both input cir-
cuits is the same. The required settling time for a given settling accuracy (SA) may be approximated by
Equation 5.1. When measuring the Temperature Sensor output, RTOTAL reduces to RMUX. An absolute
minimum settling time of 1.5 µs is required after any MUX or PGA selection. Note that in low-power track-
ing mode, three SAR clocks are used for tracking at the start of every conversion. For most applications,
these three SAR clocks will meet the tracking requirements.

Equation 5.1. ADC0 Settling Time Requirements
Where:
SA is the settling accuracy, given as a fraction of an LSB (for example, 0.25 to settle within 1/4 LSB)
t is the required settling time in seconds
RTOTAL is the sum of the ADC0 MUX resistance and any external source resistance.
n is the ADC resolution in bits (12).

Figure 5.4. ADC0 Equivalent Input Circuits

t 2n

SA
-------⎝ ⎠

⎛ ⎞ RTOTALCSAMPLE×ln=

RMUX = 5k

RCInput= RMUX * CSAMPLE

RMUX = 5k

CSAMPLE = 10pF

CSAMPLE = 10pF

MUX Select

MUX Select

Differential Mode

AIN0.x

AIN0.y

RMUX = 5k

CSAMPLE = 10pF

RCInput= RMUX * CSAMPLE

MUX Select

Single-Ended Mode

AIN0.x
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SFR Definition 5.1. AMX0CF: AMUX0 Configuration

Bits7–4: UNUSED. Read = 0000b; Write = don’t care.
Bit3: AIN67IC: AIN0.6, AIN0.7 Input Pair Configuration Bit.

0: AIN0.6 and AIN0.7 are independent single-ended inputs.
1: AIN0.6, AIN0.7 are (respectively) +, – differential input pair.

Bit2: AIN45IC: AIN0.4, AIN0.5 Input Pair Configuration Bit.
0: AIN0.4 and AIN0.5 are independent single-ended inputs.
1: AIN0.4, AIN0.5 are (respectively) +, – differential input pair.

Bit1: AIN23IC: AIN0.2, AIN0.3 Input Pair Configuration Bit.
0: AIN0.2 and AIN0.3 are independent single-ended inputs.
1: AIN0.2, AIN0.3 are (respectively) +, – differential input pair.

Bit0: AIN01IC: AIN0.0, AIN0.1 Input Pair Configuration Bit.
0: AIN0.0 and AIN0.1 are independent single-ended inputs.
1: AIN0.0, AIN0.1 are (respectively) +, – differential input pair.

Note: The ADC0 Data Word is in 2’s complement format for channels configured as differential.

SFR Page:
SFR Address:

0
0xBA

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - AIN67IC AIN45IC AIN23IC AIN01IC 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 5.2. AMX0SL: AMUX0 Channel Select 

Bits7–4: UNUSED. Read = 0000b; Write = don’t care.
Bits3–0: AMX0AD3–0: AMX0 Address Bits.

0000-1111b: ADC Inputs selected per chart below.

SFR Page:
SFR Address:

0
0xBB

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - AMX0AD3 AMX0AD2 AMX0AD1 AMX0AD0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AMX0AD3–0
0000 0001 0010 0011 0100 0101 0110 0111 1xxx

A
M

X0
C

F 
B

its
 3

–0

0000 AIN0.0 AIN0.1 AIN0.2 AIN0.3 AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 
SENSOR

0001 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0010 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0011 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0100 AIN0.0 AIN0.1 AIN0.2 AIN0.3 +(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

0101 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 +(AIN0.4)

–(AIN0.5) AIN0.6 AIN0.7 TEMP 
SENSOR

0110 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

0111 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

1000 AIN0.0 AIN0.1 AIN0.2 AIN0.3 AIN0.4 AIN0.5 +(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1001 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1010 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1011 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1100 AIN0.0 AIN0.1 AIN0.2 AIN0.3 +(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1101 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 +(AIN0.4)

–(AIN0.5)
+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1110 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1111 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR
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SFR Definition 5.3. ADC0CF: ADC0 Configuration

Bits7–3: AD0SC4–0: ADC0 SAR Conversion Clock Period Bits.
The SAR Conversion clock is derived from system clock by the following equation, where 
AD0SC refers to the 5-bit value held in AD0SC4-0, and CLKSAR0 refers to the desired ADC0 
SAR clock (Note: the ADC0 SAR Conversion Clock should be less than or equal to 
2.5 MHz).

When the AD0SC bits are equal to 00000b, the SAR Conversion clock is equal to SYSCLK 
to facilitate faster ADC conversions at slower SYSCLK speeds.

Bits2–0: AMP0GN2–0: ADC0 Internal Amplifier Gain (PGA).
000: Gain = 1
001: Gain = 2
010: Gain = 4
011: Gain = 8
10x: Gain = 16
11x: Gain = 0.5

SFR Page:
SFR Address:

0
0xBC

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD0SC4 AD0SC3 AD0SC2 AD0SC1 AD0SC0 AMP0GN2 AMP0GN1 AMP0GN0 11111000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AD0SC SYSCLK
2 C× LKSAR0
-------------------------------- 1–= AD0SC 00000b>( )
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SFR Definition 5.4. ADC0CN: ADC0 Control

Bit7: AD0EN: ADC0 Enable Bit.
0: ADC0 Disabled. ADC0 is in low-power shutdown.
1: ADC0 Enabled. ADC0 is active and ready for data conversions.

Bit6: AD0TM: ADC Track Mode Bit.
0: When the ADC is enabled, tracking is continuous unless a conversion is in process.
1: Tracking Defined by ADCM1-0 bits.

Bit5: AD0INT: ADC0 Conversion Complete Interrupt Flag.
This flag must be cleared by software.
0: ADC0 has not completed a data conversion since the last time this flag was cleared.
1: ADC0 has completed a data conversion.

Bit4: AD0BUSY: ADC0 Busy Bit.
Read:
0: ADC0 Conversion is complete or a conversion is not currently in progress. AD0INT is set 
to logic 1 on the falling edge of AD0BUSY.
1: ADC0 Conversion is in progress.
Write:
0: No Effect.
1: Initiates ADC0 Conversion if AD0CM1-0 = 00b.

Bits3–2: AD0CM1–0: ADC0 Start of Conversion Mode Select.
If AD0TM = 0:
00: ADC0 conversion initiated on every write of ‘1’ to AD0BUSY.
01: ADC0 conversion initiated on overflow of Timer 3.
10: ADC0 conversion initiated on rising edge of external CNVSTR0.
11: ADC0 conversion initiated on overflow of Timer 2.
If AD0TM = 1:
00: Tracking starts with the write of ‘1’ to AD0BUSY and lasts for 3 SAR clocks, followed by 
conversion.
01: Tracking started by the overflow of Timer 3 and lasts for 3 SAR clocks, followed by con-
version.
10: ADC0 tracks only when CNVSTR0 input is logic low; conversion starts on rising 
CNVSTR0 edge.
11: Tracking started by the overflow of Timer 2 and lasts for 3 SAR clocks, followed by con-
version.

Bit1: AD0WINT: ADC0 Window Compare Interrupt Flag.
This bit must be cleared by software.
0: ADC0 Window Comparison Data match has not occurred since this flag was last cleared.
1: ADC0 Window Comparison Data match has occurred.

Bit0: AD0LJST: ADC0 Left Justify Select.
0: Data in ADC0H:ADC0L registers are right-justified.
1: Data in ADC0H:ADC0L registers are left-justified.

SFR Page:
SFR Address:

0
0xE8 (bit addressable)

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD0EN AD0TM AD0INT AD0BUSY AD0CM1 AD0CM0 AD0WINT AD0LJST 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 5.5. ADC0H: ADC0 Data Word MSB

SFR Definition 5.6. ADC0L: ADC0 Data Word LSB

Bits7–0: ADC0 Data Word High-Order Bits.
For AD0LJST = 0: Bits 7–4 are the sign extension of Bit3. Bits 3–0 are the upper 4 bits of the 
12-bit ADC0 Data Word.
For AD0LJST = 1: Bits 7–0 are the most-significant bits of the 12-bit ADC0 Data Word.

SFR Page:
SFR Address:

0
0xBF

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: ADC0 Data Word Low-Order Bits.
For AD0LJST = 0: Bits 7–0 are the lower 8 bits of the 12-bit ADC0 Data Word.
For AD0LJST = 1: Bits 7–4 are the lower 4 bits of the 12-bit ADC0 Data Word. Bits 3–0 will 
always read ‘0’.

SFR Page:
SFR Address:

0
0xBE

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Figure 5.5. ADC0 Data Word Example

12-bit ADC0 Data Word appears in the ADC0 Data Word Registers as follows:
ADC0H[3:0]:ADC0L[7:0], if AD0LJST = 0

(ADC0H[7:4] will be sign-extension of ADC0H.3 for a differential reading, otherwise 
=

0000b).

ADC0H[7:0]:ADC0L[7:4], if AD0LJST = 1
(ADC0L[3:0] = 0000b).

Example: ADC0 Data Word Conversion Map, AIN0.0 Input in Single-Ended Mode
(AMX0CF = 0x00, AMX0SL = 0x00)

Example: ADC0 Data Word Conversion Map, AIN0.0-AIN0.1 Differential Input Pair
(AMX0CF = 0x01, AMX0SL = 0x00)

For AD0LJST = 0:

; ‘n’ = 12 for Single-Ended; ‘n’=11 for Differential.

AIN0.0–AGND 
(Volts)

ADC0H:ADC0L
(AD0LJST = 0)

ADC0H:ADC0L
(AD0LJST = 1)

VREF x (4095/4096) 0x0FFF 0xFFF0
VREF / 2 0x0800 0x8000

VREF x (2047/4096) 0x07FF 0x7FF0
0 0x0000 0x0000

AIN0.0–AIN0.1 
(Volts)

ADC0H:ADC0L
(AD0LJST = 0)

ADC0H:ADC0L
(AD0LJST = 1)

VREF x (2047/2048) 0x07FF 0x7FF0
VREF / 2 0x0400 0x4000

VREF x (1/2048) 0x0001 0x0010
0 0x0000 0x0000

–VREF x (1/2048) 0xFFFF (–1d) 0xFFF0
–VREF / 2 0xFC00 (–1024d) 0xC000

–VREF 0xF800 (–2048d) 0x8000

Code Vin Gain
VREF
---------------× 2n×=
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5.3. ADC0 Programmable Window Detector
The ADC0 Programmable Window Detector continuously compares the ADC0 output to user-programmed
limits, and notifies the system when an out-of-bound condition is detected. This is especially effective in an
interrupt-driven system, saving code space and CPU bandwidth while delivering faster system response
times. The window detector interrupt flag (AD0WINT in ADC0CN) can also be used in polled mode. The
high and low bytes of the reference words are loaded into the ADC0 Greater-Than and ADC0 Less-Than
registers (ADC0GTH, ADC0GTL, ADC0LTH, and ADC0LTL). Reference comparisons are shown starting
on page 68. Notice that the window detector flag can be asserted when the measured data is inside or out-
side the user-programmed limits, depending on the programming of the ADC0GTx and ADC0LTx registers.

SFR Definition 5.7. ADC0GTH: ADC0 Greater-Than Data High Byte

SFR Definition 5.8. ADC0GTL: ADC0 Greater-Than Data Low Byte

Bits7–0: High byte of ADC0 Greater-Than Data Word.

SFR Page:
SFR Address:

0
0xC5

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: Low byte of ADC0 Greater-Than Data Word.

SFR Page:
SFR Address:

0
0xC4

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 5.9. ADC0LTH: ADC0 Less-Than Data High Byte

SFR Definition 5.10. ADC0LTL: ADC0 Less-Than Data Low Byte

Bits7–0: High byte of ADC0 Less-Than Data Word.

SFR Page:
SFR Address:

0
0xC7

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: Low byte of ADC0 Less-Than Data Word.

SFR Page:
SFR Address:

0
0xC6

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Figure 5.6. 12-Bit ADC0 Window Interrupt Example: Right Justified Single-Ended 
Data

Given:
AMX0SL = 0x00, AMX0CF = 0x00
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0200,
ADC0GTH:ADC0GTL = 0x0100.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x0200 and > 0x0100.

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0100,
ADC0GTH:ADC0GTL = 0x0200.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
> 0x0200 or < 0x0100.

0x0FFF

0x0201

0x0200
0x01FF

0x0101
0x0100

0x00FF

0x0000

AD0WINT=1

AD0WINT
not affected

AD0WINT
not affected

ADC Data
Word

0x0FFF

0x0201

0x0200
0x01FF

0x0101
0x0100

0x00FF

0x0000

AD0WINT=1

AD0WINT
not affected

AD0WINT=1

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC0GTH:ADC0GTL

ADC0LTH:ADC0LTL

0

Input Voltage
(AD0.0 - AGND)

REF x (4095/4096)

REF x (256/4096)

REF x (512/4096)

0

Input Voltage
(AD0.0 - AGND)

REF x (4095/4096)

REF x (256/4096)

REF x (512/4096)
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Figure 5.7. 12-Bit ADC0 Window Interrupt Example: Right Justified Differential 
Data

0x07FF

0x0101

0x0100
0x00FF

0x0000
0xFFFF

0xFFFE

0xF800

AD0WINT=1

AD0WINT
not affected

AD0WINT
not affected

0x07FF

0x0101

0x0100
0x00FF

0x0000
0xFFFF

0xFFFE

0xF800

AD0WINT=1

AD0WINT
not affected

-REF

Input Voltage
(AD0.0 - AD0.1)

AD0WINT=1

REF x (2047/2048)

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC Data
Word

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

REF x (256/2048)

REF x (-1/2048)

-REF

Input Voltage
(AD0.0 - AD0.1)

REF x (2047/2048)

REF x (256/2048)

REF x (-1/2048)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0100,
ADC0GTH:ADC0GTL = 0xFFFF.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x0100 and > 0xFFFF. (In 2s-complement 
math, 0xFFFF = -1.)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0xFFFF,
ADC0GTH:ADC0GTL = 0x0100.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0xFFFF or > 0x0100. (In 2s-complement 
math, 0xFFFF = -1.)
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Figure 5.8. 12-Bit ADC0 Window Interrupt Example: Left Justified Single-Ended 
Data

0xFFF0

0x2010

0x2000
0x1FF0

0x1010
0x1000

0x0FF0

0x0000

AD0WINT=1

AD0WINT
not affected

AD0WINT
not affected

ADC Data
Word

0xFFF0

0x2010

0x2000
0x1FF0

0x1010
0x1000

0x0FF0

0x0000

AD0WINT=1

AD0WINT
not affected

AD0WINT=1

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC0GTH:ADC0GTL

ADC0LTH:ADC0LTL

0

Input Voltage
(AD0.0 - AGND)

REF x (4095/4096)

REF x (256/4096)

REF x (512/4096)

0

Input Voltage
(AD0.0 - AGND)

REF x (4095/4096)

REF x (256/4096)

REF x (512/4096)

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0x2000,
ADC0GTH:ADC0GTL = 0x1000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x2000 and > 0x1000.

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘1’
ADC0LTH:ADC0LTL = 0x1000,
ADC0GTH:ADC0GTL = 0x2000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x1000 or > 0x2000.
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Figure 5.9. 12-Bit ADC0 Window Interrupt Example: Left Justified Differential Data

0x7FF0

0x1010

0x1000
0x0FF0

0x0000
0xFFF0

0xFFE0

0x8000

AD0WINT=1

AD0WINT
not affected

AD0WINT
not affected

0x7FF0

0x1010

0x1000
0x0FF0

0x0000
0xFFF0

0xFFE0

0x8000

AD0WINT=1

AD0WINT
not affected

-REF

Input Voltage
(AD0.0 - AD0.1)

AD0WINT=1

REF x (2047/2048)

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC Data
Word

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

REF x (256/2048)

REF x (-1/2048)

-REF

Input Voltage
(AD0.0 - AD0.1)

REF x (2047/2048)

REF x (256/2048)

REF x (-1/2048)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0x1000,
ADC0GTH:ADC0GTL = 0xFFF0.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x1000 and > 0xFFF0. (2s-complement 
math.)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0xFFF0,
ADC0GTH:ADC0GTL = 0x1000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0xFFF0 or > 0x1000. (2s-complement math.)
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Table 5.1. 12-Bit ADC0 Electrical Characteristics (C8051F120/1/4/5)
VDD = 3.0 V, AV+ = 3.0 V, VREF = 2.40 V (REFBE = 0), PGA Gain = 1, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units
DC Accuracy

Resolution 12 bits

Integral Nonlinearity — — ±1 LSB

Differential Nonlinearity Guaranteed Monotonic — — ±1 LSB

Offset Error — –3±1 — LSB

Full Scale Error Differential mode — –7±3 — LSB

Offset Temperature Coefficient — ±0.25 — ppm/°C

Dynamic Performance (10 kHz sine-wave input, 0 to 1 dB below Full Scale, 100 ksps
Signal-to-Noise Plus Distortion 66 — — dB

Total Harmonic Distortion Up to the 5th harmonic — –75 — dB

Spurious-Free Dynamic Range — 80 — dB

Conversion Rate
SAR Clock Frequency — — 2.5 MHz

Conversion Time in SAR Clocks 16 — — clocks

Track/Hold Acquisition Time 1.5 — — µs

Throughput Rate — — 100 ksps

Analog Inputs
Input Voltage Range Single-ended operation 0 — VREF V

*Common-mode Voltage Range Differential operation AGND — AV+ V

Input Capacitance — 10 — pF

Temperature Sensor

Linearity1 — ±0.2 — °C

Offset (Temp = 0 °C) — 776 — mV

Offset Error1, 2 (Temp = 0 °C) — ±8.5 — mV

Slope — 2.86 — mV / °C

Slope Error2 — ±0.034 — mV / °C

Power Specifications
Power Supply Current 
(AV+ supplied to ADC) Operating Mode, 100 ksps — 450 900 µA

Power Supply Rejection — ±0.3 — mV/V

Notes:
1. Includes ADC offset, gain, and linearity variations.
2. Represents one standard deviation from the mean.
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6. ADC0 (10-Bit ADC, C8051F122/3/6/7 and C8051F13x Only)
The ADC0 subsystem for the C8051F122/3/6/7 and C8051F13x consists of a 9-channel, configurable ana-
log multiplexer (AMUX0), a programmable gain amplifier (PGA0), and a 100 ksps, 10-bit successive-
approximation-register ADC with integrated track-and-hold and Programmable Window Detector (see
block diagram in Figure 6.1). The AMUX0, PGA0, Data Conversion Modes, and Window Detector are all
configurable under software control via the Special Function Registers shown in Figure 6.1. The voltage
reference used by ADC0 is selected as described in Section “9. Voltage Reference” on page 113. The
ADC0 subsystem (ADC0, track-and-hold and PGA0) is enabled only when the AD0EN bit in the ADC0
Control register (ADC0CN) is set to logic 1. The ADC0 subsystem is in low power shutdown when this bit is
logic 0.

Figure 6.1. 10-Bit ADC0 Functional Block Diagram

6.1. Analog Multiplexer and PGA
Eight of the AMUX channels are available for external measurements while the ninth channel is internally
connected to an on-chip temperature sensor (temperature transfer function is shown in Figure 6.2). AMUX
input pairs can be programmed to operate in either differential or single-ended mode. This allows the user
to select the best measurement technique for each input channel, and even accommodates mode
changes "on-the-fly". The AMUX defaults to all single-ended inputs upon reset. There are two registers
associated with the AMUX: the Channel Selection register AMX0SL (SFR Definition 6.2), and the Configu-
ration register AMX0CF (SFR Definition 6.1). The table in SFR Definition 6.2 shows AMUX functionality by
channel, for each possible configuration. The PGA amplifies the AMUX output signal by an amount deter-
mined by the states of the AMP0GN2-0 bits in the ADC0 Configuration register, ADC0CF (SFR Definition
6.3). The PGA can be software-programmed for gains of 0.5, 2, 4, 8 or 16. Gain defaults to unity on reset.
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The Temperature Sensor transfer function is shown in Figure 6.2. The output voltage (VTEMP) is the PGA
input when the Temperature Sensor is selected by bits AMX0AD3-0 in register AMX0SL; this voltage will
be amplified by the PGA according to the user-programmed PGA settings. Typical values for the Slope and
Offset parameters can be found in Table 6.1.

Figure 6.2. Typical Temperature Sensor Transfer Function

0-50 50 100
Temperature (Celsius)

Vo
lta

ge

VTEMP = (Slope x TempC) + Offset

Offset (V at 0 Celsius)

Slope (V / deg C)

TempC = (VTEMP - Offset) / Slope
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6.2. ADC Modes of Operation
ADC0 has a maximum conversion speed of 100 ksps. The ADC0 conversion clock is derived from the sys-
tem clock divided by the value held in the ADCSC bits of register ADC0CF.

6.2.1. Starting a Conversion
A conversion can be initiated in one of four ways, depending on the programmed states of the ADC0 Start
of Conversion Mode bits (AD0CM1, AD0CM0) in ADC0CN. Conversions may be initiated by: 

1. Writing a ‘1’ to the AD0BUSY bit of ADC0CN; 
2. A Timer 3 overflow (i.e. timed continuous conversions);
3. A rising edge detected on the external ADC convert start signal, CNVSTR0;
4. A Timer 2 overflow (i.e. timed continuous conversions).

The AD0BUSY bit is set to logic 1 during conversion and restored to logic 0 when conversion is complete.
The falling edge of AD0BUSY triggers an interrupt (when enabled) and sets the AD0INT interrupt flag
(ADC0CN.5). Converted data is available in the ADC0 data word MSB and LSB registers, ADC0H, ADC0L.
Converted data can be either left or right justified in the ADC0H:ADC0L register pair (see example in
Figure 6.5) depending on the programmed state of the AD0LJST bit in the ADC0CN register. 

When initiating conversions by writing a ‘1’ to AD0BUSY, the AD0INT bit should be polled to determine
when a conversion has completed (ADC0 interrupts may also be used). The recommended polling proce-
dure is shown below.

Step 1. Write a ‘0’ to AD0INT;
Step 2. Write a ‘1’ to AD0BUSY;
Step 3. Poll AD0INT for ‘1’;
Step 4. Process ADC0 data.

When CNVSTR0 is used as a conversion start source, it must be enabled in the crossbar, and the corre-
sponding pin must be set to open-drain, high-impedance mode (see Section “18. Port Input/Output” on
page 235 for more details on Port I/O configuration).
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6.2.2. Tracking Modes
The AD0TM bit in register ADC0CN controls the ADC0 track-and-hold mode. In its default state, the ADC0
input is continuously tracked when a conversion is not in progress. When the AD0TM bit is logic 1, ADC0
operates in low-power track-and-hold mode. In this mode, each conversion is preceded by a tracking
period of 3 SAR clocks (after the start-of-conversion signal). When the CNVSTR0 signal is used to initiate
conversions in low-power tracking mode, ADC0 tracks only when CNVSTR0 is low; conversion begins on
the rising edge of CNVSTR0 (see Figure 6.3). Tracking can also be disabled (shutdown) when the entire
chip is in low power standby or sleep modes. Low-power track-and-hold mode is also useful when AMUX
or PGA settings are frequently changed, to ensure that settling time requirements are met (see Section
“6.2.3. Settling Time Requirements” on page 77).

Figure 6.3. ADC0 Track and Conversion Example Timing

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

CNVSTR0
(AD0CM[1:0]=10)

ADC0TM=1

ADC0TM=0

Timer 2, Timer 3 Overflow;
Write '1' to AD0BUSY

(AD0CM[1:0]=00, 01, 11)

ADC0TM=1

ADC0TM=0

A. ADC Timing for External Trigger Source

B. ADC Timing for Internal Trigger Sources

SAR Clocks

SAR Clocks
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SAR Clocks

Track Convert Low Power ModeLow Power
or Convert

Track Or Convert Convert Track

Track Convert Low Power ModeLow Power
or Convert

Track or
Convert Convert Track
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6.2.3. Settling Time Requirements
A minimum tracking time is required before an accurate conversion can be performed. This tracking time is
determined by the ADC0 MUX resistance, the ADC0 sampling capacitance, any external source resis-
tance, and the accuracy required for the conversion. Figure 6.4 shows the equivalent ADC0 input circuits
for both Differential and Single-ended modes. Notice that the equivalent time constant for both input cir-
cuits is the same. The required settling time for a given settling accuracy (SA) may be approximated by
Equation 6.1. When measuring the Temperature Sensor output, RTOTAL reduces to RMUX. An absolute
minimum settling time of 1.5 µs is required after any MUX or PGA selection. Note that in low-power track-
ing mode, three SAR clocks are used for tracking at the start of every conversion. For most applications,
these three SAR clocks will meet the tracking requirements.

Equation 6.1. ADC0 Settling Time Requirements
Where:
SA is the settling accuracy, given as a fraction of an LSB (for example, 0.25 to settle within 1/4 LSB)
t is the required settling time in seconds
RTOTAL is the sum of the ADC0 MUX resistance and any external source resistance.
n is the ADC resolution in bits (10).

Figure 6.4. ADC0 Equivalent Input Circuits

t 2n

SA
-------⎝ ⎠

⎛ ⎞ RTOTALCSAMPLE×ln=

RMUX = 5k

RCInput= RMUX * CSAMPLE

RMUX = 5k

CSAMPLE = 10pF

CSAMPLE = 10pF

MUX Select

MUX Select

Differential Mode

AIN0.x

AIN0.y

RMUX = 5k

CSAMPLE = 10pF

RCInput= RMUX * CSAMPLE

MUX Select

Single-Ended Mode

AIN0.x
Rev. 1.4 77



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
SFR Definition 6.1. AMX0CF: AMUX0 Configuration

Bits7–4: UNUSED. Read = 0000b; Write = don’t care.
Bit3: AIN67IC: AIN0.6, AIN0.7 Input Pair Configuration Bit.

0: AIN0.6 and AIN0.7 are independent single-ended inputs.
1: AIN0.6, AIN0.7 are (respectively) +, - differential input pair.

Bit2: AIN45IC: AIN0.4, AIN0.5 Input Pair Configuration Bit.
0: AIN0.4 and AIN0.5 are independent single-ended inputs.
1: AIN0.4, AIN0.5 are (respectively) +, - differential input pair.

Bit1: AIN23IC: AIN0.2, AIN0.3 Input Pair Configuration Bit.
0: AIN0.2 and AIN0.3 are independent single-ended inputs.
1: AIN0.2, AIN0.3 are (respectively) +, - differential input pair.

Bit0: AIN01IC: AIN0.0, AIN0.1 Input Pair Configuration Bit.
0: AIN0.0 and AIN0.1 are independent single-ended inputs.
1: AIN0.0, AIN0.1 are (respectively) +, - differential input pair.

Note: The ADC0 Data Word is in 2’s complement format for channels configured as differential.

SFR Page:
SFR Address:

0
0xBA

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - AIN67IC AIN45IC AIN23IC AIN01IC 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 6.2. AMX0SL: AMUX0 Channel Select

Bits7–4: UNUSED. Read = 0000b; Write = don’t care.
Bits3–0: AMX0AD3–0: AMX0 Address Bits.

0000-1111b: ADC Inputs selected per chart below.

SFR Page:
SFR Address:

0
0xBB

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - AMX0AD3 AMX0AD2 AMX0AD1 AMX0AD0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AMX0AD3-0
0000 0001 0010 0011 0100 0101 0110 0111 1xxx

A
M

X0
C

F 
B

its
 3

-0

0000 AIN0.0 AIN0.1 AIN0.2 AIN0.3 AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 
SENSOR

0001 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0010 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0011 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 AIN0.6 AIN0.7 TEMP 

SENSOR

0100 AIN0.0 AIN0.1 AIN0.2 AIN0.3 +(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

0101 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 +(AIN0.4)

–(AIN0.5) AIN0.6 AIN0.7 TEMP 
SENSOR

0110 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

0111 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5) AIN0.6 AIN0.7 TEMP 

SENSOR

1000 AIN0.0 AIN0.1 AIN0.2 AIN0.3 AIN0.4 AIN0.5 +(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1001 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1010 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1011 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3) AIN0.4 AIN0.5 +(AIN0.6)

–(AIN0.7)
TEMP 

SENSOR

1100 AIN0.0 AIN0.1 AIN0.2 AIN0.3 +(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1101 +(AIN0.0)
–(AIN0.1) AIN0.2 AIN0.3 +(AIN0.4)

–(AIN0.5)
+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1110 AIN0.0 AIN0.1 +(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR

1111 +(AIN0.0)
–(AIN0.1)

+(AIN0.2)
–(AIN0.3)

+(AIN0.4)
–(AIN0.5)

+(AIN0.6)
–(AIN0.7)

TEMP 
SENSOR
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SFR Definition 6.3. ADC0CF: ADC0 Configuration

Bits7–3: AD0SC4–0: ADC0 SAR Conversion Clock Period Bits.
SAR Conversion clock is derived from system clock by the following equation, where 
AD0SC refers to the 5-bit value held in AD0SC4-0, and CLKSAR0 refers to the desired ADC0 
SAR clock (Note: the ADC0 SAR Conversion Clock should be less than or equal to 
2.5 MHz). 

When the AD0SC bits are equal to 00000b, the SAR Conversion clock is equal to SYSCLK 
to facilitate faster ADC conversions at slower SYSCLK speeds.

Bits2–0: AMP0GN2–0: ADC0 Internal Amplifier Gain (PGA).
000: Gain = 1
001: Gain = 2
010: Gain = 4
011: Gain = 8
10x: Gain = 16
11x: Gain = 0.5

SFR Page:
SFR Address:

0
0xBC

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD0SC4 AD0SC3 AD0SC2 AD0SC1 AD0SC0 AMP0GN2 AMP0GN1 AMP0GN0 11111000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AD0SC SYSCLK
2 C× LKSAR0
-------------------------------- 1–= AD0SC 00000b>( )
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SFR Definition 6.4. ADC0CN: ADC0 Control

Bit7: AD0EN: ADC0 Enable Bit.
0: ADC0 Disabled. ADC0 is in low-power shutdown.
1: ADC0 Enabled. ADC0 is active and ready for data conversions.

Bit6: AD0TM: ADC Track Mode Bit.
0: When the ADC is enabled, tracking is continuous unless a conversion is in process.
1: Tracking Defined by ADCM1-0 bits.

Bit5: AD0INT: ADC0 Conversion Complete Interrupt Flag.
This flag must be cleared by software.
0: ADC0 has not completed a data conversion since the last time this flag was cleared.
1: ADC0 has completed a data conversion.

Bit4: AD0BUSY: ADC0 Busy Bit.
Read:
0: ADC0 Conversion is complete or a conversion is not currently in progress. AD0INT is set 
to logic 1 on the falling edge of AD0BUSY.
1: ADC0 Conversion is in progress.
Write:
0: No Effect.
1: Initiates ADC0 Conversion if AD0CM1-0 = 00b.

Bits3–2: AD0CM1–0: ADC0 Start of Conversion Mode Select.
If AD0TM = 0:
00: ADC0 conversion initiated on every write of ‘1’ to AD0BUSY.
01: ADC0 conversion initiated on overflow of Timer 3.
10: ADC0 conversion initiated on rising edge of external CNVSTR0.
11: ADC0 conversion initiated on overflow of Timer 2.
If AD0TM = 1:
00: Tracking starts with the write of ‘1’ to AD0BUSY and lasts for 3 SAR clocks, followed by 
conversion.
01: Tracking started by the overflow of Timer 3 and lasts for 3 SAR clocks, followed by con-
version.
10: ADC0 tracks only when CNVSTR0 input is logic low; conversion starts on rising 
CNVSTR0 edge.
11: Tracking started by the overflow of Timer 2 and lasts for 3 SAR clocks, followed by con-
version.

Bit1: AD0WINT: ADC0 Window Compare Interrupt Flag.
This bit must be cleared by software.
0: ADC0 Window Comparison Data match has not occurred since this flag was last cleared.
1: ADC0 Window Comparison Data match has occurred.

Bit0: AD0LJST: ADC0 Left Justify Select.
0: Data in ADC0H:ADC0L registers are right-justified.
1: Data in ADC0H:ADC0L registers are left-justified.

SFR Page:
SFR Address:

0
0xE8 (bit addressable)

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD0EN AD0TM AD0INT AD0BUSY AD0CM1 AD0CM0 AD0WINT AD0LJST 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 6.5. ADC0H: ADC0 Data Word MSB

SFR Definition 6.6. ADC0L: ADC0 Data Word LSB

Bits7–0: ADC0 Data Word High-Order Bits.
For AD0LJST = 0: Bits 7–4 are the sign extension of Bit3. Bits 3–0 are the upper 4 bits of the 
10-bit ADC0 Data Word.
For AD0LJST = 1: Bits 7–0 are the most-significant bits of the 10-bit ADC0 Data Word.

SFR Page:
SFR Address:

0
0xBF

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: ADC0 Data Word Low-Order Bits.
For AD0LJST = 0: Bits 7–0 are the lower 8 bits of the 10-bit ADC0 Data Word.
For AD0LJST = 1: Bits 7–4 are the lower 4 bits of the 10-bit ADC0 Data Word. Bits 3–0 will 
always read ‘0’.

SFR Page:
SFR Address:

0
0xBE

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Figure 6.5. ADC0 Data Word Example

10-bit ADC0 Data Word appears in the ADC0 Data Word Registers as follows:
ADC0H[1:0]:ADC0L[7:0], if AD0LJST = 0

(ADC0H[7:2] will be sign-extension of ADC0H.1 for a differential reading, otherwise 
=

000000b).

ADC0H[7:0]:ADC0L[7:6], if AD0LJST = 1
(ADC0L[5:0] = 00b).

Example: ADC0 Data Word Conversion Map, AIN0.0 Input in Single-Ended Mode
(AMX0CF = 0x00, AMX0SL = 0x00)

Example: ADC0 Data Word Conversion Map, AIN0.0-AIN0.1 Differential Input Pair
(AMX0CF = 0x01, AMX0SL = 0x00)

For AD0LJST = 0:

; ‘n’ = 10 for Single-Ended; ‘n’= 9 for Differential.

AIN0.0–AGND 
(Volts)

ADC0H:ADC0L
(AD0LJST = 0)

ADC0H:ADC0L
(AD0LJST = 1)

VREF x (1023/1024) 0x03FF 0xFFC0
VREF / 2 0x0200 0x8000

VREF x (511/1024) 0x01FF 0x7FC0
0 0x0000 0x0000

AIN0.0–AIN0.1 
(Volts)

ADC0H:ADC0L
(AD0LJST = 0)

ADC0H:ADC0L
(AD0LJST = 1)

VREF x (511/512) 0x01FF 0x7FC0
VREF / 2 0x0100 0x4000

VREF x (1/512) 0x0001 0x0040
0 0x0000 0x0000

–VREF x (1/512) 0xFFFF (–1d) 0xFFC0
–VREF / 2 0xFF00 (–256d) 0xC000

–VREF 0xFE00 (–512d) 0x8000

Code Vin Gain
VREF
---------------× 2n×=
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6.3. ADC0 Programmable Window Detector
The ADC0 Programmable Window Detector continuously compares the ADC0 output to user-programmed
limits, and notifies the system when an out-of-bound condition is detected. This is especially effective in an
interrupt-driven system, saving code space and CPU bandwidth while delivering faster system response
times. The window detector interrupt flag (AD0WINT in ADC0CN) can also be used in polled mode. The
high and low bytes of the reference words are loaded into the ADC0 Greater-Than and ADC0 Less-Than
registers (ADC0GTH, ADC0GTL, ADC0LTH, and ADC0LTL). Reference comparisons are shown starting
on page 87. Notice that the window detector flag can be asserted when the measured data is inside or out-
side the user-programmed limits, depending on the programming of the ADC0GTx and ADC0LTx registers.

SFR Definition 6.7. ADC0GTH: ADC0 Greater-Than Data High Byte

SFR Definition 6.8. ADC0GTL: ADC0 Greater-Than Data Low Byte

Bits7–0: High byte of ADC0 Greater-Than Data Word.

SFR Page:
SFR Address:

0
0xC5

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: Low byte of ADC0 Greater-Than Data Word.

SFR Page:
SFR Address:

0
0xC4

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 6.9. ADC0LTH: ADC0 Less-Than Data High Byte

SFR Definition 6.10. ADC0LTL: ADC0 Less-Than Data Low Byte

Bits7–0: High byte of ADC0 Less-Than Data Word.

SFR Page:
SFR Address:

0
0xC7

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: Low byte of ADC0 Less-Than Data Word.

SFR Page:
SFR Address:

0
0xC6

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Figure 6.6. 10-Bit ADC0 Window Interrupt Example: Right Justified Single-Ended 
Data

Given:
AMX0SL = 0x00, AMX0CF = 0x00
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0200,
ADC0GTH:ADC0GTL = 0x0100.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x0200 and > 0x0100.

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0100,
ADC0GTH:ADC0GTL = 0x0200.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
> 0x0200 or < 0x0100.

0x03FF

0x0201

0x0200
0x01FF

0x0101
0x0100

0x00FF

0x0000

ADWINT=1

ADWINT
not affected

ADWINT
not affected

ADC Data
Word

0x03FF

0x0201

0x0200
0x01FF

0x0101
0x0100

0x00FF

0x0000

ADWINT=1

ADWINT
not affected

ADWINT=1

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC0GTH:ADC0GTL

ADC0LTH:ADC0LTL

0

Input Voltage
(AD0.0 - AGND)

REF x (1023/1024)

REF x (256/1024)

REF x (512/1024)

0

Input Voltage
(AD0.0 - AGND)

REF x (1023/1024)

REF x (256/1024)

REF x (512/1024)
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Figure 6.7. 10-Bit ADC0 Window Interrupt Example: Right Justified Differential 
Data

0x01FF

0x0101

0x0100
0x00FF

0x0000
0xFFFF

0xFFFE

0xFE00

ADWINT=1

ADWINT
not affected

ADWINT
not affected

0x01FF

0x0101

0x0100
0x00FF

0x0000
0xFFFF

0xFFFE

0xFE00

ADWINT=1

ADWINT
not affected

-REF

Input Voltage
(AD0.0 - AD0.1)

ADWINT=1

REF x (511/512)

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC Data
Word

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

REF x (256/512)

REF x (-1/512)

-REF

Input Voltage
(AD0.0 - AD0.1)

REF x (511/512)

REF x (256/512)

REF x (-1/512)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0x0100,
ADC0GTH:ADC0GTL = 0xFFFF.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x0100 and > 0xFFFF. (In 2s-complement 
math, 0xFFFF = -1.)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘0’,
ADC0LTH:ADC0LTL = 0xFFFF,
ADC0GTH:ADC0GTL = 0x0100.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0xFFFF or > 0x0100. (In 2s-complement 
math, 0xFFFF = -1.)
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Figure 6.8. 10-Bit ADC0 Window Interrupt Example: Left Justified Single-Ended 
Data

0xFFC0

0x8040

0x8000
0x7FC0

0x4040
0x4000

0x3FC0

0x0000

ADWINT=1

ADWINT
not affected

ADWINT
not affected

ADC Data
Word

0xFFC0

0x8040

0x8000
0x7FC0

0x4040
0x4000

0x3FC0

0x0000

ADWINT=1

ADWINT
not affected

ADWINT=1

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC0GTH:ADC0GTL

ADC0LTH:ADC0LTL

0

Input Voltage
(AD0.0 - AGND)

REF x (1023/1024)

REF x (256/1024)

REF x (512/1024)

0

Input Voltage
(AD0.0 - AGND)

REF x (1023/1024)

REF x (256/1024)

REF x (512/1024)

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0x2000,
ADC0GTH:ADC0GTL = 0x1000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x2000 and > 0x1000.

Given:
AMX0SL = 0x00, AMX0CF = 0x00, 
AD0LJST = ‘1’
ADC0LTH:ADC0LTL = 0x1000,
ADC0GTH:ADC0GTL = 0x2000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x1000 or > 0x2000.
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Figure 6.9. 10-Bit ADC0 Window Interrupt Example: Left Justified Differential Data

0x7FC0

0x2040

0x2000
0x1FC0

0x0000
0xFFC0

0xFF80

0x8000

ADWINT=1

ADWINT
not affected

ADWINT
not affected

0x7FC0

0x2040

0x2000
0x1FC0

0x0000
0xFFC0

0xFF80

0x8000

ADWINT=1

ADWINT
not affected

-REF

Input Voltage
(AD0.0 - AD0.1)

ADWINT=1

REF x (511/512)

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

ADC Data
Word

ADC Data
Word

ADC0LTH:ADC0LTL

ADC0GTH:ADC0GTL

REF x (128/512)

REF x (-1/512)

-REF

Input Voltage
(AD0.0 - AD0.1)

REF x (511/512)

REF x (128/512)

REF x (-1/512)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0x2000,
ADC0GTH:ADC0GTL = 0xFFC0.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0x2000 and > 0xFFC0. (2s-complement 
math.)

Given:
AMX0SL = 0x00, AMX0CF = 0x01, 
AD0LJST = ‘1’,
ADC0LTH:ADC0LTL = 0xFFC0,
ADC0GTH:ADC0GTL = 0x2000.
An ADC0 End of Conversion will cause an 
ADC0 Window Compare Interrupt (AD0WINT 
= ‘1’) if the resulting ADC0 Data Word is 
< 0xFFC0 or > 0x2000. (2s-complement 
math.)
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Table 6.1. 10-Bit ADC0 Electrical Characteristics (C8051F122/3/6/7 and C8051F13x)
VDD = 3.0 V, AV+ = 3.0 V, VREF = 2.40 V (REFBE = 0), PGA Gain = 1, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units
DC Accuracy

Resolution 10 bits

Integral Nonlinearity — — ±1 LSB

Differential Nonlinearity Guaranteed Monotonic — — ±1 LSB

Offset Error — ±0.5 — LSB

Full Scale Error Differential mode — –1.5±0.5 — LSB

Offset Temperature Coefficient — ±0.25 — ppm/°C
Dynamic Performance (10 kHz sine-wave input, 0 to 1 dB below Full Scale, 100 ksps

Signal-to-Noise Plus Distortion 59 — — dB

Total Harmonic Distortion Up to the 5th harmonic — –70 — dB

Spurious-Free Dynamic Range — 80 — dB
Conversion Rate

SAR Clock Frequency — — 2.5 MHz

Conversion Time in SAR Clocks 16 — — clocks

Track/Hold Acquisition Time 1.5 — — µs

Throughput Rate — — 100 ksps
Analog Inputs

Input Voltage Range Single-ended operation 0 — VREF V

*Common-mode Voltage Range Differential operation AGND — AV+ V

Input Capacitance — 10 — pF
Temperature Sensor

Linearity1 — ±0.2 — °C

Offset (Temp = 0 °C) — 776 — mV

Offset Error1,2 (Temp = 0 °C) — ±8.5 — mV

Slope — 2.86 — mV/°C

Slope Error2 — ±0.034 — mV/°C
Power Specifications

Power Supply Current 
(AV+ supplied to ADC) Operating Mode, 100 ksps — 450 900 µA

Power Supply Rejection — ±0.3 — mV/V

Notes:
1. Includes ADC offset, gain, and linearity variations.
2. Represents one standard deviation from the mean.
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7. ADC2 (8-Bit ADC, C8051F12x Only)
The C8051F12x devices include a second ADC peripheral (ADC2), which consists of an 8-channel, config-
urable analog multiplexer, a programmable gain amplifier, and a 500 ksps, 8-bit successive-approximation-
register ADC with integrated track-and-hold (see block diagram in Figure 7.1). ADC2 is fully configurable
under software control via the Special Function Registers shown in Figure 7.1. The ADC2 subsystem (8-bit
ADC, track-and-hold and PGA) is enabled only when the AD2EN bit in the ADC2 Control register
(ADC2CN) is set to logic 1. The ADC2 subsystem is in low power shutdown when this bit is logic 0. The
voltage reference used by ADC2 is selected as described in Section “9. Voltage Reference” on
page 113.

 

Figure 7.1. ADC2 Functional Block Diagram

7.1. Analog Multiplexer and PGA
Eight ADC2 channels are available for measurement, as selected by the AMX2SL register (see SFR Defi-
nition 7.2). The PGA amplifies the ADC2 output signal by an amount determined by the states of the
AMP2GN2-0 bits in the ADC2 Configuration register, ADC2CF (SFR Definition 7.3). The PGA can be soft-
ware-programmed for gains of 0.5, 1, 2, or 4. Gain defaults to 0.5 on reset.

Important Note: AIN2 pins also function as Port 1 I/O pins, and must be configured as analog inputs when
used as ADC2 inputs. To configure an AIN2 pin for analog input, set to ‘0’ the corresponding bit in register
P1MDIN. Port 1 pins selected as analog inputs are skipped by the Digital I/O Crossbar. See Section
“18.1.5. Configuring Port 1 Pins as Analog Inputs” on page 240 for more information on configuring
the AIN2 pins. 
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7.2. ADC2 Modes of Operation
ADC2 has a maximum conversion speed of 500 ksps. The ADC2 conversion clock (SAR2 clock) is a
divided version of the system clock, determined by the AD2SC bits in the ADC2CF register. The maximum
ADC2 conversion clock is 6 MHz.

7.2.1. Starting a Conversion
A conversion can be initiated in one of five ways, depending on the programmed states of the ADC2 Start
of Conversion Mode bits (AD2CM2-0) in ADC2CN. Conversions may be initiated by: 

1. Writing a ‘1’ to the AD2BUSY bit of ADC2CN; 
2. A Timer 3 overflow (i.e. timed continuous conversions);
3. A rising edge detected on the external ADC convert start signal, CNVSTR2;
4. A Timer 2 overflow (i.e. timed continuous conversions);
5. Writing a ‘1’ to the AD0BUSY of register ADC0CN (initiate conversion of ADC2 and ADC0 with

a single software command). 

During conversion, the AD2BUSY bit is set to logic 1 and restored to 0 when conversion is complete. The
falling edge of AD2BUSY triggers an interrupt (when enabled) and sets the interrupt flag in ADC2CN. Con-
verted data is available in the ADC2 data word, ADC2.

When a conversion is initiated by writing a ‘1’ to AD2BUSY, it is recommended to poll AD2INT to determine
when the conversion is complete. The recommended procedure is:

Step 1. Write a ‘0’ to AD2INT;
Step 2. Write a ‘1’ to AD2BUSY;
Step 3. Poll AD2INT for ‘1’;
Step 4. Process ADC2 data.

When CNVSTR2 is used as a conversion start source, it must be enabled in the crossbar, and the corre-
sponding pin must be set to open-drain, high-impedance mode (see Section “18. Port Input/Output” on
page 235 for more details on Port I/O configuration).

7.2.2. Tracking Modes
The AD2TM bit in register ADC2CN controls the ADC2 track-and-hold mode. In its default state, the ADC2
input is continuously tracked, except when a conversion is in progress. When the AD2TM bit is logic 1,
ADC2 operates in low-power track-and-hold mode. In this mode, each conversion is preceded by a track-
ing period of 3 SAR clocks (after the start-of-conversion signal). When the CNVSTR2 signal is used to ini-
tiate conversions in low-power tracking mode, ADC2 tracks only when CNVSTR2 is low; conversion
begins on the rising edge of CNVSTR2 (see Figure 7.2). Tracking can also be disabled (shutdown) when
the entire chip is in low power standby or sleep modes. Low-power Track-and-Hold mode is also useful
when AMUX or PGA settings are frequently changed, due to the settling time requirements described in
Section “7.2.3. Settling Time Requirements” on page 94.
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Figure 7.2. ADC2 Track and Conversion Example Timing

Write '1' to AD2BUSY,
Timer 3 Overflow,

 Timer 2 Overflow,
 Write '1' to AD0BUSY

(AD2CM[2:0]=000, 001, 011, 1xx)
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AD2TM=0

SAR Clocks
1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 4 5 6 7 8 9

SAR Clocks

Track Convert Low Power ModeLow Power
or Convert

Track or
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B. ADC Timing for Internal Trigger Source

1 2 3 4 5 6 7 8 9
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7.2.3. Settling Time Requirements
A minimum tracking time is required before an accurate conversion can be performed. This tracking time is
determined by the ADC2 MUX resistance, the ADC2 sampling capacitance, any external source resis-
tance, and the accuracy required for the conversion. Figure 7.3 shows the equivalent ADC2 input circuit.
The required ADC2 settling time for a given settling accuracy (SA) may be approximated by Equation 7.1.
Note: An absolute minimum settling time of 800 ns required after any MUX selection. In low-power tracking
mode, three SAR2 clocks are used for tracking at the start of every conversion. For most applications,
these three SAR2 clocks will meet the tracking requirements.

Equation 7.1. ADC2 Settling Time Requirements
Where:
SA is the settling accuracy, given as a fraction of an LSB (for example, 0.25 to settle within 1/4 LSB)
t is the required settling time in seconds
RTOTAL is the sum of the ADC2 MUX resistance and any external source resistance.
n is the ADC resolution in bits (8).

Figure 7.3. ADC2 Equivalent Input Circuit

t 2n

SA
-------⎝ ⎠

⎛ ⎞ RTOTALCSAMPLE×ln=

RMUX = 5k

RCInput= RMUX * CSAMPLE

RMUX = 5k

CSAMPLE = 5pF

CSAMPLE = 5pF

MUX Select

MUX Select

Differential Mode

AIN2.x

AIN2.y

RMUX = 5k

CSAMPLE = 5pF

RCInput= RMUX * CSAMPLE

MUX Select

Single-Ended Mode

AIN2.x

Note: When the PGA gain is set to 0.5, CSAMPLE = 3pF
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SFR Definition 7.1. AMX2CF: AMUX2 Configuration

Bits7–4: UNUSED. Read = 0000b; Write = don’t care.
Bit3: PIN67IC: AIN2.6, AIN2.7 Input Pair Configuration Bit.

0: AIN2.6 and AIN2.7 are independent single-ended inputs.
1: AIN2.6 and AIN2.7 are (respectively) +, – differential input pair.

Bit2: PIN45IC: AIN2.4, AIN2.5 Input Pair Configuration Bit.
0: AIN2.4 and AIN2.5 are independent single-ended inputs.
1: AIN2.4 and AIN2.5 are (respectively) +, – differential input pair.

Bit1: PIN23IC: AIN2.2, AIN2.3 Input Pair Configuration Bit.
0: AIN2.2 and AIN2.3 are independent single-ended inputs.
1: AIN2.2 and AIN2.3 are (respectively) +, – differential input pair.

Bit0: PIN01IC: AIN2.0, AIN2.1 Input Pair Configuration Bit.
0: AIN2.0 and AIN2.1 are independent single-ended inputs.
1: AIN2.0 and AIN2.1 are (respectively) +, – differential input pair.

Note: The ADC2 Data Word is in 2’s complement format for channels configured as differential.

SFR Page:
SFR Address:

2
0xBA

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - PIN67IC PIN45IC PIN23IC PIN01IC 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 7.2. AMX2SL: AMUX2 Channel Select 

Bits7–3: UNUSED. Read = 00000b; Write = don’t care.
Bits2–0: AMX2AD2–0: AMX2 Address Bits.

000-111b: ADC Inputs selected per chart below.

SFR Page:
SFR Address:

2
0xBB

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - AMX2AD2 AMX2AD1 AMX2AD0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AMX2AD2–0
000 001 010 011 100 101 110 111

A
M

X2
C

F 
B

its
 3

–0

0000 AIN2.0 AIN2.1 AIN2.2 AIN2.3 AIN2.4 AIN2.5 AIN2.6 AIN2.7

0001 +(AIN2.0)
–(AIN2.1) AIN2.2 AIN2.3 AIN2.4 AIN2.5 AIN2.6 AIN2.7

0010 AIN2.0 AIN2.1 +(AIN2.2)
–(AIN2.3) AIN2.4 AIN2.5 AIN2.6 AIN2.7

0011 +(AIN2.0)
–(AIN2.1)

+(AIN2.2)
–(AIN2.3) AIN2.4 AIN2.5 AIN2.6 AIN2.7

0100 AIN2.0 AIN2.1 AIN2.2 AIN2.3 +(AIN2.4)
–(AIN2.5) AIN2.6 AIN2.7

0101 +(AIN2.0)
–(AIN2.1) AIN2.2 AIN2.3 +(AIN2.4)

–(AIN2.5) AIN2.6 AIN2.7

0110 AIN2.0 AIN2.1 +(AIN2.2)
–(AIN2.3)

+(AIN2.4)
–(AIN2.5) AIN2.6 AIN2.7

0111 +(AIN2.0)
–(AIN2.1)

+(AIN2.2)
–(AIN2.3)

+(AIN2.4)
–(AIN2.5) AIN2.6 AIN2.7

1000 AIN2.0 AIN2.1 AIN2.2 AIN2.3 AIN2.4 AIN2.5 +(AIN2.6)
–(AIN2.7)

1001 +(AIN2.0)
–(AIN2.1) AIN2.2 AIN2.3 AIN2.4 AIN2.5 +(AIN2.6)

–(AIN2.7)

1010 AIN2.0 AIN2.1 +(AIN2.2)
–(AIN2.3) AIN2.4 AIN2.5 +(AIN2.6)

–(AIN2.7)

1011 +(AIN2.0)
–(AIN2.1)

+(AIN2.2)
–(AIN2.3) AIN2.4 AIN2.5 +(AIN2.6)

–(AIN2.7)

1100 AIN2.0 AIN2.1 AIN2.2 AIN2.3 +(AIN2.4)
–(AIN2.5)

+(AIN2.6)
–(AIN2.7)

1101 +(AIN2.0)
–(AIN2.1) AIN2.2 AIN2.3 +(AIN2.4)

–(AIN2.5)
+(AIN2.6)
–(AIN2.7)

1110 AIN2.0 AIN2.1 +(AIN2.2)
–(AIN2.3)

+(AIN2.4)
–(AIN2.5)

+(AIN2.6)
–(AIN2.7)

1111 +(AIN2.0)
–(AIN2.1)

+(AIN2.2)
–(AIN2.3)

+(AIN2.4)
–(AIN2.5)

+(AIN2.6)
–(AIN2.7)
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SFR Definition 7.3. ADC2CF: ADC2 Configuration

Bits7–3: AD2SC4–0: ADC2 SAR Conversion Clock Period Bits.
SAR Conversion clock is derived from system clock by the following equation, where 
AD2SC refers to the 5-bit value held in AD2SC4–0, and CLKSAR2 refers to the desired 
ADC2 SAR clock (Note: the ADC2 SAR Conversion Clock should be less than or equal to 
6 MHz). 

Bit2: UNUSED. Read = 0b; Write = don’t care.
Bits1–0: AMP2GN1–0: ADC2 Internal Amplifier Gain (PGA).

00: Gain = 0.5
01: Gain = 1
10: Gain = 2
11: Gain = 4

SFR Page:
SFR Address:

2
0xBC

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD2SC4 AD2SC3 AD2SC2 AD2SC1 AD2SC0 - AMP2GN1 AMP2GN0 11111000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

AD2SC SYSCLK
CLKSAR2
----------------------- 1–=
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SFR Definition 7.4. ADC2CN: ADC2 Control

Bit7: AD2EN: ADC2 Enable Bit.
0: ADC2 Disabled. ADC2 is in low-power shutdown.
1: ADC2 Enabled. ADC2 is active and ready for data conversions.

Bit6: AD2TM: ADC2 Track Mode Bit.
0: Normal Track Mode: When ADC2 is enabled, tracking is continuous unless a conversion 
is in process.
1: Low-power Track Mode: Tracking Defined by AD2CM2-0 bits (see below).

Bit5: AD2INT: ADC2 Conversion Complete Interrupt Flag.
This flag must be cleared by software.
0: ADC2 has not completed a data conversion since the last time this flag was cleared.
1: ADC2 has completed a data conversion.

Bit4: AD2BUSY: ADC2 Busy Bit.
Read:
0: ADC2 Conversion is complete or a conversion is not currently in progress. AD2INT is set 
to logic 1 on the falling edge of AD2BUSY.
1: ADC2 Conversion is in progress.
Write:
0: No Effect.
1: Initiates ADC2 Conversion if AD2CM2-0 = 000b

Bits3–1: AD2CM2–0: ADC2 Start of Conversion Mode Select.
AD2TM = 0:
000: ADC2 conversion initiated on every write of ‘1’ to AD2BUSY.
001: ADC2 conversion initiated on overflow of Timer 3.
010: ADC2 conversion initiated on rising edge of external CNVSTR2.
011: ADC2 conversion initiated on overflow of Timer 2.
1xx: ADC2 conversion initiated on write of ‘1’ to AD0BUSY (synchronized with ADC0 soft-
ware-commanded conversions).
AD2TM = 1:
000: Tracking initiated on write of ‘1’ to AD2BUSY for 3 SAR2 clocks, followed by conver-
sion.
001: Tracking initiated on overflow of Timer 3 for 3 SAR2 clocks, followed by conversion.
010: ADC2 tracks only when CNVSTR2 input is logic low; conversion starts on rising 
CNVSTR2 edge.
011: Tracking initiated on overflow of Timer 2 for 3 SAR2 clocks, followed by conversion.
1xx: Tracking initiated on write of ‘1’ to AD0BUSY and lasts 3 SAR2 clocks, followed by con-
version.

Bit0: AD2WINT: ADC2 Window Compare Interrupt Flag.
This bit must be cleared by software.
0: ADC2 Window Comparison Data match has not occurred since this flag was last cleared.
1: ADC2 Window Comparison Data match has occurred.

SFR Page:
SFR Address:

2
0xE8 (bit addressable)

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

AD2EN AD2TM AD2INT AD2BUSY AD2CM2 AD2CM1 AD2CM0 AD2WINT 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 7.5. ADC2: ADC2 Data Word

Figure 7.4. ADC2 Data Word Example

Bits7–0: ADC2 Data Word.

SFR Page:
SFR Address:

2
0xBE

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Single-Ended Example:
8-bit ADC Data Word appears in the ADC2 Data Word Register as follows:
Example: ADC2 Data Word Conversion Map, Single-Ended AIN2.0 Input

(AMX2CF = 0x00; AMX2SL = 0x00)

Differential Example:
8-bit ADC Data Word appears in the ADC2 Data Word Register as follows:
Example: ADC2 Data Word Conversion Map, Differential AIN2.0-AIN2.1 Input

(AMX2CF = 0x01; AMX2SL = 0x00)

AIN2.0–AGND 
(Volts) ADC2

VREF * (255/256) 0xFF
VREF * (128/256) 0x80
VREF * (64/256) 0x40

0 0x00

AIN2.0–AIN2.1
(Volts) ADC2

VREF * (127/128) 0x7F
VREF * (64/128) 0x40

0 0x00
–VREF * (64/128) 0xC0 (-64d)
–VREF * (128/128) 0x80 (-128d)

Code Vin Gain
VREF
---------------× 256×=

Code Vin Gain
2 V× REF
-------------------------× 256×=
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7.3. ADC2 Programmable Window Detector
The ADC2 Programmable Window Detector continuously compares the ADC2 output to user-programmed
limits, and notifies the system when a desired condition is detected. This is especially effective in an inter-
rupt-driven system, saving code space and CPU bandwidth while delivering faster system response times.
The window detector interrupt flag (AD2WINT in register ADC2CN) can also be used in polled mode. The
ADC2 Greater-Than (ADC2GT) and Less-Than (ADC2LT) registers hold the comparison values. Example
comparisons for Differential and Single-ended modes are shown in Figure 7.6 and Figure 7.5, respectively.
Notice that the window detector flag can be programmed to indicate when measured data is inside or out-
side of the user-programmed limits, depending on the contents of the ADC2LT and ADC2GT registers.

7.3.1. Window Detector In Single-Ended Mode
Figure 7.5 shows two example window comparisons for Single-ended mode, with ADC2LT = 0x20 and
ADC2GT = 0x10. Notice that in Single-ended mode, the codes vary from 0 to VREF*(255/256) and are
represented as 8-bit unsigned integers. In the left example, an AD2WINT interrupt will be generated if the
ADC2 conversion word (ADC2) is within the range defined by ADC2GT and ADC2LT
(if 0x10 < ADC2 < 0x20). In the right example, and AD2WINT interrupt will be generated if ADC2 is outside
of the range defined by ADC2GT and ADC2LT (if ADC2 < 0x10 or ADC2 > 0x20).

 

Figure 7.5. ADC2 Window Compare Examples, Single-Ended Mode

0xFF

0x21

0x20
0x1F

0x11
0x10

0x0F

0x000

Input Voltage
(AIN2.x - AGND)

REF x (255/256)

REF x (32/256)

REF x (16/256)

AD2WINT=1

AD2WINT
not affected

AD2WINT
not affected

ADC2LT

ADC2GT

0xFF

0x21

0x20
0x1F

0x11
0x10

0x0F

0x000

Input Voltage
(AIN2.x - AGND)

REF x (255/256)

REF x (32/256)

REF x (16/256)

AD2WINT
not affected

ADC2GT

ADC2LT

AD2WINT=1

AD2WINT=1

ADC2 ADC2
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7.3.2. Window Detector In Differential Mode
Figure 7.6 shows two example window comparisons for differential mode, with ADC2LT = 0x10 (+16d) and
ADC2GT = 0xFF (-1d). Notice that in Differential mode, the codes vary from -VREF to VREF*(127/128)
and are represented as 8-bit 2’s complement signed integers. In the left example, an AD2WINT interrupt
will be generated if the ADC2 conversion word (ADC2L) is within the range defined by ADC2GT and
ADC2LT (if 0xFF (-1d) < ADC2 < 0x0F (16d)). In the right example, an AD2WINT interrupt will be gener-
ated if ADC2 is outside of the range defined by ADC2GT and ADC2LT (if ADC2 < 0xFF (-1d) or ADC2 >
0x10 (+16d)).

 

Figure 7.6. ADC2 Window Compare Examples, Differential Mode

0x7F (127d)

0x11 (17d)

0x10 (16d)
0x0F (15d)

0x00 (0d)
0xFF (-1d)

0xFE (-2d)

0x80 (-128d)-REF

Input Voltage
(AIN2.x - AIN2.y)

REF x (127/128)

REF x (16/128)

REF x (-1/256)

0x7F (127d)

0x11 (17d)

0x10 (16d)
0x0F (15d)

0x00 (0d)
0xFF (-1d)

0xFE (-2d)

0x80 (-128d)-REF

Input Voltage
(AIN2.x - AIN2.y)

REF x (127/128)

REF x (16/128)

REF x (-1/256)

AD2WINT=1

AD2WINT
not affected

AD2WINT
not affected

ADC2LT

ADC2GT

AD2WINT
not affected

ADC2GT

ADC2LT

AD2WINT=1

AD2WINT=1

ADC2ADC2
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SFR Definition 7.6. ADC2GT: ADC2 Greater-Than Data Byte

SFR Definition 7.7. ADC2LT: ADC2 Less-Than Data Byte 

Bits7–0: ADC2 Greater-Than Data Word.

SFR Page:
SFR Address:

2
0xC4

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Bits7–0: ADC2 Less-Than Data Word.

SFR Page:
SFR Address:

2
0xC6

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Table 7.1. ADC2 Electrical Characteristics
VDD = 3.0 V, AV+ = 3.0 V, VREF2 = 2.40 V (REFBE = 0), PGA gain = 1, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units
DC Accuracy

Resolution 8 bits

Integral Nonlinearity — — ±1 LSB

Differential Nonlinearity Guaranteed Monotonic — — ±1 LSB

Offset Error — 0.5±0.3 — LSB

Full Scale Error Differential mode — –1±0.2 — LSB

Offset Temperature Coefficient — 10 — ppm/°C
Dynamic Performance (10 kHz sine-wave input, 1 dB below Full Scale, 500 ksps

Signal-to-Noise Plus Distortion 45 47 — dB

Total Harmonic Distortion Up to the 5th harmonic — -51 — dB

Spurious-Free Dynamic Range — 52 — dB
Conversion Rate

SAR Clock Frequency — — 6 MHz

Conversion Time in SAR Clocks 8 — — clocks

Track/Hold Acquisition Time 300 — — ns

Throughput Rate — — 500 ksps
Analog Inputs

Input Voltage Range 0 — VREF V

Input Capacitance — 5 — pF
Power Specifications

Power Supply Current 
(AV+ supplied to ADC2) Operating Mode, 500 ksps — 420 900 µA

Power Supply Rejection — ±0.3 — mV/V
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NOTES:
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8. DACs, 12-Bit Voltage Mode (C8051F12x Only)
The C8051F12x devices include two on-chip 12-bit voltage-mode Digital-to-Analog Converters (DACs).
Each DAC has an output swing of 0 V to (VREF-1LSB) for a corresponding input code range of 0x000 to
0xFFF. The DACs may be enabled/disabled via their corresponding control registers, DAC0CN and
DAC1CN. While disabled, the DAC output is maintained in a high-impedance state, and the DAC supply
current falls to 1 µA or less. The voltage reference for each DAC is supplied at the VREFD pin
(C8051F120/2/4/6 devices) or the VREF pin (C8051F121/3/5/7 devices). Note that the VREF pin on
C8051F121/3/5/7 devices may be driven by the internal voltage reference or an external source. If the
internal voltage reference is used it must be enabled in order for the DAC outputs to be valid. See Section
“9. Voltage Reference” on page 113 for more information on configuring the voltage reference for the
DACs.

8.1. DAC Output Scheduling
Each DAC features a flexible output update mechanism which allows for seamless full-scale changes and
supports jitter-free updates for waveform generation. The following examples are written in terms of DAC0,
but DAC1 operation is identical.

Figure 8.1. DAC Functional Block Diagram
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8.1.1. Update Output On-Demand
In its default mode (DAC0CN.[4:3] = ‘00’) the DAC0 output is updated “on-demand” on a write to the high-
byte of the DAC0 data register (DAC0H). It is important to note that writes to DAC0L are held, and have no
effect on the DAC0 output until a write to DAC0H takes place. If writing a full 12-bit word to the DAC data
registers, the 12-bit data word is written to the low byte (DAC0L) and high byte (DAC0H) data registers.
Data is latched into DAC0 after a write to the corresponding DAC0H register, so the write sequence
should be DAC0L followed by DAC0H if the full 12-bit resolution is required. The DAC can be used in 8-
bit mode by initializing DAC0L to the desired value (typically 0x00), and writing data to only DAC0H (also
see Section 8.2 for information on formatting the 12-bit DAC data word within the 16-bit SFR space).

8.1.2. Update Output Based on Timer Overflow
Similar to the ADC operation, in which an ADC conversion can be initiated by a timer overflow indepen-
dently of the processor, the DAC outputs can use a Timer overflow to schedule an output update event.
This feature is useful in systems where the DAC is used to generate a waveform of a defined sampling rate
by eliminating the effects of variable interrupt latency and instruction execution on the timing of the DAC
output. When the DAC0MD bits (DAC0CN.[4:3]) are set to ‘01’, ‘10’, or ‘11’, writes to both DAC data regis-
ters (DAC0L and DAC0H) are held until an associated Timer overflow event (Timer 3, Timer 4, or Timer 2,
respectively) occurs, at which time the DAC0H:DAC0L contents are copied to the DAC input latches allow-
ing the DAC output to change to the new value.

8.2. DAC Output Scaling/Justification
In some instances, input data should be shifted prior to a DAC0 write operation to properly justify data
within the DAC input registers. This action would typically require one or more load and shift operations,
adding software overhead and slowing DAC throughput. To alleviate this problem, the data-formatting fea-
ture provides a means for the user to program the orientation of the DAC0 data word within data registers
DAC0H and DAC0L. The three DAC0DF bits (DAC0CN.[2:0]) allow the user to specify one of five data
word orientations as shown in the DAC0CN register definition.

DAC1 is functionally the same as DAC0 described above. The electrical specifications for both DAC0 and
DAC1 are given in Table 8.1.
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SFR Definition 8.1. DAC0H: DAC0 High Byte

SFR Definition 8.2. DAC0L: DAC0 Low Byte

Bits7–0: DAC0 Data Word Most Significant Byte.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD3
0

Bits7–0: DAC0 Data Word Least Significant Byte.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD2
0
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SFR Definition 8.3. DAC0CN: DAC0 Control 

Bit7: DAC0EN: DAC0 Enable Bit.
0: DAC0 Disabled. DAC0 Output pin is disabled; DAC0 is in low-power shutdown mode.
1: DAC0 Enabled. DAC0 Output pin is active; DAC0 is operational.

Bits6–5: UNUSED. Read = 00b; Write = don’t care.
Bits4–3: DAC0MD1–0: DAC0 Mode Bits.

00: DAC output updates occur on a write to DAC0H.
01: DAC output updates occur on Timer 3 overflow.
10: DAC output updates occur on Timer 4 overflow.
11: DAC output updates occur on Timer 2 overflow.

Bits2–0: DAC0DF2–0: DAC0 Data Format Bits:

000: The most significant nibble of the DAC0 Data Word is in DAC0H[3:0], while the least
significant byte is in DAC0L.

001: The most significant 5-bits of the DAC0 Data Word is in DAC0H[4:0], while the least
significant 7-bits are in DAC0L[7:1].

010: The most significant 6-bits of the DAC0 Data Word is in DAC0H[5:0], while the least
significant 6-bits are in DAC0L[7:2].

011: The most significant 7-bits of the DAC0 Data Word is in DAC0H[6:0], while the least
significant 5-bits are in DAC0L[7:3].

1xx: The most significant 8-bits of the DAC0 Data Word is in DAC0H[7:0], while the least
significant 4-bits are in DAC0L[7:4].

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

DAC0EN - - DAC0MD1 DAC0MD0 DAC0DF2 DAC0DF1 DAC0DF0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD4
0

DAC0H DAC0L
MSB LSB

DAC0H DAC0L
MSB LSB

DAC0H DAC0L
MSB LSB

DAC0H DAC0L
MSB LSB

DAC0H DAC0L
MSB LSB
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SFR Definition 8.4. DAC1H: DAC1 High Byte

SFR Definition 8.5. DAC1L: DAC1 Low Byte

Bits7–0: DAC1 Data Word Most Significant Byte.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD3
1

Bits7–0: DAC1 Data Word Least Significant Byte.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD2
1
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SFR Definition 8.6. DAC1CN: DAC1 Control 

Bit7: DAC1EN: DAC1 Enable Bit.
0: DAC1 Disabled. DAC1 Output pin is disabled; DAC1 is in low-power shutdown mode.
1: DAC1 Enabled. DAC1 Output pin is active; DAC1 is operational.

Bits6–5: UNUSED. Read = 00b; Write = don’t care.
Bits4–3: DAC1MD1–0: DAC1 Mode Bits:

00: DAC output updates occur on a write to DAC1H.
01: DAC output updates occur on Timer 3 overflow.
10: DAC output updates occur on Timer 4 overflow.
11: DAC output updates occur on Timer 2 overflow.

Bits2–0: DAC1DF2: DAC1 Data Format Bits:

000: The most significant nibble of the DAC1 Data Word is in DAC1H[3:0], while the least
significant byte is in DAC1L.

001: The most significant 5-bits of the DAC1 Data Word is in DAC1H[4:0], while the least
significant 7-bits are in DAC1L[7:1].

010: The most significant 6-bits of the DAC1 Data Word is in DAC1H[5:0], while the least
significant 6-bits are in DAC1L[7:2].

011: The most significant 7-bits of the DAC1 Data Word is in DAC1H[6:0], while the least
significant 5-bits are in DAC1L[7:3].

1xx: The most significant 8-bits of the DAC1 Data Word is in DAC1H[7:0], while the least
significant 4-bits are in DAC1L[7:4].

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

DAC1EN - - DAC1MD1 DAC1MD0 DAC1DF2 DAC1DF1 DAC1DF0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD4
1

DAC1H DAC1L
MSB LSB

DAC1H DAC1L
MSB LSB

DAC1H DAC1L
MSB LSB

DAC1H DAC1L
MSB LSB

DAC1H DAC1L
MSB LSB
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Table 8.1. DAC Electrical Characteristics
VDD = 3.0 V, AV+ = 3.0 V, VREF = 2.40 V (REFBE = 0), No Output Load unless otherwise specified

Parameter Conditions Min Typ Max Units
Static Performance

Resolution 12 bits

Integral Nonlinearity — ±1.5 — LSB

Differential Nonlinearity — — ±1 LSB

Output Noise
No Output Filter
100 kHz Output Filter
10 kHz Output Filter

— 250
128
41

— µVrms

Offset Error Data Word = 0x014 — ±3 ±30 mV

Offset Tempco — 6 — ppm/°C

Full-Scale Error — ±20 ±60 mV

Full-Scale Error Tempco — 10 — ppm/°C
VDD Power Supply Rejection 
Ratio

— –60 — dB

Output Impedance in Shutdown 
Mode DACnEN = 0 — 100 — kΩ

Output Sink Current — 300 — µA

Output Short-Circuit Current Data Word = 0xFFF — 15 — mA
Dynamic Performance

Voltage Output Slew Rate Load = 40 pF — 0.44 — V/µs

Output Settling Time to 1/2 LSB Load = 40 pF, Output swing from 
code 0xFFF to 0x014

— 10 — µs

Output Voltage Swing 0 — VREF-
1LSB

V

Startup Time — 10 — µs
Analog Outputs

Load Regulation
IL = 0.01 mA to 0.3 mA at code 
0xFFF

— 60 — ppm

Power Consumption (each DAC)
Power Supply Current (AV+ 
supplied to DAC) Data Word = 0x7FF — 110 400 µA
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9. Voltage Reference
The voltage reference options available on the C8051F12x and C8051F13x device families vary according
to the device capabilities.

All devices include an internal voltage reference circuit, consisting of a 1.2 V, 15 ppm/°C (typical) bandgap
voltage reference generator and a gain-of-two output buffer amplifier. The internal reference may be routed
via the VREF pin to external system components or to the voltage reference input pins. The maximum load
seen by the VREF pin must be less than 200 µA to AGND. Bypass capacitors of 0.1 µF and 4.7 µF are rec-
ommended from the VREF pin to AGND.

The Reference Control Register, REF0CN enables/disables the internal reference generator and the inter-
nal temperature sensor on all devices.  The BIASE bit in REF0CN enables the on-board reference genera-
tor while the REFBE bit enables the gain-of-two buffer amplifier which drives the VREF pin. When
disabled, the supply current drawn by the bandgap and buffer amplifier falls to less than 1 µA (typical) and
the output of the buffer amplifier enters a high impedance state. If the internal bandgap is used as the ref-
erence voltage generator, BIASE and REFBE must both be set to logic 1. If the internal reference is not
used, REFBE may be set to logic 0. Note that the BIASE bit must be set to logic 1 if any DACs or ADCs are
used, regardless of whether the voltage reference is derived from the on-chip reference or supplied by an
off-chip source. If no ADCs or DACs are being used, both of these bits can be set to logic 0 to conserve
power.

When enabled, the temperature sensor connects to the highest order input of the ADC0 input multiplexer.
The TEMPE bit within REF0CN enables and disables the temperature sensor. While disabled, the temper-
ature sensor defaults to a high impedance state. Any ADC measurements performed on the sensor while
disabled will result in undefined data.

The electrical specifications for the internal voltage reference are given in Table 9.1.

9.1. Reference Configuration on the C8051F120/2/4/6
On the C8051F120/2/4/6 devices, the REF0CN register also allows selection of the voltage reference
source for ADC0 and ADC2, as shown in SFR Definition 9.1.  Bits AD0VRS and AD2VRS in the REF0CN
register select the ADC0 and ADC2 voltage reference sources, respectively.  Three voltage reference input
pins allow each ADC and the two DACs to reference an external voltage reference or the on-chip voltage
reference output (with an external connection). ADC0 may also reference the DAC0 output internally, and
ADC2 may reference the analog power supply voltage, via the VREF multiplexers shown in Figure 9.1.
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Figure 9.1. Voltage Reference Functional Block Diagram (C8051F120/2/4/6)

SFR Definition 9.1. REF0CN: Reference Control (C8051F120/2/4/6)  
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Bits7–5: UNUSED. Read = 000b; Write = don’t care.
Bit4: AD0VRS: ADC0 Voltage Reference Select.

0: ADC0 voltage reference from VREF0 pin.
1: ADC0 voltage reference from DAC0 output.

Bit3: AD2VRS: ADC2 Voltage Reference Select.
0: ADC2 voltage reference from VREF2 pin.
1: ADC2 voltage reference from AV+.

Bit2: TEMPE: Temperature Sensor Enable Bit.
0: Internal Temperature Sensor Off.
1: Internal Temperature Sensor On.

Bit1: BIASE: ADC/DAC Bias Generator Enable Bit. (Must be ‘1’ if using ADC, DAC, or VREF).
0: Internal Bias Generator Off.
1: Internal Bias Generator On.

Bit0: REFBE: Internal Reference Buffer Enable Bit.
0: Internal Reference Buffer Off.
1: Internal Reference Buffer On. Internal voltage reference is driven on the VREF pin.

SFR Page:
SFR Address:

0
0xD1

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - AD0VRS AD2VRS TEMPE BIASE REFBE 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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9.2. Reference Configuration on the C8051F121/3/5/7
On the C8051F121/3/5/7 devices, the REF0CN register also allows selection of the voltage reference
source for ADC0 and ADC2, as shown in SFR Definition 9.2.  Bits AD0VRS and AD2VRS in the REF0CN
register select the ADC0 and ADC2 voltage reference sources, respectively. The VREFA pin provides a
voltage reference input for ADC0 and ADC2, which can be connected to an external precision reference or
the internal voltage reference. ADC0 may also reference the DAC0 output internally, and ADC2 may refer-
ence the analog power supply voltage, via the VREF multiplexers shown in Figure 9.2.

 

Figure 9.2. Voltage Reference Functional Block Diagram (C8051F121/3/5/7)
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SFR Definition 9.2. REF0CN: Reference Control (C8051F121/3/5/7)  

Bits7–5: UNUSED. Read = 000b; Write = don’t care.
Bit4: AD0VRS: ADC0 Voltage Reference Select.

0: ADC0 voltage reference from VREFA pin.
1: ADC0 voltage reference from DAC0 output.

Bit3: AD2VRS: ADC2 Voltage Reference Select.
0: ADC2 voltage reference from VREFA pin.
1: ADC2 voltage reference from AV+.

Bit2: TEMPE: Temperature Sensor Enable Bit.
0: Internal Temperature Sensor Off.
1: Internal Temperature Sensor On.

Bit1: BIASE: ADC/DAC Bias Generator Enable Bit. (Must be ‘1’ if using ADC, DAC, or VREF).
0: Internal Bias Generator Off.
1: Internal Bias Generator On.

Bit0: REFBE: Internal Reference Buffer Enable Bit.
0: Internal Reference Buffer Off.
1: Internal Reference Buffer On. Internal voltage reference is driven on the VREF pin.

SFR Page:
SFR Address:

0
0xD1

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - AD0VRS AD2VRS TEMPE BIASE REFBE 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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9.3. Reference Configuration on the C8051F130/1/2/3
On the C8051F130/1/2/3 devices, the VREF0 pin provides a voltage reference input for ADC0, which can
be connected to an external precision reference or the internal voltage reference, as shown in Figure 9.3.
The REF0CN register for the C8051F130/1/2/3 is described in SFR Definition 9.3.

Figure 9.3. Voltage Reference Functional Block Diagram (C8051F130/1/2/3)

SFR Definition 9.3. REF0CN: Reference Control (C8051F130/1/2/3) 
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Bits7–5: UNUSED. Read = 000b; Write = don’t care.
Bits4–3: Reserved: Must be written to 0.
Bit2: TEMPE: Temperature Sensor Enable Bit.

0: Internal Temperature Sensor Off.
1: Internal Temperature Sensor On.

Bit1: BIASE: ADC/DAC Bias Generator Enable Bit. (Must be ‘1’ if using ADC or VREF).
0: Internal Bias Generator Off.
1: Internal Bias Generator On.

Bit0: REFBE: Internal Reference Buffer Enable Bit.
0: Internal Reference Buffer Off.
1: Internal Reference Buffer On. Internal voltage reference is driven on the VREF pin.

SFR Page:
SFR Address:

0
0xD1

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - Reserved Reserved TEMPE BIASE REFBE 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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Table 9.1. Voltage Reference Electrical Characteristics
VDD = 3.0 V, AV+ = 3.0 V, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units
Analog Bias Generator Power 
Supply Current BIASE = 1 — 100 — µA

Internal Reference (REFBE = 1)
Output Voltage 25 °C ambient 2.36 2.43 2.48 V
VREF Short-Circuit Current — — 30 mA
VREF Temperature Coefficient — 15 — ppm/°C
Load Regulation Load = 0 to 200 µA to AGND — 0.5 — ppm/µA

VREF Turn-on Time 1 4.7 µF tantalum, 0.1 µF ceramic 
bypass

— 2 — ms

VREF Turn-on Time 2 0.1 µF ceramic bypass — 20 — µs
VREF Turn-on Time 3 no bypass cap — 10 — µs
Reference Buffer Power Sup-
ply Current

— 40 — µA

Power Supply Rejection — 140 — ppm/V
External Reference (REFBE = 0)

Input Voltage Range 1.00 — (AV+) – 0.3 V
Input Current — 0 1 µA
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10. Comparators
Two on-chip programmable voltage comparators are included, as shown in Figure 10.1. The inputs of each
comparator are available at dedicated pins. The output of each comparator is optionally available at the
package pins via the I/O crossbar. When assigned to package pins, each comparator output can be pro-
grammed to operate in open drain or push-pull modes. See Section “18.1. Ports 0 through 3 and the
Priority Crossbar Decoder” on page 238 for Crossbar and port initialization details.

 

Figure 10.1. Comparator Functional Block Diagram
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Comparator interrupts can be generated on rising-edge and/or falling-edge output transitions. (For inter-
rupt enable and priority control, see Section “11.3. Interrupt Handler” on page 154). The CP0FIF flag is
set upon a Comparator0 falling-edge interrupt, and the CP0RIF flag is set upon the Comparator0 rising-
edge interrupt. Once set, these bits remain set until cleared by software. The Output State of Comparator0
can be obtained at any time by reading the CP0OUT bit.   Comparator0 is enabled by setting the CP0EN
bit to logic 1, and is disabled by clearing this bit to logic 0. Comparator0 can also be programmed as a
reset source; for details, see Section “13.5. Comparator0 Reset” on page 179.

Note that after being enabled, there is a Power-Up time (listed in Table 10.1) during which the comparator
outputs stabilize. The states of the Rising-Edge and Falling-Edge flags are indeterminant after comparator
Power-Up and should be explicitly cleared before the comparator interrupts are enabled or the compara-
tors are configured as a reset source.

Comparator0 response time may be configured in software via the CP0MD1-0 bits in register CPT0MD
(see SFR Definition 10.2). Selecting a longer response time reduces the amount of current consumed by
Comparator0. See Table 10.1 for complete timing and current consumption specifications.

The hysteresis of each comparator is software-programmable via its respective Comparator control regis-
ter (CPT0CN and CPT1CN for Comparator0 and Comparator1, respectively).   The user can program both
the amount of hysteresis voltage (referred to the input voltage) and the positive and negative-going sym-
metry of this hysteresis around the threshold voltage. The output of the comparator can be polled in soft-
ware, or can be used as an interrupt source. Each comparator can be individually enabled or disabled
(shutdown). When disabled, the comparator output (if assigned to a Port I/O pin via the Crossbar) defaults
to the logic low state, its interrupt capability is suspended and its supply current falls to less than 100 nA.
Comparator inputs can be externally driven from –0.25 V to (AV+) + 0.25 V without damage or upset. 

Comparator0 hysteresis is programmed using bits 3-0 in the Comparator0 Control Register CPT0CN
(shown in SFR Definition 10.1). The amount of negative hysteresis voltage is determined by the settings of
the CP0HYN bits. As shown in SFR Definition 10.1, the negative hysteresis can be programmed to three
different settings, or negative hysteresis can be disabled. In a similar way, the amount of positive hystere-
sis is determined by the setting the CP0HYP bits.

The operation of Comparator1 is identical to that of Comparator0, though Comparator1 may not be config-
ured as a reset source. Comparator1 is controlled by the CPT1CN Register (SFR Definition 10.3) and the
CPT1MD Register (SFR Definition 10.4). The complete electrical specifications for the Comparators are
given in Table 10.1.
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Figure 10.2. Comparator Hysteresis Plot
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SFR Definition 10.1. CPT0CN: Comparator0 Control

Bit7: CP0EN: Comparator0 Enable Bit.
0: Comparator0 Disabled.
1: Comparator0 Enabled.

Bit6: CP0OUT: Comparator0 Output State Flag.
0: Voltage on CP0+ < CP0–.
1: Voltage on CP0+ > CP0–.

Bit5: CP0RIF: Comparator0 Rising-Edge Flag.
0: No Comparator0 Rising Edge has occurred since this flag was last cleared.
1: Comparator0 Rising Edge has occurred.

Bit4: CP0FIF: Comparator0 Falling-Edge Flag.
0: No Comparator0 Falling-Edge has occurred since this flag was last cleared.
1: Comparator0 Falling-Edge has occurred.

Bits3–2: CP0HYP1–0: Comparator0 Positive Hysteresis Control Bits.
00: Positive Hysteresis Disabled.
01: Positive Hysteresis = 5 mV.
10: Positive Hysteresis = 10 mV.
11: Positive Hysteresis = 15 mV.

Bits1–0: CP0HYN1–0: Comparator0 Negative Hysteresis Control Bits.
00: Negative Hysteresis Disabled.
01: Negative Hysteresis = 5 mV.
10: Negative Hysteresis = 10 mV.
11: Negative Hysteresis = 15 mV.

SFR Page:
SFR Address:

1
0x88

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CP0EN CP0OUT CP0RIF CP0FIF CP0HYP1 CP0HYP0 CP0HYN1 CP0HYN0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
122 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
SFR Definition 10.2. CPT0MD: Comparator0 Mode Selection  

Bits7–6: UNUSED. Read = 00b, Write = don’t care.
Bit 5: CP0RIE: Comparator 0 Rising-Edge Interrupt Enable Bit.

0: Comparator 0 rising-edge interrupt disabled.
1: Comparator 0 rising-edge interrupt enabled.

Bit 4: CP0FIE: Comparator 0 Falling-Edge Interrupt Enable Bit.
0: Comparator 0 falling-edge interrupt disabled.
1: Comparator 0 falling-edge interrupt enabled.

Bits3–2: UNUSED. Read = 00b, Write = don’t care.
Bits1–0: CP0MD1–CP0MD0: Comparator0 Mode Select

These bits select the response time for Comparator0. 

SFR Page:
SFR Address:

1
0x89

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - CP0RIE CP0FIE - - CP0MD1 CP0MD0 00000010
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Mode CP0MD1 CP0MD0 Notes
0 0 0 Fastest Response Time
1 0 1 —
2 1 0 —
3 1 1 Lowest Power Consumption
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SFR Definition 10.3. CPT1CN: Comparator1 Control

Bit7: CP1EN: Comparator1 Enable Bit.
0: Comparator1 Disabled.
1: Comparator1 Enabled.

Bit6: CP1OUT: Comparator1 Output State Flag.
0: Voltage on CP1+ < CP1–.
1: Voltage on CP1+ > CP1–.

Bit5: CP1RIF: Comparator1 Rising-Edge Flag.
0: No Comparator1 Rising Edge has occurred since this flag was last cleared.
1: Comparator1 Rising Edge has occurred.

Bit4: CP1FIF: Comparator1 Falling-Edge Flag.
0: No Comparator1 Falling-Edge has occurred since this flag was last cleared.
1: Comparator1 Falling-Edge Interrupt has occurred.

Bits3–2: CP1HYP1–0: Comparator1 Positive Hysteresis Control Bits.
00: Positive Hysteresis Disabled.
01: Positive Hysteresis = 5 mV.
10: Positive Hysteresis = 10 mV.
11: Positive Hysteresis = 15 mV.

Bits1–0: CP1HYN1–0: Comparator1 Negative Hysteresis Control Bits.
00: Negative Hysteresis Disabled.
01: Negative Hysteresis = 5 mV.
10: Negative Hysteresis = 10 mV.
11: Negative Hysteresis = 15 mV.

SFR Page:
SFR Address:

2
0x88

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CP1EN CP1OUT CP1RIF CP1FIF CP1HYP1 CP1HYP0 CP1HYN1 CP1HYN0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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SFR Definition 10.4. CPT1MD: Comparator1 Mode Selection 

Bits7–6: UNUSED. Read = 00b, Write = don’t care.
Bit 5: CP1RIE: Comparator 1 Rising-Edge Interrupt Enable Bit.

0: Comparator 1 rising-edge interrupt disabled.
1: Comparator 1 rising-edge interrupt enabled.

Bit 4: CP1FIE: Comparator 0 Falling-Edge Interrupt Enable Bit.
0: Comparator 1 falling-edge interrupt disabled.
1: Comparator 1 falling-edge interrupt enabled.

Bits3–2: UNUSED. Read = 00b, Write = don’t care.
Bits1–0: CP1MD1–CP1MD0: Comparator1 Mode Select

These bits select the response time for Comparator1. 

SFR Page:
SFR Address:

2
0x89

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - CP1RIE CP1FIE - - CP1MD1 CP1MD0 00000010
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

Mode CP0MD1 CP0MD0 Notes
0 0 0 Fastest Response Time
1 0 1 —
2 1 0 —
3 1 1 Lowest Power Consumption
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Table 10.1. Comparator Electrical Characteristics
VDD = 3.0 V, AV+ = 3.0 V, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units

Response Time:
Mode 0, VCM

* = 1.5 V
CPn+ – CPn- = 100 mV — 100 — ns

CPn+ – CPn– = –100 mV — 250 — ns

Response Time:
Mode 1, VCM

* = 1.5 V
CPn+ – CPn– = 100 mV — 175 — ns

CPn+ – CPn– = –100 mV — 500 — ns

Response Time:
Mode 2, VCM

* = 1.5 V
CPn+ – CPn– = 100 mV — 320 — ns

CPn+ – CPn– = –100 mV — 1100 — ns

Response Time:
Mode 3, VCM

* = 1.5 V
CPn+ – CPn– = 100 mV — 1050 — ns

CPn+ – CPn– = –100 mV — 5200 — ns

Common-Mode Rejection 
Ratio — 1.5 4 mV/V

Positive Hysteresis 1 CPnHYP1-0 = 00 — 0 1 mV

Positive Hysteresis 2 CPnHYP1-0 = 01 2 4.5 7 mV

Positive Hysteresis 3 CPnHYP1-0 = 10 4 9 13 mV

Positive Hysteresis 4 CPnHYP1-0 = 11 10 17 25 mV

Negative Hysteresis 1 CPnHYN1-0 = 00 — 0 1 mV

Negative Hysteresis 2 CPnHYN1-0 = 01 2 4.5 7 mV

Negative Hysteresis 3 CPnHYN1-0 = 10 4 9 13 mV

Negative Hysteresis 4 CPnHYN1-0 = 11 10 17 25 mV

Inverting or Non-Inverting 
Input Voltage Range –0.25 — (AV+) 

+ 0.25 V

Input Capacitance — 7 — pF

Input Bias Current –5 0.001 +5 nA

Input Offset Voltage –10 — +10 mV

Power Supply

Power-Up Time CPnEN from 0 to 1 — 20 — µs

Power Supply Rejection — 0.1 1 mV/V

Supply Current at DC 
(each comparator)

Mode 0 — 7.6 — µA

Mode 1 — 3.2 — µA

Mode 2 — 1.3 — µA

Mode 3 — 0.4 — µA

*Note:  VCM is the common-mode voltage on CPn+ and CPn-.
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11. CIP-51 Microcontroller
The MCU system controller core is the CIP-51 microcontroller. The CIP-51 is fully compatible with the
MCS-51™ instruction set; standard 803x/805x assemblers and compilers can be used to develop soft-
ware. The MCU family has a superset of all the peripherals included with a standard 8051. Included are
five 16-bit counter/timers (see description in Section 23), two full-duplex UARTs (see description in Sec-
tion 21 and Section 22), 256 bytes of internal RAM, 128 byte Special Function Register (SFR) address
space (see Section 11.2.6), and 8/4 byte-wide I/O Ports (see description in Section 18). The CIP-51 also
includes on-chip debug hardware (see description in Section 25), and interfaces directly with the MCU’s
analog and digital subsystems providing a complete data acquisition or control-system solution in a single
integrated circuit.

The CIP-51 Microcontroller core implements the standard 8051 organization and peripherals as well as
additional custom peripherals and functions to extend its capability (see Figure 11.1 for a block diagram).

The CIP-51 includes the following features:

Performance
The CIP-51 employs a pipelined architecture that greatly increases its instruction throughput over the stan-
dard 8051 architecture. In a standard 8051, all instructions except for MUL and DIV take 12 or 24 system
clock cycles to execute, and usually have a maximum system clock of 12 MHz. By contrast, the CIP-51
core executes 70% of its instructions in one or two system clock cycles, with no instructions taking more
than eight system clock cycles.

With the CIP-51's system clock running at 100 MHz, it has a peak throughput of 100 MIPS. The CIP-51
has a total of 109 instructions. The table below shows the total number of instructions that require each
execution time.

Clocks to Execute 1 2 2/3 3 3/4 4 4/5 5 8

Number of Instructions 26 50 5 14 7 3 1 2 1

- Fully Compatible with MCS-51 Instruction Set
- 100 or 50 MIPS Peak Using the On-Chip PLL
- 256 Bytes of Internal RAM 
- 8/4 Byte-Wide I/O Ports

- Extended Interrupt Handler 
- Reset Input
- Power Management Modes
- On-chip Debug Logic
- Program and Data Memory Security
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Figure 11.1.  CIP-51 Block Diagram

Programming and Debugging Support
A JTAG-based serial interface is provided for in-system programming of the Flash program memory and
communication with on-chip debug support logic. The re-programmable Flash can also be read and
changed by the application software using the MOVC and MOVX instructions. This feature allows program
memory to be used for non-volatile data storage as well as updating program code under software control.

The on-chip debug support logic facilitates full speed in-circuit debugging, allowing the setting of hardware
breakpoints and watch points, starting, stopping and single stepping through program execution (including
interrupt service routines), examination of the program's call stack, and reading/writing the contents of reg-
isters and memory. This method of on-chip debug is completely non-intrusive and non-invasive, requiring
no RAM, Stack, timers, or other on-chip resources. 

The CIP-51 is supported by development tools from Silicon Labs and third party vendors. Silicon Labs pro-
vides an integrated development environment (IDE) including editor, macro assembler, debugger and pro-
grammer. The IDE's debugger and programmer interface to the CIP-51 via its JTAG interface to provide
fast and efficient in-system device programming and debugging. Third party macro assemblers and C
compilers are also available.
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11.1. Instruction Set
The instruction set of the CIP-51 System Controller is fully compatible with the standard MCS-51™ instruc-
tion set; standard 8051 development tools can be used to develop software for the CIP-51. All CIP-51
instructions are the binary and functional equivalent of their MCS-51™ counterparts, including opcodes,
addressing modes and effect on PSW flags. However, instruction timing is different than that of the stan-
dard 8051. 

11.1.1. Instruction and CPU Timing
In many 8051 implementations, a distinction is made between machine cycles and clock cycles, with
machine cycles varying from 2 to 12 clock cycles in length. However, the CIP-51 implementation is based
solely on clock cycle timing.   All instruction timings are specified in terms of clock cycles.

Due to the pipelined architecture of the CIP-51, most instructions execute in the same number of clock
cycles as there are program bytes in the instruction. Conditional branch instructions take one less clock
cycle to complete when the branch is not taken as opposed to when the branch is taken.  Table 11.1 is the
CIP-51 Instruction Set Summary, which includes the mnemonic, number of bytes, and number of clock
cycles for each instruction.

11.1.2. MOVX Instruction and Program Memory
In the CIP-51, the MOVX instruction serves three purposes: accessing on-chip XRAM, accessing off-chip
XRAM, and accessing on-chip program Flash memory. The Flash access feature provides a mechanism
for user software to update program code and use the program memory space for non-volatile data stor-
age (see Section “15. Flash Memory” on page 199). The External Memory Interface provides a fast
access to off-chip XRAM (or memory-mapped peripherals) via the MOVX instruction. Refer to Section
“17. External Data Memory Interface and On-Chip XRAM” on page 219 for details.

 

Table 11.1. CIP-51 Instruction Set Summary 

Mnemonic Description Bytes Clock 
Cycles

Arithmetic Operations
ADD A, Rn Add register to A 1 1
ADD A, direct Add direct byte to A 2 2
ADD A, @Ri Add indirect RAM to A 1 2
ADD A, #data Add immediate to A 2 2
ADDC A, Rn Add register to A with carry 1 1
ADDC A, direct Add direct byte to A with carry 2 2
ADDC A, @Ri Add indirect RAM to A with carry 1 2
ADDC A, #data Add immediate to A with carry 2 2
SUBB A, Rn Subtract register from A with borrow 1 1
SUBB A, direct Subtract direct byte from A with borrow 2 2
SUBB A, @Ri Subtract indirect RAM from A with borrow 1 2
SUBB A, #data Subtract immediate from A with borrow 2 2
INC A Increment A 1 1
INC Rn Increment register 1 1
INC direct Increment direct byte 2 2
INC @Ri Increment indirect RAM 1 2
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DEC A Decrement A 1 1
DEC Rn Decrement register 1 1
DEC direct Decrement direct byte 2 2
DEC @Ri Decrement indirect RAM 1 2
INC DPTR Increment Data Pointer 1 1
MUL AB Multiply A and B 1 4
DIV AB Divide A by B 1 8
DA A Decimal adjust A 1 1

Logical Operations
ANL A, Rn AND Register to A 1 1
ANL A, direct AND direct byte to A 2 2
ANL A, @Ri AND indirect RAM to A 1 2
ANL A, #data AND immediate to A 2 2
ANL direct, A AND A to direct byte 2 2
ANL direct, #data AND immediate to direct byte 3 3
ORL A, Rn OR Register to A 1 1
ORL A, direct OR direct byte to A 2 2
ORL A, @Ri OR indirect RAM to A 1 2
ORL A, #data OR immediate to A 2 2
ORL direct, A OR A to direct byte 2 2
ORL direct, #data OR immediate to direct byte 3 3
XRL A, Rn Exclusive-OR Register to A 1 1
XRL A, direct Exclusive-OR direct byte to A 2 2
XRL A, @Ri Exclusive-OR indirect RAM to A 1 2
XRL A, #data Exclusive-OR immediate to A 2 2
XRL direct, A Exclusive-OR A to direct byte 2 2
XRL direct, #data Exclusive-OR immediate to direct byte 3 3
CLR A Clear A 1 1
CPL A Complement A 1 1
RL A Rotate A left 1 1
RLC A Rotate A left through Carry 1 1
RR A Rotate A right 1 1
RRC A Rotate A right through Carry 1 1
SWAP A Swap nibbles of A 1 1

Data Transfer
MOV A, Rn Move Register to A 1 1
MOV A, direct Move direct byte to A 2 2
MOV A, @Ri Move indirect RAM to A 1 2
MOV A, #data Move immediate to A 2 2
MOV Rn, A Move A to Register 1 1
MOV Rn, direct Move direct byte to Register 2 2
MOV Rn, #data Move immediate to Register 2 2
MOV direct, A Move A to direct byte 2 2
MOV direct, Rn Move Register to direct byte 2 2
MOV direct, direct Move direct byte to direct byte 3 3

Table 11.1. CIP-51 Instruction Set Summary  (Continued)

Mnemonic Description Bytes Clock 
Cycles
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MOV direct, @Ri Move indirect RAM to direct byte 2 2
MOV direct, #data Move immediate to direct byte 3 3
MOV @Ri, A Move A to indirect RAM 1 2
MOV @Ri, direct Move direct byte to indirect RAM 2 2
MOV @Ri, #data Move immediate to indirect RAM 2 2
MOV DPTR, #data16 Load DPTR with 16-bit constant 3 3
MOVC A, @A+DPTR Move code byte relative DPTR to A 1 3
MOVC A, @A+PC Move code byte relative PC to A 1 3
MOVX A, @Ri Move external data (8-bit address) to A 1 3
MOVX @Ri, A Move A to external data (8-bit address) 1 3
MOVX A, @DPTR Move external data (16-bit address) to A 1 3
MOVX @DPTR, A Move A to external data (16-bit address) 1 3
PUSH direct Push direct byte onto stack 2 2
POP direct Pop direct byte from stack 2 2
XCH A, Rn Exchange Register with A 1 1
XCH A, direct Exchange direct byte with A 2 2
XCH A, @Ri Exchange indirect RAM with A 1 2
XCHD A, @Ri Exchange low nibble of indirect RAM with A 1 2

Boolean Manipulation
CLR C Clear Carry 1 1
CLR bit Clear direct bit 2 2
SETB C Set Carry 1 1
SETB bit Set direct bit 2 2
CPL C Complement Carry 1 1
CPL bit Complement direct bit 2 2
ANL C, bit AND direct bit to Carry 2 2
ANL C, /bit AND complement of direct bit to Carry 2 2
ORL C, bit OR direct bit to carry 2 2
ORL C, /bit OR complement of direct bit to Carry 2 2
MOV C, bit Move direct bit to Carry 2 2
MOV bit, C Move Carry to direct bit 2 2
JC rel Jump if Carry is set 2 2/3*
JNC rel Jump if Carry is not set 2 2/3*
JB bit, rel Jump if direct bit is set 3 3/4*
JNB bit, rel Jump if direct bit is not set 3 3/4*
JBC bit, rel Jump if direct bit is set and clear bit 3 3/4*

Program Branching
ACALL addr11 Absolute subroutine call 2 3*
LCALL addr16 Long subroutine call 3 4*
RET Return from subroutine 1 5*
RETI Return from interrupt 1 5*
AJMP addr11 Absolute jump 2 3*
LJMP addr16 Long jump 3 4*
SJMP rel Short jump (relative address) 2 3*
JMP @A+DPTR Jump indirect relative to DPTR 1 3*

Table 11.1. CIP-51 Instruction Set Summary  (Continued)

Mnemonic Description Bytes Clock 
Cycles
Rev. 1.4 131



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
JZ rel Jump if A equals zero 2 2/3*
JNZ rel Jump if A does not equal zero 2 2/3*
CJNE A, direct, rel Compare direct byte to A and jump if not equal 3 3/4*
CJNE A, #data, rel Compare immediate to A and jump if not equal 3 3/4*

CJNE Rn, #data, rel Compare immediate to Register and jump if not 
equal 3 3/4*

CJNE @Ri, #data, rel Compare immediate to indirect and jump if not 
equal 3 4/5*

DJNZ Rn, rel Decrement Register and jump if not zero 2 2/3*
DJNZ direct, rel Decrement direct byte and jump if not zero 3 3/4*
NOP No operation 1 1
* Branch instructions will incur a cache-miss penalty if the branch target location is not already stored in 
the Branch Target Cache. See Section “16. Branch Target Cache” on page 211 for more details.

Table 11.1. CIP-51 Instruction Set Summary  (Continued)

Mnemonic Description Bytes Clock 
Cycles

Notes on Registers, Operands and Addressing Modes:

Rn - Register R0-R7 of the currently selected register bank.

@Ri - Data RAM location addressed indirectly through R0 or R1.

rel - 8-bit, signed (2s complement) offset relative to the first byte of the following instruction. Used by 
SJMP and all conditional jumps.

direct - 8-bit internal data location’s address. This could be a direct-access Data RAM location (0x00-
0x7F) or an SFR (0x80-0xFF).

#data - 8-bit constant

#data16 - 16-bit constant

bit - Direct-accessed bit in Data RAM or SFR

addr11 - 11-bit destination address used by ACALL and AJMP. The destination must be within the same 
2K-byte page of program memory as the first byte of the following instruction.

addr16 - 16-bit destination address used by LCALL and LJMP. The destination may be anywhere within 
the 64K-byte program memory space.

There is one unused opcode (0xA5) that performs the same function as NOP.
All mnemonics copyrighted © Intel Corporation 1980.
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11.2. Memory Organization
The memory organization of the CIP-51 System Controller is similar to that of a standard 8051. There are
two separate memory spaces: program memory and data memory. Program and data memory share the
same address space but are accessed via different instruction types. There are 256 bytes of internal data
memory and 128k bytes (C8051F12x and C8051F130/1) or 64k bytes (C8051F132/3) of internal program
memory address space implemented within the CIP-51. The CIP-51 memory organization is shown in
Figure 11.2.

Figure 11.2. Memory Map

11.2.1. Program Memory
The C8051F12x and C8051F130/1 have a 128 kB program memory space. The MCU implements this pro-
gram memory space as in-system re-programmable Flash memory in four 32 kB code banks.  A common
code bank (Bank 0) of 32 kB is always accessible from addresses 0x0000 to 0x7FFF.  The three upper
code banks (Bank 1, Bank 2, and Bank 3) are each mapped to addresses 0x8000 to 0xFFFF, depending
on the selection of bits in the PSBANK register, as described in SFR Definition 11.1.  The IFBANK bits
select which of the upper banks are used for code execution, while the COBANK bits select the bank to be
used for direct writes and reads of the Flash memory.  Note: 1024 bytes of the memory in Bank 3
(0x1FC00 to 0x1FFFF) are reserved and are not available for user program or data storage. The
C8051F132/3 have a 64k byte program memory space implemented as in-system re-programmable Flash
memory, and organized in a contiguous block from address 0x00000 to 0x0FFFF.

Program memory is normally assumed to be read-only. However, the CIP-51 can write to program memory
by setting the Program Store Write Enable bit (PSCTL.0) and using the MOVX instruction. This feature pro-
vides a mechanism for the CIP-51 to update program code and use the program memory space for non-
volatile data storage. Refer to Section “15. Flash Memory” on page 199 for further details.
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SFR Definition 11.1. PSBANK: Program Space Bank Select 

 

Figure 11.3. Address Memory Map for Instruction Fetches (128 kB Flash Only)

Bits 7–6: Reserved.
Bits 5–4: COBANK: Constant Operations Bank Select.

These bits select which Flash bank is targeted during constant operations (MOVC and Flash 
MOVX) involving addresses 0x8000 to 0xFFFF.  These bits are ignored when accessing the 
Scratchpad memory areas (see Section “15. Flash Memory” on page 199).
00: Constant Operations Target Bank 0 (note that Bank 0 is also mapped between 0x0000 to 
0x7FFF).
01: Constant Operations Target Bank 1.
10: Constant Operations Target Bank 2.
11: Constant Operations Target Bank 3.

Bits 3–2: Reserved.
Bits 1–0: IFBANK: Instruction Fetch Operations Bank Select.

These bits select which Flash bank is used for instruction fetches involving addresses 0x8000 to 
0xFFFF.  These bits can only be changed from code in Bank 0 (see Figure 11.3).
00: Instructions Fetch From Bank 0 (note that Bank 0 is also mapped between 0x0000 to 
0x7FFF).
01: Instructions Fetch From Bank 1.
10: Instructions Fetch From Bank 2.
11: Instructions Fetch From Bank 3.

*Note:  On the C8051F132/3, the COBANK and IFBANK bits should both remain set to the default setting of ‘01’ to 
ensure proper device functionality.
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11.2.2. Data Memory
The CIP-51 implements 256 bytes of internal RAM mapped into the data memory space from 0x00 through
0xFF. The lower 128 bytes of data memory are used for general purpose registers and memory. Either
direct or indirect addressing may be used to access the lower 128 bytes of data memory. Locations 0x00
through 0x1F are addressable as four banks of general purpose registers, each bank consisting of eight
byte-wide registers. The next 16 bytes, locations 0x20 through 0x2F, may either be addressed as bytes or
as 128 bit locations accessible with the direct addressing mode.

The upper 128 bytes of data memory are accessible only by indirect addressing. This region occupies the
same address space as the Special Function Registers (SFR) but is physically separate from the SFR
space. The addressing mode used by an instruction when accessing locations above 0x7F determines
whether the CPU accesses the upper 128 bytes of data memory space or the SFR’s. Instructions that use
direct addressing will access the SFR space. Instructions using indirect addressing above 0x7F access the
upper 128 bytes of data memory. Figure 11.2 illustrates the data memory organization of the CIP-51.

11.2.3. General Purpose Registers
The lower 32 bytes of data memory, locations 0x00 through 0x1F, may be addressed as four banks of gen-
eral-purpose registers. Each bank consists of eight byte-wide registers designated R0 through R7. Only
one of these banks may be enabled at a time. Two bits in the program status word, RS0 (PSW.3) and RS1
(PSW.4), select the active register bank (see description of the PSW in SFR Definition 11.9). This allows
fast context switching when entering subroutines and interrupt service routines. Indirect addressing modes
use registers R0 and R1 as index registers.

11.2.4. Bit Addressable Locations
In addition to direct access to data memory organized as bytes, the sixteen data memory locations at 0x20
through 0x2F are also accessible as 128 individually addressable bits. Each bit has a bit address from
0x00 to 0x7F. Bit 0 of the byte at 0x20 has bit address 0x00 while bit 7 of the byte at 0x20 has bit address
0x07. Bit 7 of the byte at 0x2F has bit address 0x7F. A bit access is distinguished from a full byte access by
the type of instruction used (bit source or destination operands as opposed to a byte source or destina-
tion). The MCS-51™ assembly language allows an alternate notation for bit addressing of the form XX.B
where XX is the byte address and B is the bit position within the byte.

For example, the instruction:

MOV C, 22.3h 
moves the Boolean value at 0x13 (bit 3 of the byte at location 0x22) into the Carry flag.

11.2.5. Stack
A programmer's stack can be located anywhere in the 256 byte data memory. The stack area is designated
using the Stack Pointer (SP, address 0x81) SFR. The SP will point to the last location used. The next value
pushed on the stack is placed at SP+1 and then SP is incremented. A reset initializes the stack pointer to
location 0x07; therefore, the first value pushed on the stack is placed at location 0x08, which is also the
first register (R0) of register bank 1. Thus, if more than one register bank is to be used, the SP should be
initialized to a location in the data memory not being used for data storage. The stack depth can extend up
to 256 bytes. 

The MCUs also have built-in hardware for a stack record which is accessed by the debug logic. The stack
record is a 32-bit shift register, where each PUSH or increment SP pushes one record bit onto the register,
and each CALL pushes two record bits onto the register. (A POP or decrement SP pops one record bit,
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and a RET pops two record bits, also.) The stack record circuitry can also detect an overflow or underflow
on the 32-bit shift register, and can notify the debug software even with the MCU running at speed.

11.2.6. Special Function Registers
The direct-access data memory locations from 0x80 to 0xFF constitute the special function registers
(SFR’s). The SFR’s provide control and data exchange with the CIP-51's resources and peripherals. The
CIP-51 duplicates the SFR’s found in a typical 8051 implementation as well as implementing additional
SFR’s used to configure and access the sub-systems unique to the MCU. This allows the addition of new
functionality while retaining compatibility with the MCS-51™ instruction set. Table 11.2 lists the SFR’s
implemented in the CIP-51 System Controller.

The SFR registers are accessed whenever the direct addressing mode is used to access memory loca-
tions from 0x80 to 0xFF. SFR’s with addresses ending in 0x0 or 0x8 (e.g. P0, TCON, P1, SCON, IE, etc.)
are bit-addressable as well as byte-addressable. All other SFR’s are byte-addressable only. Unoccupied
addresses in the SFR space are reserved for future use. Accessing these areas will have an indeterminate
effect and should be avoided. Refer to the corresponding pages of the datasheet, as indicated in
Table 11.3, for a detailed description of each register.

11.2.6.1.SFR Paging

The CIP-51 features SFR paging, allowing the device to map many SFR’s into the 0x80 to 0xFF memory
address space. The SFR memory space has 256 pages. In this way, each memory location from 0x80 to
0xFF can access up to 256 SFR’s. The C8051F12x family of devices utilizes five SFR pages: 0, 1, 2, 3,
and F. SFR pages are selected using the Special Function Register Page Selection register, SFRPAGE
(see SFR Definition 11.3). The procedure for reading and writing an SFR is as follows:

1. Select the appropriate SFR page number using the SFRPAGE register.
2. Use direct accessing mode to read or write the special function register (MOV instruction).

11.2.6.2.Interrupts and SFR Paging

When an interrupt occurs, the SFR Page Register will automatically switch to the SFR page containing the
flag bit that caused the interrupt. The automatic SFR Page switch function conveniently removes the bur-
den of switching SFR pages from the interrupt service routine. Upon execution of the RETI instruction, the
SFR page is automatically restored to the SFR Page in use prior to the interrupt. This is accomplished via
a three-byte SFR Page Stack. The top byte of the stack is SFRPAGE, the current SFR Page. The second
byte of the SFR Page Stack is SFRNEXT. The third, or bottom byte of the SFR Page Stack is SFRLAST.
On interrupt, the current SFRPAGE value is pushed to the SFRNEXT byte, and the value of SFRNEXT is
pushed to SFRLAST. Hardware then loads SFRPAGE with the SFR Page containing the flag bit associated
with the interrupt. On a return from interrupt, the SFR Page Stack is popped resulting in the value of SFRN-
EXT returning to the SFRPAGE register, thereby restoring the SFR page context without software interven-
tion. The value in SFRLAST (0x00 if there is no SFR Page value in the bottom of the stack) of the stack is
placed in SFRNEXT register. If desired, the values stored in SFRNEXT and SFRLAST may be modified
during an interrupt, enabling the CPU to return to a different SFR Page upon execution of the RETI instruc-
tion (on interrupt exit). Modifying registers in the SFR Page Stack does not cause a push or pop of the
stack. Only interrupt calls and returns will cause push/pop operations on the SFR Page Stack.
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Figure 11.4. SFR Page Stack

Automatic hardware switching of the SFR Page on interrupts may be enabled or disabled as desired using
the SFR Automatic Page Control Enable Bit located in the SFR Page Control Register (SFRPGCN). This
function defaults to ‘enabled’ upon reset. In this way, the autoswitching function will be enabled unless dis-
abled in software.

A summary of the SFR locations (address and SFR page) is provided in Table 11.2. in the form of an SFR
memory map. Each memory location in the map has an SFR page row, denoting the page in which that
SFR resides. Note that certain SFR’s are accessible from ALL SFR pages, and are denoted by the “(ALL
PAGES)” designation. For example, the Port I/O registers P0, P1, P2, and P3 all have the “(ALL PAGES)”
designation, indicating these SFR’s are accessible from all SFR pages regardless of the SFRPAGE regis-
ter value.
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11.2.6.3.SFR Page Stack Example

The following is an example that shows the operation of the SFR Page Stack during interrupts.

In this example, the SFR Page Control is left in the default enabled state (i.e., SFRPGEN = 1), and the
CIP-51 is executing in-line code that is writing values to Port 5 (SFR “P5”, located at address 0xD8 on SFR
Page 0x0F). The device is also using the Programmable Counter Array (PCA) and the 10-bit ADC (ADC2)
window comparator to monitor a voltage. The PCA is timing a critical control function in its interrupt service
routine (ISR), so its interrupt is enabled and is set to high priority. The ADC2 is monitoring a voltage that is
less important, but to minimize the software overhead its window comparator is being used with an associ-
ated ISR that is set to low priority. At this point, the SFR page is set to access the Port 5 SFR (SFRPAGE =
0x0F). See Figure 11.5 below.

Figure 11.5. SFR Page Stack While Using SFR Page 0x0F To Access Port 5

While CIP-51 executes in-line code (writing values to Port 5 in this example), ADC2 Window Comparator
Interrupt occurs. The CIP-51 vectors to the ADC2 Window Comparator ISR and pushes the current SFR
Page value (SFR Page 0x0F) into SFRNEXT in the SFR Page Stack. The SFR page needed to access
ADC2’s SFR’s is then automatically placed in the SFRPAGE register (SFR Page 0x02). SFRPAGE is con-
sidered the “top” of the SFR Page Stack. Software can now access the ADC2 SFR’s. Software may switch
to any SFR Page by writing a new value to the SFRPAGE register at any time during the ADC2 ISR to
access SFR’s that are not on SFR Page 0x02. See Figure 11.6 below.
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Figure 11.6. SFR Page Stack After ADC2 Window Comparator Interrupt Occurs

While in the ADC2 ISR, a PCA interrupt occurs. Recall the PCA interrupt is configured as a high priority
interrupt, while the ADC2 interrupt is configured as a low priority interrupt. Thus, the CIP-51 will now vector
to the high priority PCA ISR. Upon doing so, the CIP-51 will automatically place the SFR page needed to
access the PCA’s special function registers into the SFRPAGE register, SFR Page 0x00. The value that
was in the SFRPAGE register before the PCA interrupt (SFR Page 2 for ADC2) is pushed down the stack
into SFRNEXT. Likewise, the value that was in the SFRNEXT register before the PCA interrupt (in this
case SFR Page 0x0F for Port 5) is pushed down to the SFRLAST register, the “bottom” of the stack. Note
that a value stored in SFRLAST (via a previous software write to the SFRLAST register) will be overwritten.
See Figure 11.7 below.
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Figure 11.7. SFR Page Stack Upon PCA Interrupt Occurring During an ADC2 ISR

On exit from the PCA interrupt service routine, the CIP-51 will return to the ADC2 Window Comparator
ISR. On execution of the RETI instruction, SFR Page 0x00 used to access the PCA registers will be auto-
matically popped off of the SFR Page Stack, and the contents of the SFRNEXT register will be moved to
the SFRPAGE register. Software in the ADC2 ISR can continue to access SFR’s as it did prior to the PCA
interrupt. Likewise, the contents of SFRLAST are moved to the SFRNEXT register. Recall this was the
SFR Page value 0x0F being used to access Port 5 before the ADC2 interrupt occurred. See Figure 11.8
below.

Figure 11.8. SFR Page Stack Upon Return From PCA Interrupt
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On the execution of the RETI instruction in the ADC2 Window Comparator ISR, the value in SFRPAGE
register is overwritten with the contents of SFRNEXT. The CIP-51 may now access the Port 5 SFR bits as
it did prior to the interrupts occurring. See Figure 11.9 below.

Figure 11.9. SFR Page Stack Upon Return From ADC2 Window Interrupt

Note that in the above example, all three bytes in the SFR Page Stack are accessible via the SFRPAGE,
SFRNEXT, and SFRLAST special function registers. If the stack is altered while servicing an interrupt, it is
possible to return to a different SFR Page upon interrupt exit than selected prior to the interrupt call. Direct
access to the SFR Page stack can be useful to enable real-time operating systems to control and manage
context switching between multiple tasks. 

Push operations on the SFR Page Stack only occur on interrupt service, and pop operations only occur on
interrupt exit (execution on the RETI instruction). The automatic switching of the SFRPAGE and operation
of the SFR Page Stack as described above can be disabled in software by clearing the SFR Automatic
Page Enable Bit (SFRPGEN) in the SFR Page Control Register (SFRPGCN). See SFR Definition 11.2.

0x0F

(Port 5)
SFRPAGE

SFRLAST

SFRNEXT

SFR Page 0x02
Automatically

popped off of the
stack on return from

interrupt

SFRNEXT
popped to
SFRPAGE
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SFR Definition 11.2. SFRPGCN: SFR Page Control

SFR Definition 11.3. SFRPAGE: SFR Page

Bits7–1: Reserved.
Bit0: SFRPGEN: SFR Automatic Page Control Enable.

Upon interrupt, the C8051 Core will vector to the specified interrupt service routine and auto-
matically switch the SFR page to the corresponding peripheral or function’s SFR page. This 
bit is used to control this autopaging function.
0: SFR Automatic Paging disabled. C8051 core will not automatically change to the appro-
priate SFR page (i.e., the SFR page that contains the SFR’s for the peripheral/function that 
was the source of the interrupt).
1: SFR Automatic Paging enabled. Upon interrupt, the C8051 will switch the SFR page to 
the page that contains the SFR’s for the peripheral or function that is the source of the inter-
rupt.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - - - - SFRPGEN 00000001
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x96
F

Bits7–0: SFR Page Bits: Byte Represents the SFR Page the C8051 MCU uses when reading or mod-
ifying SFR’s.
Write: Sets the SFR Page.
Read: Byte is the SFR page the C8051 MCU is using.

When enabled in the SFR Page Control Register (SFRPGCN), the C8051 will automatically 
switch to the SFR Page that contains the SFR’s of the corresponding peripheral/function that 
caused the interrupt, and return to the previous SFR page upon return from interrupt (unless 
SFR Stack was altered before a returning from the interrupt). 
SFRPAGE is the top byte of the SFR Page Stack, and push/pop events of this stack are 
caused by interrupts (and not by reading/writing to the SFRPAGE register)

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x84
All Pages
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SFR Definition 11.4. SFRNEXT: SFR Next Register 

SFR Definition 11.5. SFRLAST: SFR Last Register  

Bits7–0: SFR Page Stack Bits: SFR page context is retained upon interrupts/return from interrupts in 
a 3 byte SFR Page Stack: SFRPAGE is the first entry, SFRNEXT is the second, and SFR-
LAST is the third entry. The SFR stack bytes may be used alter the context in the SFR Page 
Stack, and will not cause the stack to ‘push’ or ‘pop’. Only interrupts and return from inter-
rupts cause pushes and pops of the SFR Page Stack.

Write: Sets the SFR Page contained in the second byte of the SFR Stack. This will cause 
the SFRPAGE SFR to have this SFR page value upon a return from interrupt.

Read: Returns the value of the SFR page contained in the second byte of the SFR stack. 
This is the value that will go to the SFR Page register upon a return from interrupt.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x85
All Pages

Bits7–0: SFR Page Stack Bits: SFR page context is retained upon interrupts/return from interrupts in 
a 3 byte SFR Page Stack: SFRPAGE is the first entry, SFRNEXT is the second, and SFR-
LAST is the third entry. The SFR stack bytes may be used alter the context in the SFR Page 
Stack, and will not cause the stack to ‘push’ or ‘pop’. Only interrupts and return from inter-
rupts cause pushes and pops of the SFR Page Stack.

Write: Sets the SFR Page in the last entry of the SFR Stack. This will cause the SFRNEXT 
SFR to have this SFR page value upon a return from interrupt.

Read: Returns the value of the SFR page contained in the last entry of the SFR stack.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x86
All Pages
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Table 11.2. Special Function Register (SFR) Memory Map

A
D

D
R

E
S

S

S
FR

 P
ag

e

0(8) 1(9) 2(A) 3(B) 4(C) 5(D) 6(E) 7(F)

F8

0
1
2
3
F

SPI0CN

P7

PCA0L PCA0H PCA0CPL0 PCA0CPH0 PCA0CPL1 PCA0CPH1
WDTCN

(ALL 
PAGES)

F0

0
1
2
3
F

B 
(ALL 

PAGES)

EIP1
(ALL 

PAGES)

EIP2
(ALL 

PAGES)

E8

0
1
2
3
F

ADC0CN

ADC2CN

P6

PCA0CPL2 PCA0CPH2 PCA0CPL3 PCA0CPH3 PCA0CPL4 PCA0CPH4 RSTSRC

E0

0
1
2
3
F

ACC
(ALL 

PAGES)

PCA0CPL5

XBR0

PCA0CPH5

XBR1 XBR2

EIE1
(ALL 

PAGES)

EIE2
(ALL 

PAGES)

D8

0
1
2
3
F

PCA0CN

P5

PCA0MD PCA0CPM0 PCA0CPM1 PCA0CPM2 PCA0CPM3 PCA0CPM4 PCA0CPM5

D0

0
1
2
3
F

PSW
(ALL 

PAGES)

REF0CN DAC0L
DAC1L

DAC0H
DAC1H

DAC0CN
DAC1CN

C8

0
1
2
3
F

TMR2CN
TMR3CN
TMR4CN

P4

TMR2CF
TMR3CF
TMR4CF

RCAP2L
RCAP3L
RCAP4L

RCAP2H
RCAP3H
RCAP4H

TMR2L
TMR3L
TMR4L

TMR2H
TMR3H
TMR4H

MAC0RNDL

SMB0CR

MAC0RNDH

C0

0
1
2
3
F

SMB0CN

MAC0STA

SMB0STA

MAC0AL

SMB0DAT

MAC0AH

SMB0ADR

MAC0CF

ADC0GTL

ADC2GT

ADC0GTH ADC0LTL

ADC2LT

ADC0LTH

0(8) 1(9) 2(A) 3(B) 4(C) 5(D) 6(E) 7(F)
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B8

0
1
2
3
F

IP
(ALL 

PAGES)

SADEN0 AMX0CF

AMX2CF

AMX0SL

AMX2SL

ADC0CF

ADC2CF

ADC0L

ADC2

ADC0H

B0

0
1
2
3
F

P3
(ALL 

PAGES)

PSBANK
(ALL 

PAGES)

FLSCL

FLACL

A8

0
1
2
3
F

IE
(ALL 

PAGES)

SADDR0

P1MDIN

A0

0
1
2
3
F

P2
(ALL 

PAGES)

EMI0TC

CCH0CN

EMI0CN

CCH0TN

EMI0CF

CCH0LC P0MDOUT P1MDOUT P2MDOUT P3MDOUT

98

0
1
2
3
F

SCON0
SCON1

SBUF0
SBUF1

SPI0CFG

CCH0MA

SPI0DAT

P4MDOUT

SPI0CKR

P5MDOUT P6MDOUT P7MDOUT

90

0
1
2
3
F

P1
(ALL 

PAGES)

SSTA0

MAC0BL MAC0BH MAC0ACC0 MAC0ACC1 MAC0ACC2 MAC0ACC3
SFRPGCN

MAC0OVR
CLKSEL

88

0
1
2
3
F

TCON
CPT0CN
CPT1CN

FLSTAT

TMOD
CPT0MD
CPT1MD

PLL0CN

TL0

OSCICN

TL1

OSCICL

TH0

OSCXCN

TH1

PLL0DIV

CKCON

PLL0MUL

PSCTL

PLL0FLT

80

0
1
2
3
F

P0
(ALL 

PAGES)

SP
(ALL 

PAGES)

DPL
(ALL 

PAGES)

DPH
(ALL 

PAGES)

SFRPAGE
(ALL 

PAGES)

SFRNEXT
(ALL 

PAGES)

SFRLAST
(ALL 

PAGES)

PCON
(ALL 

PAGES)

Table 11.2. Special Function Register (SFR) Memory Map (Continued)

0(8) 1(9) 2(A) 3(B) 4(C) 5(D) 6(E) 7(F)
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Table 11.3. Special Function Registers
SFRs are listed in alphabetical order. All undefined SFR locations are reserved.

Register Address SFR 
Page Description Page No.

ACC 0xE0 All Pages Accumulator page 153
ADC0CF 0xBC 0 ADC0 Configuration page 621, page 802

ADC0CN 0xE8 0 ADC0 Control page 631, page 812

ADC0GTH 0xC5 0 ADC0 Greater-Than High Byte page 661, page 842

ADC0GTL 0xC4 0 ADC0 Greater-Than Low Byte page 661, page 842

ADC0H 0xBF 0 ADC0 Data Word High Byte page 641, page 822

ADC0L 0xBE 0 ADC0 Data Word Low Byte page 641, page 822

ADC0LTH 0xC7 0 ADC0 Less-Than High Byte page 671, page 852

ADC0LTL 0xC6 0 ADC0 Less-Than Low Byte page 671, page 852

ADC2 0xBE 2 ADC2 Data Word page 993

ADC2CF 0xBC 2 ADC2 Configuration page 973

ADC2CN 0xE8 2 ADC2 Control page 983

ADC2GT 0xC4 2 ADC2 Greater-Than page 1023

ADC2LT 0xC6 2 ADC2 Less-Than page 1023

AMX0CF 0xBA 0 ADC0 Multiplexer Configuration page 601, page 782

AMX0SL 0xBB 0 ADC0 Multiplexer Channel Select page 611, page 792

AMX2CF 0xBA 2 ADC2 Multiplexer Configuration page 953

AMX2SL 0xBB 2 ADC2 Multiplexer Channel Select page 963

B 0xF0 All Pages B Register page 153
CCH0CN 0xA1 F Cache Control page 215
CCH0LC 0xA3 F Cache Lock page 216
CCH0MA 0x9A F Cache Miss Accumulator page 217
CCH0TN 0xA2 F Cache Tuning page 216
CKCON 0x8E 0 Clock Control page 315
CLKSEL 0x97 F System Clock Select page 188
CPT0CN 0x88 1 Comparator 0 Control page 123
CPT0MD 0x89 1 Comparator 0 Configuration page 123
CPT1CN 0x88 2 Comparator 1 Control page 124
CPT1MD 0x89 2 Comparator 1 Configuration page 125
DAC0CN 0xD4 0 DAC0 Control page 1083

DAC0H 0xD3 0 DAC0 High Byte page 1073

DAC0L 0xD2 0 DAC0 Low Byte page 1073

DAC1CN 0xD4 1 DAC1 Control page 1103

DAC1H 0xD3 1 DAC1 High Byte page 1093

DAC1L 0xD2 1 DAC1 Low Byte page 1093

DPH 0x83 All Pages Data Pointer High Byte page 151
DPL 0x82 All Pages Data Pointer Low Byte page 151
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EIE1 0xE6 All Pages Extended Interrupt Enable 1 page 159
EIE2 0xE7 All Pages Extended Interrupt Enable 2 page 160
EIP1 0xF6 All Pages Extended Interrupt Priority 1 page 161
EIP2 0xF7 All Pages Extended Interrupt Priority 2 page 162
EMI0CF 0xA3 0 EMIF Configuration page 221
EMI0CN 0xA2 0 EMIF Control page 220
EMI0TC 0xA1 0 EMIF Timing Control page 226
FLACL 0xB7 F Flash Access Limit page 206
FLSCL 0xB7 0 Flash Scale page 208
FLSTAT 0x88 F Flash Status page 217
IE 0xA8 All Pages Interrupt Enable page 157
IP 0xB8 All Pages Interrupt Priority page 158
MAC0ACC0 0x93 3 MAC0 Accumulator Byte 0 (LSB) page 1744

MAC0ACC1 0x94 3 MAC0 Accumulator Byte 1 page 1734

MAC0ACC2 0x95 3 MAC0 Accumulator Byte 2 page 1734

MAC0ACC3 0x96 3 MAC0 Accumulator Byte 3 (MSB) page 1734

MAC0AH 0xC2 3 MAC0 A Register High Byte page 1714

MAC0AL 0xC1 3 MAC0 A Register Low Byte page 1724

MAC0BH 0x92 3 MAC0 B Register High Byte page 1724

MAC0BL 0x91 3 MAC0 B Register Low Byte page 1724

MAC0CF 0xC3 3 MAC0 Configuration page 1704

MAC0OVR 0x97 3 MAC0 Accumulator Overflow page 1744

MAC0RNDH 0xCF 3 MAC0 Rounding Register High Byte page 1744

MAC0RNDL 0xCE 3 MAC0 Rounding Register Low Byte page 1754

MAC0STA 0xC0 3 MAC0 Status Register page 1714

OSCICL 0x8B F Internal Oscillator Calibration page 186
OSCICN 0x8A F Internal Oscillator Control page 186
OSCXCN 0x8C F External Oscillator Control page 189
P0 0x80 All Pages Port 0 Latch page 248
P0MDOUT 0xA4 F Port 0 Output Mode Configuration page 248
P1 0x90 All Pages Port 1 Latch page 249
P1MDIN 0xAD F Port 1 Input Mode page 249
P1MDOUT 0xA5 F Port 1 Output Mode Configuration page 250
P2 0xA0 All Pages Port 2 Latch page 250
P2MDOUT 0xA6 F Port 2 Output Mode Configuration page 251
P3 0xB0 All Pages Port 3 Latch page 251
P3MDOUT 0xA7 F Port 3 Output Mode Configuration page 252
P4 0xC8 F Port 4 Latch page 254
P4MDOUT 0x9C F Port 4 Output Mode Configuration page 254
P5 0xD8 F Port 5 Latch page 255
P5MDOUT 0x9D F Port 5 Output Mode Configuration page 255

Table 11.3. Special Function Registers (Continued)
SFRs are listed in alphabetical order. All undefined SFR locations are reserved.

Register Address SFR 
Page Description Page No.
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P6 0xE8 F Port 6 Latch page 256
P6MDOUT 0x9E F Port 6 Output Mode Configuration page 256
P7 0xF8 F Port 7 Latch page 257
P7MDOUT 0x9F F Port 7 Output Mode Configuration page 257
PCA0CN 0xD8 0 PCA Control page 335
PCA0CPH0 0xFC 0 PCA Module 0 Capture/Compare High Byte page 339
PCA0CPH1 0xFE 0 PCA Module 1 Capture/Compare High Byte page 339
PCA0CPH2 0xEA 0 PCA Module 2 Capture/Compare High Byte page 339
PCA0CPH3 0xEC 0 PCA Module 3 Capture/Compare High Byte page 339
PCA0CPH4 0xEE 0 PCA Module 4 Capture/Compare High Byte page 339
PCA0CPH5 0xE2 0 PCA Module 5 Capture/Compare High Byte page 339
PCA0CPL0 0xFB 0 PCA Module 0 Capture/Compare Low Byte page 338
PCA0CPL1 0xFD 0 PCA Module 1 Capture/Compare Low Byte page 338
PCA0CPL2 0xE9 0 PCA Module 2 Capture/Compare Low Byte page 338
PCA0CPL3 0xEB 0 PCA Module 3 Capture/Compare Low Byte page 338
PCA0CPL4 0xED 0 PCA Module 4 Capture/Compare Low Byte page 338
PCA0CPL5 0xE1 0 PCA Module 5 Capture/Compare Low Byte page 338
PCA0CPM0 0xDA 0 PCA Module 0 Mode page 337
PCA0CPM1 0xDB 0 PCA Module 1 Mode page 337
PCA0CPM2 0xDC 0 PCA Module 2 Mode page 337
PCA0CPM3 0xDD 0 PCA Module 3 Mode page 337
PCA0CPM4 0xDE 0 PCA Module 4 Mode page 337
PCA0CPM5 0xDF 0 PCA Module 5 Mode page 337
PCA0H 0xFA 0 PCA Counter High Byte page 338
PCA0L 0xF9 0 PCA Counter Low Byte page 338
PCA0MD 0xD9 0 PCA Mode page 336
PCON 0x87 All Pages Power Control page 164
PLL0CN 0x89 F PLL Control page 193
PLL0DIV 0x8D F PLL Divider page 194
PLL0FLT 0x8F F PLL Filter page 195
PLL0MUL 0x8E F PLL Multiplier page 194
PSBANK 0xB1 All Pages Flash Bank Select page 134
PSCTL 0x8F 0 Flash Write/Erase Control page 209
PSW 0xD0 All Pages Program Status Word page 152
RCAP2H 0xCB 0 Timer/Counter 2 Capture/Reload High Byte page 323
RCAP2L 0xCA 0 Timer/Counter 2 Capture/Reload Low Byte page 323
RCAP3H 0xCB 1 Timer 3 Capture/Reload High Byte page 323
RCAP3L 0xCA 1 Timer 3 Capture/Reload Low Byte page 323
RCAP4H 0xCB 2 Timer/Counter 4 Capture/Reload High Byte page 323
RCAP4L 0xCA 2 Timer/Counter 4 Capture/Reload Low Byte page 323

Table 11.3. Special Function Registers (Continued)
SFRs are listed in alphabetical order. All undefined SFR locations are reserved.

Register Address SFR 
Page Description Page No.
148 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
REF0CN 0xD1 0 Voltage Reference Control
page 1145, 
page 1166, 
page 1177

RSTSRC 0xEF 0 Reset Source page 182
SADDR0 0xA9 0 UART 0 Slave Address page 298
SADEN0 0xB9 0 UART 0 Slave Address Mask page 298
SBUF0 0x99 0 UART 0 Data Buffer page 298
SBUF1 0x99 1 UART 1 Data Buffer page 305
SCON0 0x98 0 UART 0 Control page 296
SCON1 0x98 1 UART 1 Control page 304
SFRLAST 0x86 All Pages SFR Stack Last Page page 143
SFRNEXT 0x85 All Pages SFR Stack Next Page page 143
SFRPAGE 0x84 All Pages SFR Page Select page 142
SFRPGCN 0x96 F SFR Page Control page 142
SMB0ADR 0xC3 0 SMBus Slave Address page 269
SMB0CN 0xC0 0 SMBus Control page 266
SMB0CR 0xCF 0 SMBus Clock Rate page 267
SMB0DAT 0xC2 0 SMBus Data page 268
SMB0STA 0xC1 0 SMBus Status page 269
SP 0x81 All Pages Stack Pointer page 151
SPI0CFG 0x9A 0 SPI Configuration page 280
SPI0CKR 0x9D 0 SPI Clock Rate Control page 282
SPI0CN 0xF8 0 SPI Control page 281
SPI0DAT 0x9B 0 SPI Data page 282
SSTA0 0x91 0 UART 0 Status page 297
TCON 0x88 0 Timer/Counter Control page 313
TH0 0x8C 0 Timer/Counter 0 High Byte page 316
TH1 0x8D 0 Timer/Counter 1 High Byte page 316
TL0 0x8A 0 Timer/Counter 0 Low Byte page 315
TL1 0x8B 0 Timer/Counter 1 Low Byte page 316
TMOD 0x89 0 Timer/Counter Mode page 314
TMR2CF 0xC9 0 Timer/Counter 2 Configuration page 324
TMR2CN 0xC8 0 Timer/Counter 2 Control page 324
TMR2H 0xCD 0 Timer/Counter 2 High Byte page 324
TMR2L 0xCC 0 Timer/Counter 2 Low Byte page 323
TMR3CF 0xC9 1 Timer 3 Configuration page 324
TMR3CN 0xC8 1 Timer 3 Control page 324
TMR3H 0xCD 1 Timer 3 High Byte page 324
TMR3L 0xCC 1 Timer 3 Low Byte page 323
TMR4CF 0xC9 2 Timer/Counter 4 Configuration page 324
TMR4CN 0xC8 2 Timer/Counter 4 Control page 324
TMR4H 0xCD 2 Timer/Counter 4 High Byte page 324

Table 11.3. Special Function Registers (Continued)
SFRs are listed in alphabetical order. All undefined SFR locations are reserved.

Register Address SFR 
Page Description Page No.
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TMR4L 0xCC 2 Timer/Counter 4 Low Byte page 323
WDTCN 0xFF All Pages Watchdog Timer Control page 181
XBR0 0xE1 F Port I/O Crossbar Control 0 page 245
XBR1 0xE2 F Port I/O Crossbar Control 1 page 246
XBR2 0xE3 F Port I/O Crossbar Control 2 page 247
Notes:

1. Refers to a register in the C8051F120/1/4/5 only. 
2. Refers to a register in the C8051F122/3/6/7 and C8051F130/1/2/3 only.
3. Refers to a register in the C8051F120/1/2/3/4/5/6/7 only.
4. Refers to a register in the C8051F120/1/2/3 and C8051F130/1/2/3 only.
5. Refers to a register in the C8051F120/2/4/6 only. 
6. Refers to a register in the C8051F121/3/5/7 only.
7. Refers to a register in the C8051F130/1/2/3 only.

Table 11.3. Special Function Registers (Continued)
SFRs are listed in alphabetical order. All undefined SFR locations are reserved.

Register Address SFR 
Page Description Page No.
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11.2.7. Register Descriptions
Following are descriptions of SFRs related to the operation of the CIP-51 System Controller. Reserved bits
should not be set to logic l. Future product versions may use these bits to implement new features in which
case the reset value of the bit will be logic 0, selecting the feature's default state. Detailed descriptions of
the remaining SFRs are included in the sections of the datasheet associated with their corresponding sys-
tem function.

SFR Definition 11.6. SP: Stack Pointer

SFR Definition 11.7. DPL: Data Pointer Low Byte

SFR Definition 11.8. DPH: Data Pointer High Byte 

Bits7–0: SP: Stack Pointer.
The Stack Pointer holds the location of the top of the stack. The stack pointer is incremented 
before every PUSH operation. The SP register defaults to 0x07 after reset.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x81
All Pages

Bits7–0: DPL: Data Pointer Low.
The DPL register is the low byte of the 16-bit DPTR. DPTR is used to access indirectly 
addressed XRAM and Flash memory.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x82
All Pages

Bits7–0: DPH: Data Pointer High.
The DPH register is the high byte of the 16-bit DPTR. DPTR is used to access indirectly 
addressed XRAM and Flash memory.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x83
All Pages
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SFR Definition 11.9. PSW: Program Status Word

Bit7: CY: Carry Flag.
This bit is set when the last arithmetic operation resulted in a carry (addition) or a borrow 
(subtraction). It is cleared to 0 by all other arithmetic operations.

Bit6: AC: Auxiliary Carry Flag
This bit is set when the last arithmetic operation resulted in a carry into (addition) or a borrow 
from (subtraction) the high order nibble. It is cleared to 0 by all other arithmetic operations.

Bit5: F0: User Flag 0.
This is a bit-addressable, general purpose flag for use under software control.

Bits4–3: RS1–RS0: Register Bank Select.
These bits select which register bank is used during register accesses.

Bit2: OV: Overflow Flag.
This bit is set to 1 under the following circumstances:
• An ADD, ADDC, or SUBB instruction causes a sign-change overflow.
• A MUL instruction results in an overflow (result is greater than 255).
• A DIV instruction causes a divide-by-zero condition.
The OV bit is cleared to 0 by the ADD, ADDC, SUBB, MUL, and DIV instructions in all other 
cases.

Bit1: F1: User Flag 1.
This is a bit-addressable, general purpose flag for use under software control.

Bit0: PARITY: Parity Flag.
This bit is set to 1 if the sum of the eight bits in the accumulator is odd and cleared if the sum 
is even.

R/W R/W R/W R/W R/W R/W R/W R Reset Value

CY AC F0 RS1 RS0 OV F1 PARITY 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xD0
All Pages

RS1 RS0 Register Bank Address
0 0 0 0x00–0x07

0 1 1 0x08–0x0F

1 0 2 0x10–0x17

1 1 3 0x18–0x1F
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SFR Definition 11.10. ACC: Accumulator

SFR Definition 11.11. B: B Register 

Bits7–0: ACC: Accumulator.
This register is the accumulator for arithmetic operations.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

ACC.7 ACC.6 ACC.5 ACC.4 ACC.3 ACC.2 ACC.1 ACC.0 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xE0
All Pages

Bits7–0: B: B Register.
This register serves as a second accumulator for certain arithmetic operations.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

B.7 B.6 B.5 B.4 B.3 B.2 B.1 B.0 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xF0
All Pages
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11.3. Interrupt Handler
The CIP-51 includes an extended interrupt system supporting a total of 20 interrupt sources with two prior-
ity levels. The allocation of interrupt sources between on-chip peripherals and external input pins varies
according to the specific version of the device. Each interrupt source has one or more associated interrupt-
pending flag(s) located in an SFR. When a peripheral or external source meets a valid interrupt condition,
the associated interrupt-pending flag is set to logic 1.

If interrupts are enabled for the source, an interrupt request is generated when the interrupt-pending flag is
set. As soon as execution of the current instruction is complete, the CPU generates an LCALL to a prede-
termined address to begin execution of an interrupt service routine (ISR). Each ISR must end with an RETI
instruction, which returns program execution to the next instruction that would have been executed if the
interrupt request had not occurred. If interrupts are not enabled, the interrupt-pending flag is ignored by the
hardware and program execution continues as normal. (The interrupt-pending flag is set to logic 1 regard-
less of the interrupt's enable/disable state.)

Each interrupt source can be individually enabled or disabled through the use of an associated interrupt
enable bit in an SFR (IE, EIE1, or EIE2). However, interrupts must first be globally enabled by setting the
EA bit (IE.7) to logic 1 before the individual interrupt enables are recognized. Setting the EA bit to logic 0
disables all interrupt sources regardless of the individual interrupt-enable settings.

Note: Any instruction that clears the EA bit should be immediately followed by an instruction that has two
or more opcode bytes. For example:

// in 'C':
EA = 0; // clear EA bit.
EA = 0; // this is a dummy instruction with two-byte opcode.

; in assembly:
CLR EA ; clear EA bit.
CLR EA ; this is a dummy instruction with two-byte opcode.

If an interrupt is posted during the execution phase of a "CLR EA" opcode (or any instruction which clears
the EA bit), and the instruction is followed by a single-cycle instruction, the interrupt may be taken. How-
ever, a read of the EA bit will return a '0' inside the interrupt service routine. When the "CLR EA" opcode is
followed by a multi-cycle instruction, the interrupt will not be taken.

Some interrupt-pending flags are automatically cleared by the hardware when the CPU vectors to the ISR.
However, most are not cleared by the hardware and must be cleared by software before returning from the
ISR. If an interrupt-pending flag remains set after the CPU completes the return-from-interrupt (RETI)
instruction, a new interrupt request will be generated immediately and the CPU will re-enter the ISR after
the completion of the next instruction. 

11.3.1. MCU Interrupt Sources and Vectors
The MCUs support 20 interrupt sources. Software can simulate an interrupt event by setting any interrupt-
pending flag to logic 1. If interrupts are enabled for the flag, an interrupt request will be generated and the
CPU will vector to the ISR address associated with the interrupt-pending flag. MCU interrupt sources,
associated vector addresses, priority order and control bits are summarized in Table 11.4. Refer to the
datasheet section associated with a particular on-chip peripheral for information regarding valid interrupt
conditions for the peripheral and the behavior of its interrupt-pending flag(s).
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11.3.2. External Interrupts
Two of the external interrupt sources (/INT0 and /INT1) are configurable as active-low level-sensitive or
active-low edge-sensitive inputs depending on the setting of bits IT0 (TCON.0) and IT1 (TCON.2). IE0
(TCON.1) and IE1 (TCON.3) serve as the interrupt-pending flag for the /INT0 and /INT1 external interrupts,
respectively. If an /INT0 or /INT1 external interrupt is configured as edge-sensitive, the corresponding
interrupt-pending flag is automatically cleared by the hardware when the CPU vectors to the ISR. When
configured as level sensitive, the interrupt-pending flag follows the state of the external interrupt's input pin.
The external interrupt source must hold the input active until the interrupt request is recognized. It must
then deactivate the interrupt request before execution of the ISR completes or another interrupt request
will be generated.

Table 11.4. Interrupt Summary 

Interrupt Source
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Enable 
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Priority 
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Reset 0x0000 Top None N/A N/A 0 Always 
Enabled

Always 
Highest

External Interrupt 0 (/INT0) 0x0003 0 IE0 (TCON.1) Y Y 0 EX0 (IE.0) PX0 (IP.0)
Timer 0 Overflow 0x000B 1 TF0 (TCON.5) Y Y 0 ET0 (IE.1) PT0 (IP.1)
External Interrupt 1 (/INT1) 0x0013 2 IE1 (TCON.3) Y Y 0 EX1 (IE.2) PX1 (IP.2)
Timer 1 Overflow 0x001B 3 TF1 (TCON.7) Y Y 0 ET1 (IE.3) PT1 (IP.3)

UART0 0x0023 4 RI0 (SCON0.0)
TI0 (SCON0.1) Y 0 ES0 (IE.4) PS0 (IP.4)

Timer 2 0x002B 5 TF2 (TMR2CN.7)
EXF2 (TMR2CN.6) Y 0 ET2 (IE.5) PT2 (IP.5)

Serial Peripheral Interface 0x0033 6

SPIF (SPI0CN.7)
WCOL (SPI0CN.6)
MODF (SPI0CN.5)
RXOVRN (SPI0CN.4)

Y 0 ESPI0 
(EIE1.0)

PSPI0 
(EIP1.0)

SMBus Interface 0x003B 7 SI (SMB0CN.3) Y 0 ESMB0 
(EIE1.1)

PSMB0 
(EIP1.1)

ADC0 Window Comparator 0x0043 8 AD0WINT 
(ADC0CN.1) Y 0 EWADC0 

(EIE1.2)
PWADC0 
(EIP1.2)

Programmable Counter 
Array 0x004B 9 CF (PCA0CN.7)

CCFn (PCA0CN.n) Y 0 EPCA0 
(EIE1.3)

PPCA0 
(EIP1.3)

Comparator 0 Falling Edge 0x0053 10 CP0FIF (CPT0CN.4) Y 1 ECP0F 
(EIE1.4)

PCP0F 
(EIP1.4)

Comparator 0 Rising Edge 0x005B 11 CP0RIF (CPT0CN.5) Y 1 ECP0R 
(EIE1.5)

PCP0R 
(EIP1.5)

Comparator 1 Falling Edge 0x0063 12 CP1FIF (CPT1CN.4) Y 2 ECP1F 
(EIE1.6)

PCP1F 
(EIP1.6)
Rev. 1.4 155



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
11.3.3. Interrupt Priorities
Each interrupt source can be individually programmed to one of two priority levels: low or high. A low prior-
ity interrupt service routine can be preempted by a high priority interrupt. A high priority interrupt cannot be
preempted. Each interrupt has an associated interrupt priority bit in an SFR (IP-EIP2) used to configure its
priority level. Low priority is the default. If two interrupts are recognized simultaneously, the interrupt with
the higher priority is serviced first. If both interrupts have the same priority level, a fixed priority order is
used to arbitrate, given in Table 11.4.

11.3.4. Interrupt Latency
Interrupt response time depends on the state of the CPU when the interrupt occurs. Pending interrupts are
sampled and priority decoded each system clock cycle. Therefore, the fastest possible response time is
5 system clock cycles: 1 clock cycle to detect the interrupt and 4 clock cycles to complete the LCALL to the
ISR. Additional clock cycles will be required if a cache miss occurs (see Section “16. Branch Target
Cache” on page 211 for more details). If an interrupt is pending when a RETI is executed, a single instruc-
tion is executed before an LCALL is made to service the pending interrupt. Therefore, the maximum
response time for an interrupt (when no other interrupt is currently being serviced or the new interrupt is of
greater priority) is when the CPU is performing an RETI instruction followed by a DIV as the next instruc-
tion, and a cache miss event also occurs. If the CPU is executing an ISR for an interrupt with equal or
higher priority, the new interrupt will not be serviced until the current ISR completes, including the RETI
and following instruction.

Comparator 1 Rising Edge 0x006B 13 CP1RIF (CPT1CN.5) Y 2 ECP1R 
(EIE1.7)

PCP1F 
(EIP1.7)

Timer 3 0x0073 14 TF3 (TMR3CN.7)
EXF3 (TMR3CN.6) Y 1 ET3 

(EIE2.0)
PT3 
(EIP2.0)

ADC0 End of Conversion 0x007B 15 AD0INT (ADC0CN.5) Y 0 EADC0 
(EIE2.1)

PADC0 
(EIP2.1)

Timer 4 0x0083 16 TF4 (TMR4CN.7)
EXF4 (TMR4CN.7) Y 2 ET4 

(EIE2.2)
PT4 
(EIP2.2)

ADC2 Window Comparator 0x008B 17 AD2WINT 
(ADC2CN.0) Y 2 EWADC2 

(EIE2.3)
PWADC2 
(EIP2.3)

ADC2 End of Conversion 0x0093 18 AD2INT (ADC2CN.5) Y 2 EADC2
(EIE2.4)

PADC2
(EIP2.4)

RESERVED 0x009B 19 N/A N/A N/A N/A N/A N/A

UART1 0x00A3 20 RI1 (SCON1.0)
TI1 (SCON1.1) Y 1 ES1 

(EIE2.6)
PS1
(EIP2.6)

Table 11.4. Interrupt Summary  (Continued)
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11.3.5. Interrupt Register Descriptions
The SFRs used to enable the interrupt sources and set their priority level are described below. Refer to the
datasheet section associated with a particular on-chip peripheral for information regarding valid interrupt
conditions for the peripheral and the behavior of its interrupt-pending flag(s).

SFR Definition 11.12. IE: Interrupt Enable

Bit7: EA: Enable All Interrupts.
This bit globally enables/disables all interrupts. It overrides the individual interrupt mask set-
tings.
0: Disable all interrupt sources.
1: Enable each interrupt according to its individual mask setting.

Bit6: IEGF0: General Purpose Flag 0.
This is a general purpose flag for use under software control.

Bit5: ET2: Enabler Timer 2 Interrupt.
This bit sets the masking of the Timer 2 interrupt.
0: Disable Timer 2 interrupt.
1: Enable Timer 2 interrupt.

Bit4: ES0: Enable UART0 Interrupt.
This bit sets the masking of the UART0 interrupt.
0: Disable UART0 interrupt.
1: Enable UART0 interrupt.

Bit3: ET1: Enable Timer 1 Interrupt. 
This bit sets the masking of the Timer 1 interrupt.    
0: Disable Timer 1 interrupt.
1: Enable Timer 1 interrupt.

Bit2: EX1: Enable External Interrupt 1. 
This bit sets the masking of External Interrupt 1.    
0: Disable External Interrupt 1.
1: Enable External Interrupt 1.

Bit1: ET0: Enable Timer 0 Interrupt. 
This bit sets the masking of the Timer 0 interrupt.    
0: Disable Timer 0 interrupts.
1: Enable Timer 0 interrupts.

Bit0: EX0: Enable External Interrupt 0. 
This bit sets the masking of External Interrupt 0.    
0: Disable External Interrupt 0.
1: Enable External Interrupt 0.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

EA IEGF0 ET2 ES0 ET1 EX1 ET0 EX0 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xA8
All Pages
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SFR Definition 11.13. IP: Interrupt Priority

Bits7–6: UNUSED. Read = 11b, Write = don't care.
Bit5: PT2: Timer 2 Interrupt Priority Control. 

This bit sets the priority of the Timer 2 interrupt.
0: Timer 2 interrupt set to low priority.
1: Timer 2 interrupt set to high priority. 

Bit4: PS0: UART0 Interrupt Priority Control. 
This bit sets the priority of the UART0 interrupt.
0: UART0 interrupt set to low priority.
1: UART0 interrupts set to high priority.

Bit3: PT1: Timer 1 Interrupt Priority Control. 
This bit sets the priority of the Timer 1 interrupt.    
0: Timer 1 interrupt set to low priority.
1: Timer 1 interrupts set to high priority.

Bit2: PX1: External Interrupt 1 Priority Control. 
This bit sets the priority of the External Interrupt 1 interrupt.
0: External Interrupt 1 set to low priority.
1: External Interrupt 1 set to high priority.

Bit1: PT0: Timer 0 Interrupt Priority Control. 
This bit sets the priority of the Timer 0 interrupt.
0: Timer 0 interrupt set to low priority.
1: Timer 0 interrupt set to high priority.

Bit0: PX0: External Interrupt 0 Priority Control. 
This bit sets the priority of the External Interrupt 0 interrupt.
0: External Interrupt 0 set to low priority.
1: External Interrupt 0 set to high priority.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - PT2 PS0 PT1 PX1 PT0 PX0 11000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xB8
All Pages
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SFR Definition 11.14. EIE1: Extended Interrupt Enable 1

Bit7: ECP1R: Enable Comparator1 (CP1) Rising Edge Interrupt.
This bit sets the masking of the CP1 rising edge interrupt.
0: Disable CP1 rising edge interrupts.
1: Enable CP1 rising edge interrupts.

Bit6: ECP1F: Enable Comparator1 (CP1) Falling Edge Interrupt.
This bit sets the masking of the CP1 falling edge interrupt.
0: Disable CP1 falling edge interrupts.
1: Enable CP1 falling edge interrupts.

Bit5: ECP0R: Enable Comparator0 (CP0) Rising Edge Interrupt.
This bit sets the masking of the CP0 rising edge interrupt.
0: Disable CP0 rising edge interrupts.
1: Enable CP0 rising edge interrupts.

Bit4: ECP0F: Enable Comparator0 (CP0) Falling Edge Interrupt.
This bit sets the masking of the CP0 falling edge interrupt.
0: Disable CP0 falling edge interrupts.
1: Enable CP0 falling edge interrupts.

Bit3: EPCA0: Enable Programmable Counter Array (PCA0) Interrupt.
This bit sets the masking of the PCA0 interrupts.
0: Disable PCA0 interrupts.
1: Enable PCA0 interrupts.

Bit2: EWADC0: Enable Window Comparison ADC0 Interrupt. 
This bit sets the masking of ADC0 Window Comparison interrupt.
0: Disable ADC0 Window Comparison Interrupt.
1: Enable ADC0 Window Comparison Interrupt.

Bit1: ESMB0: Enable System Management Bus (SMBus0) Interrupt. 
This bit sets the masking of the SMBus interrupt.    
0: Disable SMBus interrupts.
1: Enable SMBus interrupts.

Bit0: ESPI0: Enable Serial Peripheral Interface (SPI0) Interrupt. 
This bit sets the masking of SPI0 interrupt.
0: Disable SPI0 interrupts.
1: Enable SPI0 interrupts.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

ECP1R ECP1F ECP0R ECP0F EPCA0 EWADC0 ESMB0 ESPI0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xE6
All Pages
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SFR Definition 11.15. EIE2: Extended Interrupt Enable 2

Bit7: UNUSED. Read = 0b, Write = don't care.
Bit6: ES1: Enable UART1 Interrupt.

This bit sets the masking of the UART1 interrupt.
0: Disable UART1 interrupts.
1: Enable UART1 interrupts.

Bit5: UNUSED. Read = 0b, Write = don't care.
Bit4: EADC2: Enable ADC2 End Of Conversion Interrupt.

This bit sets the masking of the ADC2 End of Conversion interrupt.
0: Disable ADC2 End of Conversion interrupts.
1: Enable ADC2 End of Conversion Interrupts.

Bit3: EWADC2: Enable Window Comparison ADC2 Interrupt. 
This bit sets the masking of ADC2 Window Comparison interrupt.
0: Disable ADC2 Window Comparison Interrupts.
1: Enable ADC2 Window Comparison Interrupts.

Bit2: ET4: Enable Timer 4 Interrupt
This bit sets the masking of the Timer 4 interrupt.
0: Disable Timer 4 interrupts.
1: Enable Timer 4 interrupts.

Bit1: EADC0: Enable ADC0 End of Conversion Interrupt.
This bit sets the masking of the ADC0 End of Conversion Interrupt.
0: Disable ADC0 End of Conversion Interrupts.
1: Enable ADC0 End of Conversion Interrupts.

Bit0: ET3: Enable Timer 3 Interrupt. 
This bit sets the masking of the Timer 3 interrupt.
0: Disable Timer 3 interrupts.
1: Enable Timer 3 interrupts.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- ES1 - EADC2 EWADC2 ET4 EADC0 ET3 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xE7
All Pages
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SFR Definition 11.16. EIP1: Extended Interrupt Priority 1

Bit7: PCP1R: Comparator1 (CP1) Rising Interrupt Priority Control. 
This bit sets the priority of the CP1 interrupt.
0: CP1 rising interrupt set to low priority.
1: CP1 rising interrupt set to high priority.

Bit6: PCP1F: Comparator1 (CP1) Falling Interrupt Priority Control.
This bit sets the priority of the CP1 interrupt.
0: CP1 falling interrupt set to low priority.
1: CP1 falling interrupt set to high priority.

Bit5: PCP0R: Comparator0 (CP0) Rising Interrupt Priority Control.
This bit sets the priority of the CP0 interrupt.
0: CP0 rising interrupt set to low priority.
1: CP0 rising interrupt set to high priority.

Bit4: PCP0F: Comparator0 (CP0) Falling Interrupt Priority Control.
This bit sets the priority of the CP0 interrupt.
0: CP0 falling interrupt set to low priority.
1: CP0 falling interrupt set to high priority.

Bit3: PPCA0: Programmable Counter Array (PCA0) Interrupt Priority Control.
This bit sets the priority of the PCA0 interrupt.
0: PCA0 interrupt set to low priority.
1: PCA0 interrupt set to high priority.

Bit2: PWADC0: ADC0 Window Comparator Interrupt Priority Control.
This bit sets the priority of the ADC0 Window interrupt.
0: ADC0 Window interrupt set to low priority.
1: ADC0 Window interrupt set to high priority.

Bit1: PSMB0: System Management Bus (SMBus0) Interrupt Priority Control.
This bit sets the priority of the SMBus0 interrupt.
0: SMBus interrupt set to low priority.
1: SMBus interrupt set to high priority.

Bit0: PSPI0: Serial Peripheral Interface (SPI0) Interrupt Priority Control.
This bit sets the priority of the SPI0 interrupt.
0: SPI0 interrupt set to low priority.
1: SPI0 interrupt set to high priority.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

PCP1R PCP1F PCP0R PCP0F PPCA0 PWADC0 PSMB0 PSPI0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xF6
All Pages
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SFR Definition 11.17. EIP2: Extended Interrupt Priority 2

Bit7: UNUSED. Read = 0b, Write = don't care.
Bit6: ES1: UART1 Interrupt Priority Control.

This bit sets the priority of the UART1 interrupt.
0: UART1 interrupt set to low priority.
1: UART1 interrupt set to high priority.

Bit5: UNUSED. Read = 0b, Write = don't care.
Bit4: PADC2: ADC2 End Of Conversion Interrupt Priority Control.

This bit sets the priority of the ADC2 End of Conversion interrupt.
0: ADC2 End of Conversion interrupt set to low priority.
1: ADC2 End of Conversion interrupt set to high priority.

Bit3: PWADC2: ADC2 Window Compare Interrupt Priority Control.
This bit sets the priority of the ADC2 Window Compare interrupt.
0: ADC2 Window Compare interrupt set to low priority.
1: ADC2 Window Compare interrupt set to high priority.

Bit2: PT4: Timer 4 Interrupt Priority Control.
This bit sets the priority of the Timer 4 interrupt.
0: Timer 4 interrupt set to low priority.
1: Timer 4 interrupt set to high priority.

Bit1: PADC0: ADC0 End of Conversion Interrupt Priority Control.
This bit sets the priority of the ADC0 End of Conversion Interrupt.
0: ADC0 End of Conversion interrupt set to low priority.
1: ADC0 End of Conversion interrupt set to high priority.

Bit0: PT3: Timer 3 Interrupt Priority Control.
This bit sets the priority of the Timer 3 interrupts.
0: Timer 3 interrupt set to low priority.
1: Timer 3 interrupt set to high priority.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- PS1 - PADC2 PWADC2 PT4 PADC0 PT3 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xF7
All Pages
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11.4. Power Management Modes
The CIP-51 core has two software programmable power management modes: Idle and Stop. Idle mode
halts the CPU while leaving the external peripherals and internal clocks active. In Stop mode, the CPU is
halted, all interrupts and timers (except the Missing Clock Detector) are inactive, and the system clock is
stopped. Since clocks are running in Idle mode, power consumption is dependent upon the system clock
frequency and the number of peripherals left in active mode before entering Idle. Stop mode consumes the
least power. SFR Definition 11.18 describes the Power Control Register (PCON) used to control the CIP-
51's power management modes.

Although the CIP-51 has Idle and Stop modes built in (as with any standard 8051 architecture), power
management of the entire MCU is better accomplished by enabling/disabling individual peripherals as
needed. Each analog peripheral can be disabled when not in use and put into low power mode. Digital
peripherals, such as timers or serial buses, draw little power whenever they are not in use. Turning off the
Flash memory saves power, similar to entering Idle mode. Turning off the oscillator saves even more
power, but requires a reset to restart the MCU.

11.4.1. Idle Mode
Setting the Idle Mode Select bit (PCON.0) causes the CIP-51 to halt the CPU and enter Idle mode as soon
as the instruction that sets the bit completes.   All internal registers and memory maintain their original
data. All analog and digital peripherals can remain active during Idle mode.

Idle mode is terminated when an enabled interrupt or RST is asserted. The assertion of an enabled inter-
rupt will cause the Idle Mode Selection bit (PCON.0) to be cleared and the CPU to resume operation. The
pending interrupt will be serviced and the next instruction to be executed after the return from interrupt
(RETI) will be the instruction immediately following the one that set the Idle Mode Select bit. If Idle mode is
terminated by an internal or external reset, the CIP-51 performs a normal reset sequence and begins pro-
gram execution at address 0x00000.

If enabled, the WDT will eventually cause an internal watchdog reset and thereby terminate the Idle mode.
This feature protects the system from an unintended permanent shutdown in the event of an inadvertent
write to the PCON register. If this behavior is not desired, the WDT may be disabled by software prior to
entering the Idle mode if the WDT was initially configured to allow this operation. This provides the oppor-
tunity for additional power savings, allowing the system to remain in the Idle mode indefinitely, waiting for
an external stimulus to wake up the system. Refer to Section 13 for more information on the use and con-
figuration of the WDT.

Note: Any instruction which sets the IDLE bit should be immediately followed by an instruction which has
two or more opcode bytes. For example:

// in ‘C’:
PCON |= 0x01;    // Set IDLE bit
PCON = PCON;     // ... Followed by a 3-cycle Dummy Instruction

; in assembly:
ORL PCON, #01h   ; Set IDLE bit
MOV PCON, PCON   ; ... Followed by a 3-cycle Dummy Instruction

If the instruction following the write to the IDLE bit is a single-byte instruction and an interrupt occurs during
the execution of the instruction of the instruction which sets the IDLE bit, the CPU may not wake from IDLE
mode when a future interrupt occurs.
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11.4.2. Stop Mode
Setting the Stop Mode Select bit (PCON.1) causes the CIP-51 to enter Stop mode as soon as the instruc-
tion that sets the bit completes.   In Stop mode, the CPU and oscillators are stopped, effectively shutting
down all digital peripherals. Each analog peripheral must be shut down individually prior to entering Stop
Mode. Stop mode can only be terminated by an internal or external reset. On reset, the CIP-51 performs
the normal reset sequence and begins program execution at address 0x00000. 

If enabled, the Missing Clock Detector will cause an internal reset and thereby terminate the Stop mode.
The Missing Clock Detector should be disabled if the CPU is to be put to sleep for longer than the MCD
timeout of 100 µs.

SFR Definition 11.18. PCON: Power Control

Bits7–3: Reserved.
Bit1: STOP: STOP Mode Select.

Writing a ‘1’ to this bit will place the CIP-51 into STOP mode. This bit will always read ‘0’.
1: CIP-51 forced into power-down mode. (Turns off oscillator).

Bit0: IDLE: IDLE Mode Select.
Writing a ‘1’ to this bit will place the CIP-51 into IDLE mode. This bit will always read ‘0’.
1: CIP-51 forced into IDLE mode. (Shuts off clock to CPU, but clock to Timers, Interrupts, 
and all peripherals remain active.)

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - - - STOP IDLE 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x87
All Pages
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12. Multiply And Accumulate (MAC0)
The C8051F120/1/2/3 and C8051F130/1/2/3 devices include a multiply and accumulate engine which can
be used to speed up many mathematical operations. MAC0 contains a 16-by-16 bit multiplier and a 40-bit
adder, which can perform integer or fractional multiply-accumulate and multiply operations on signed input
values in two SYSCLK cycles. A rounding engine provides a rounded 16-bit fractional result after an addi-
tional (third) SYSCLK cycle. MAC0 also contains a 1-bit arithmetic shifter that will left or right-shift the con-
tents of the 40-bit accumulator in a single SYSCLK cycle.  Figure 12.1 shows a block diagram of the MAC0
unit and its associated Special Function Registers.

 

Figure 12.1. MAC0 Block Diagram

12.1. Special Function Registers
There are thirteen Special Function Register (SFR) locations associated with MAC0. Two of these regis-
ters are related to configuration and operation, while the other eleven are used to store multi-byte input
and output data for MAC0.  The Configuration register MAC0CF (SFR Definition 12.1) is used to configure
and control MAC0.  The Status register MAC0STA (SFR Definition 12.2) contains flags to indicate overflow
conditions, as well as zero and negative results. The 16-bit  MAC0A (MAC0AH:MAC0AL) and MAC0B
(MAC0BH:MAC0BL) registers are used as inputs to the multiplier. The MAC0 Accumulator register is 40
bits long, and consists of five SFRs: MAC0OVR, MAC0ACC3, MAC0ACC2, MAC0ACC1, and
MAC0ACC0. The primary results of a MAC0 operation are stored in the Accumulator registers.  If they are
needed, the rounded results are stored in the 16-bit Rounding Register MAC0RND
(MAC0RNDH:MAC0RNDL).
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12.2. Integer and Fractional Math
MAC0 is capable of interpreting the 16-bit inputs stored in MAC0A and MAC0B as signed integers or as
signed fractional numbers. When the MAC0FM bit (MAC0CF.1) is cleared to ‘0’, the inputs are treated as
16-bit, 2’s complement, integer values.  After the operation, the accumulator will contain a 40-bit, 2’s com-
plement, integer value. Figure 12.2 shows how integers are stored in the SFRs.

Figure 12.2. Integer Mode Data Representation

When the MAC0FM bit is set to ‘1’, the inputs are treated at 16-bit, 2’s complement, fractional values. The
decimal point is located between bits 15 and 14 of the data word.  After the operation, the accumulator will
contain a 40-bit, 2’s complement, fractional value, with the decimal point located between bits 31 and 30.
Figure 12.3 shows how fractional numbers are stored in the SFRs.

Figure 12.3. Fractional Mode Data Representation
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-(239) 238 233 232 231 230 21 2022229 23228 24

High Byte Low Byte

MAC0OVR MAC0ACC3 : MAC0ACC2 : MAC0ACC1 : MAC0ACC0

MAC0A and MAC0B Bit Weighting

MAC0 Accumulator Bit Weighting

-1 2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9 2-10 2-11 2-12 2-13 2-14 2-15

-(28) 27 22 21 20 2-1 2-30 2-312-292-2 2-282-3 2-27

High Byte Low Byte

MAC0OVR MAC0ACC3 : MAC0ACC2 : MAC0ACC1 : MAC0ACC0

MAC0A, and MAC0B Bit Weighting

MAC0 Accumulator Bit Weighting

MAC0RND Bit Weighting

* The MAC0RND register contains the 16 LSBs of a two's complement number.  The MAC0N Flag can be
used to determine the sign of the MAC0RND register.

1 2-1 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9 2-10 2-11 2-12 2-13 2-14 2-15

High Byte Low Byte
* -2
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12.3. Operating in Multiply and Accumulate Mode
MAC0 operates in Multiply and Accumulate (MAC) mode when the MAC0MS bit (MAC0CF.0) is cleared to
‘0’. When operating in MAC mode, MAC0 performs a 16-by-16 bit multiply on the contents of the MAC0A
and MAC0B registers, and adds the result to the contents of the 40-bit MAC0 accumulator. Figure 12.4
shows the MAC0 pipeline.  There are three stages in the pipeline, each of which takes exactly one
SYSCLK cycle to complete. The MAC operation is initiated with a write to the MAC0BL register.  After the
MAC0BL register is written, MAC0A and MAC0B are multiplied on the first SYSCLK cycle. During the sec-
ond stage of the MAC0 pipeline, the results of the multiplication are added to the current accumulator con-
tents, and the result of the addition is stored in the MAC0 accumulator. The status flags in the MAC0STA
register are set after the end of the second pipeline stage. During the second stage of the pipeline, the next
multiplication can be initiated by writing to the MAC0BL register, if it is desired. The rounded (and option-
ally, saturated) result is available in the MAC0RNDH and MAC0RNDL registers at the end of the third pipe-
line stage. If the MAC0CA bit (MAC0CF.3) is set to ‘1’ when the MAC operation is initiated, the accumulator
and all MAC0STA flags will be cleared during the next cycle of the controller’s clock (SYSCLK).  The
MAC0CA bit will clear itself to ‘0’ when the clear operation is complete.

Figure 12.4. MAC0 Pipeline

12.4. Operating in Multiply Only Mode
MAC0 operates in Multiply Only mode when the MAC0MS bit (MAC0CF.0) is set to ‘1’.  Multiply Only mode
is identical to Multiply and Accumulate mode, except that the multiplication result is added with a value of
zero before being stored in the MAC0 accumulator (i.e. it overwrites the current accumulator contents).
The result of the multiplication is available in the MAC0 accumulator registers at the end of the second
MAC0 pipeline stage (two SYSCLKs after writing to MAC0BL).  As in MAC mode, the rounded  result is
available in the MAC0 Rounding Registers after the third pipeline stage. Note that in Multiply Only mode,
the MAC0HO flag is not affected.

12.5. Accumulator Shift Operations
MAC0 contains a 1-bit arithmetic shift function which can be used to shift the contents of the 40-bit accu-
mulator left or right by one bit.  The accumulator shift is initiated by writing a ‘1’ to the MAC0SC bit
(MAC0CF.5), and takes one SYSCLK cycle (the rounded result is available in the MAC0 Rounding Regis-
ters after a second SYSCLK cycle, and MAC0SC is cleared to ‘0’). The direction of the arithmetic shift is
controlled by the MAC0SD bit (MAC0CF.4).  When this bit is cleared to ‘0’, the MAC0 accumulator will shift
left.  When the MAC0SD bit is set to ‘1’, the MAC0 accumulator will shift right. Right-shift operations are
sign-extended with the current value of bit 39. Note that the status flags in the MAC0STA register are not
affected by shift operations.
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12.6. Rounding and Saturation
A Rounding Engine is included, which can be used to provide a rounded result when operating on frac-
tional numbers. MAC0 uses an unbiased rounding algorithm to round the data stored in bits 31–16 of the
accumulator, as shown in Table 12.1. Rounding occurs during the third stage of the MAC0 pipeline, after
any shift operation, or on a write to the LSB of the accumulator. The rounded results are stored in the
rounding registers: MAC0RNDH (SFR Definition 12.12) and MAC0RNDL (SFR Definition 12.13). The
accumulator registers are not affected by the rounding engine. Although rounding is primarily used for frac-
tional data, the data in the rounding registers is updated in the same way when operating in integer mode.

The rounding engine can also be used to saturate the results stored in the rounding registers.  If the
MAC0SAT bit is set to ‘1’ and the rounding register overflows, the rounding registers will saturate. When a
positive overflow occurs, the rounding registers will show a value of 0x7FFF when saturated. For a nega-
tive overflow, the rounding registers will show a value of 0x8000 when saturated. If the MAC0SAT bit is
cleared to ‘0’, the rounding registers will not saturate.

12.7. Usage Examples
This section details some software examples for using MAC0. Section 12.7.1 shows a series of two MAC
operations using fractional numbers. Section 12.7.2 shows a single operation in Multiply Only mode with
integer numbers. The last example, shown in Section 12.7.3, demonstrates how the left-shift and right-
shift operations can be used to modify the accumulator. All of the examples assume that all of the flags in
the MAC0STA register are initially set to ‘0’.

12.7.1. Multiply and Accumulate Example
The example below implements the equation:

MOV   MAC0CF, #0Ah    ; Set to Clear Accumulator, Use fractional numbers
MOV   MAC0AH, #40h    ; Load MAC0A register with 4000 hex = 0.5 decimal
MOV   MAC0AL, #00h
MOV   MAC0BH, #20h    ; Load MAC0B register with 2000 hex = 0.25 decimal
MOV   MAC0BL, #00h    ; This line initiates the first MAC operation
MOV   MAC0BH, #E0h    ; Load MAC0B register with E000 hex = -0.25 decimal
MOV   MAC0BL, #00h    ; This line initiates the second MAC operation
NOP
NOP                   ; After this instruction, the Accumulator should be equal to 0,
                      ; and the MAC0STA register should be 0x04, indicating a zero
NOP                   ; After this instruction, the Rounding register is updated

Table 12.1. MAC0 Rounding (MAC0SAT = 0)

Accumulator Bits 15–0 
(MAC0ACC1:MAC0ACC0)

Accumulator Bits 31–16 
(MAC0ACC3:MAC0ACC2)

Rounding 
Direction

Rounded Results 
(MAC0RNDH:MAC0RNDL)

Greater Than 0x8000 Anything Up (MAC0ACC3:MAC0ACC2) + 1
Less Than 0x8000 Anything Down (MAC0ACC3:MAC0ACC2)
Equal To 0x8000 Odd (LSB = 1) Up (MAC0ACC3:MAC0ACC2) + 1
Equal To 0x8000 Even (LSB = 0) Down (MAC0ACC3:MAC0ACC2)

0.5 0.25×( ) 0.5 0.25–×( )+ 0.125 0.125– 0.0= =
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12.7.2. Multiply Only Example
The example below implements the equation:

MOV   MAC0CF, #01h    ; Use integer numbers, and multiply only mode (add to zero)
MOV   MAC0AH, #12h    ; Load MAC0A register with 1234 hex = 4660 decimal
MOV   MAC0AL, #34h
MOV   MAC0BH, #FEh    ; Load MAC0B register with FEDC hex = -292 decimal
MOV   MAC0BL, #DCh    ; This line initiates the Multiply operation
NOP
NOP                   ; After this instruction, the Accumulator should be equal to 
                      ; FFFFEB3CB0 hex = -1360720 decimal. The MAC0STA register should
                      ; be 0x01, indicating a negative result.
NOP                   ; After this instruction, the Rounding register is updated

12.7.3. MAC0 Accumulator Shift Example
The example below shifts the MAC0 accumulator left one bit, and then right two bits:

MOV   MAC0OVR, #40h   ; The next few instructions load the accumulator with the value
MOV   MAC0ACC3, #88h  ; 4088442211 Hex.
MOV   MAC0ACC2, #44h
MOV   MAC0ACC1, #22h
MOV   MAC0ACC0, #11h
MOV   MAC0CF, #20h    ; Initiate a Left-shift
NOP                   ; After this instruction, the accumulator should be 0x8110884422
NOP                   ; The rounding register is updated after this instruction
MOV   MAC0CF, #30h    ; Initiate a Right-shift
MOV   MAC0CF, #30h    ; Initiate a second Right-shift
NOP                   ; After this instruction, the accumulator should be 0xE044221108
NOP                   ; The rounding register is updated after this instruction

4660 292–× 1360720–=
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SFR Definition 12.1. MAC0CF: MAC0 Configuration

Bits 7–6: UNUSED: Read = 00b, Write = don’t care.
Bit 5: MAC0SC: Accumulator Shift Control.

When set to 1, the 40-bit MAC0 Accumulator register will be shifted during the next SYSCLK 
cycle.  The direction of the shift (left or right) is controlled by the MAC0RS bit.
This bit is cleared to ‘0’ by hardware when the shift is complete.

Bit 4: MAC0SD: Accumulator Shift Direction.
This bit controls the direction of the accumulator shift activated by the MAC0SC bit.
0: MAC0 Accumulator will be shifted left.
1: MAC0 Accumulator will be shifted right.

Bit 3: MAC0CA: Clear Accumulator.
This bit is used to reset MAC0 before the next operation.
When set to ‘1’, the MAC0 Accumulator  will be cleared to zero and the MAC0 Status regis-
ter will be reset during the next SYSCLK cycle.  
This bit will be cleared to ‘0’ by hardware when the reset is complete.

Bit 2: MAC0SAT: Saturate Rounding Register.
This bit controls whether the Rounding Register will saturate. If this bit is set and a Soft 
Overflow occurs, the Rounding Register will saturate. This bit does not affect the operation 
of the MAC0 Accumulator.  See Section 12.6 for more details about rounding and saturation.
0: Rounding Register will not saturate.
1: Rounding Register will saturate.

Bit 1: MAC0FM: Fractional Mode.
This bit selects between Integer Mode and Fractional Mode for MAC0 operations.
0: MAC0 operates in Integer Mode.
1: MAC0 operates in Fractional Mode.

Bit 0: MAC0MS: Mode Select
This bit selects between MAC Mode and Multiply Only Mode.
0: MAC (Multiply and Accumulate) Mode.
1: Multiply Only Mode.

Note: The contents of this register should not be changed by software during the first two MAC0 
pipeline stages.

R R R/W R/W R/W R/W R/W R/W Reset Value

- - MAC0SC MAC0SD MAC0CA MAC0SAT MAC0FM MAC0MS 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0xC3
SFR Page: 3
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SFR Definition 12.2. MAC0STA: MAC0 Status

SFR Definition 12.3. MAC0AH: MAC0 A High Byte

Bits 7–4: UNUSED: Read = 0000b, Write = don’t care.
Bit 3: MAC0HO: Hard Overflow Flag.

This bit is set to ‘1’ whenever an overflow out of the MAC0OVR register occurs during a 
MAC operation (i.e. when MAC0OVR changes from 0x7F to 0x80 or from 0x80 to 0x7F).
The hard overflow flag must be cleared in software by directly writing it to ‘0’, or by resetting 
the MAC logic using the MAC0CA bit in register MAC0CF.

Bit 2: MAC0Z: Zero Flag.
This bit is set to ‘1’ if a MAC0 operation results in an Accumulator value of zero.  If the result 
is non-zero, this bit will be cleared to ‘0’.

Bit 1: MAC0SO: Soft Overflow Flag.
This bit is set to ‘1’ when a MAC operation causes an overflow into the sign bit (bit 31) of the 
MAC0 Accumulator.  If the overflow condition is corrected after a subsequent MAC opera-
tion, this bit is cleared to ‘0’.

Bit 0: MAC0N: Negative Flag.
If the MAC Accumulator result is negative, this bit will be set to ‘1’.  If the result is positive or 
zero, this flag will be cleared to ‘0’.

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R/W R/W R/W R/W Reset Value

- - - - MAC0HO MAC0Z MAC0SO MAC0N 00000100

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address: 0xC0
SFR Page: 3

Bits 7–0: High Byte (bits 15–8) of MAC0 A Register.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0xC2
SFR Page: 3
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SFR Definition 12.4. MAC0AL: MAC0 A Low Byte 

SFR Definition 12.5. MAC0BH: MAC0 B High Byte

SFR Definition 12.6. MAC0BL: MAC0 B Low Byte

Bits 7–0: Low Byte (bits 7–0) of MAC0 A Register.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0xC1
SFR Page: 3

Bits 7–0: High Byte (bits 15–8) of MAC0 B Register.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x92
SFR Page: 3

Bits 7–0: Low Byte (bits 7–0) of MAC0 B Register.
A write to this register initiates a Multiply or Multiply and Accumulate operation.

*Note:  The contents of this register should not be changed by software during the first MAC0 pipeline stage.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x91
SFR Page: 3
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SFR Definition 12.7. MAC0ACC3: MAC0 Accumulator Byte 3

SFR Definition 12.8. MAC0ACC2: MAC0 Accumulator Byte 2

SFR Definition 12.9. MAC0ACC1: MAC0 Accumulator Byte 1

Bits 7–0: Byte 3 (bits 31–24) of MAC0 Accumulator.

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x96
SFR Page: 3

Bits 7–0: Byte 2 (bits 23–16) of MAC0 Accumulator.

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x95
SFR Page: 3

Bits 7–0: Byte 1 (bits 15–8) of MAC0 Accumulator.

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x94
SFR Page: 3
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SFR Definition 12.10. MAC0ACC0: MAC0 Accumulator Byte 0

SFR Definition 12.11. MAC0OVR: MAC0 Accumulator Overflow

SFR Definition 12.12. MAC0RNDH: MAC0 Rounding Register High Byte

Bits 7–0: Byte 0 (bits 7–0) of MAC0 Accumulator.

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x93
SFR Page: 3

Bits 7–0: MAC0 Accumulator Overflow Bits (bits 39–32).

*Note:  The contents of this register should not be changed by software during the first two MAC0 pipeline stages.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0x97
SFR Page: 3

Bits 7–0: High Byte (bits 15–8) of MAC0 Rounding Register.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0xCF
SFR Page: 3
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SFR Definition 12.13. MAC0RNDL: MAC0 Rounding Register Low Byte

Bits 7–0: Low Byte (bits 7–0) of MAC0 Rounding Register.

R R R R R R R R Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: 0xCE
SFR Page: 3
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13. Reset Sources
Reset circuitry allows the controller to be easily placed in a predefined default condition. On entry to this
reset state, the following occur:

• CIP-51 halts program execution.
• Special Function Registers (SFRs) are initialized to their defined reset values.
• External port pins are forced to a known configuration.
• Interrupts and timers are disabled. 

All SFRs are reset to the predefined values noted in the SFR detailed descriptions. The contents of internal
data memory are unaffected during a reset; any previously stored data is preserved. However, since the
stack pointer SFR is reset, the stack is effectively lost even though the data on the stack are not altered. 

The I/O port latches are reset to 0xFF (all logic 1’s), activating internal weak pullups during and after the
reset. For VDD Monitor resets, the RST pin is driven low until the end of the VDD reset timeout.

On exit from the reset state, the program counter (PC) is reset, and the system clock defaults to the inter-
nal oscillator running at its lowest frequency. Refer to Section “14. Oscillators” on page 185 for informa-
tion on selecting and configuring the system clock source. The Watchdog Timer is enabled using its
longest timeout interval (see Section “13.7. Watchdog Timer Reset” on page 179). Once the system clock
source is stable, program execution begins at location 0x0000.

There are seven sources for putting the MCU into the reset state: power-on, power-fail, external RST pin,
external CNVSTR0 signal, software command, Comparator0, Missing Clock Detector, and Watchdog
Timer. Each reset source is described in the following sections.

Figure 13.1. Reset Sources

WDT

XTAL1

XTAL2
OSC

Internal
Clock

Generator

System
Clock CIP-51

Microcontroller
Core

Missing
Clock

Detector
(one-
shot)

W
D

T
S

tro
be

Software Reset

Extended Interrupt
Handler

Clock Select

/RST+
-

VDD

Supply
Reset

Timeout (wired-OR)

System Reset

Supply
Monitor

PRE

Reset
Funnel

+
-

CP0+
Comparator0

CP0-

(Port
I/O)

Crossbar
CNVSTR

(CNVSTR
reset

enable)

(CP0
reset

enable)

EN

W
D

T
E

na
bl

e

EN

M
C

D
E

na
bl

e

PLL
Circuitry
Rev. 1.4 177



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3

13.1. Power-on Reset
The C8051F120/1/2/3/4/5/6/7 family incorporates a power supply monitor that holds the MCU in the reset
state until VDD rises above the VRST level during power-up. See Figure 13.2 for timing diagram, and refer
to Table 13.1 for the Electrical Characteristics of the power supply monitor circuit. The RST pin is asserted
low until the end of the 100 ms VDD Monitor timeout in order to allow the VDD supply to stabilize. The VDD
Monitor reset is enabled and disabled using the external VDD monitor enable pin (MONEN).  When the VDD
Monitor is enabled, it is selected as a reset source using the PORSF bit.  If the RSTSRC register is written
by firmware, PORSF (RSTSRC.1) must be written to ‘1’ for the VDD Monitor to be effective.

On exit from a power-on reset, the PORSF flag (RSTSRC.1) is set by hardware to logic 1. All of the other
reset flags in the RSTSRC Register are indeterminate. PORSF is cleared by all other resets. Since all
resets cause program execution to begin at the same location (0x0000) software can read the PORSF flag
to determine if a power-up was the cause of reset. The contents of internal data memory should be
assumed to be undefined after a power-on reset.

Figure 13.2. Reset Timing

13.2. Power-fail Reset
When a power-down transition or power irregularity causes VDD to drop below VRST, the power supply
monitor will drive the RST pin low and return the CIP-51 to the reset state. When VDD returns to a level
above VRST, the CIP-51 will leave the reset state in the same manner as that for the power-on reset (see
Figure 13.2). Note that even though internal data memory contents are not altered by the power-fail reset,
it is impossible to determine if VDD dropped below the level required for data retention. If the PORSF flag is
set to logic 1, the data may no longer be valid.
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13.3. External Reset
The external RST pin provides a means for external circuitry to force the MCU into a reset state. Asserting
the RST pin low will cause the MCU to enter the reset state. It may be desirable to provide an external pul-
lup and/or decoupling of the RST pin to avoid erroneous noise-induced resets. The MCU will remain in
reset until at least 12 clock cycles after the active-low RST signal is removed. The PINRSF flag
(RSTSRC.0) is set on exit from an external reset.

13.4. Missing Clock Detector Reset
The Missing Clock Detector is essentially a one-shot circuit that is triggered by the MCU system clock. If
the system clock goes away for more than 100 µs, the one-shot will time out and generate a reset. After a
Missing Clock Detector reset, the MCDRSF flag (RSTSRC.2) will be set, signifying the MSD as the reset
source; otherwise, this bit reads ‘0’. The state of the RST pin is unaffected by this reset. Setting the
MCDRSF bit, RSTSRC.2 (see Section “14. Oscillators” on page 185) enables the Missing Clock Detector. 

13.5. Comparator0 Reset
Comparator0 can be configured as a reset input by writing a ‘1’ to the C0RSEF flag (RSTSRC.5).
Comparator0 should be enabled using CPT0CN.7 (see Section “10. Comparators” on page 119) prior to
writing to C0RSEF to prevent any turn-on chatter on the output from generating an unwanted reset. The
Comparator0 reset is active-low: if the non-inverting input voltage (CP0+ pin) is less than the inverting
input voltage (CP0- pin), the MCU is put into the reset state. After a Comparator0 Reset, the C0RSEF flag
(RSTSRC.5) will read ‘1’ signifying Comparator0 as the reset source; otherwise, this bit reads ‘0’. The state
of the RST pin is unaffected by this reset.

13.6. External CNVSTR0 Pin Reset
The external CNVSTR0 signal can be configured as a reset input by writing a ‘1’ to the CNVRSEF flag
(RSTSRC.6). The CNVSTR0 signal can appear on any of the P0, P1, P2 or P3 I/O pins as described in
Section “18.1. Ports 0 through 3 and the Priority Crossbar Decoder” on page 238. Note that the Cross-
bar must be configured for the CNVSTR0 signal to be routed to the appropriate Port I/O. The Crossbar
should be configured and enabled before the CNVRSEF is set. When configured as a reset, CNVSTR0 is
active-low and level sensitive. CNVSTR0 cannot be used to start ADC0 conversions when it is configured
as a reset source.  After a CNVSTR0 reset, the CNVRSEF flag (RSTSRC.6) will read ‘1’ signifying
CNVSTR0 as the reset source; otherwise, this bit reads ‘0’. The state of the ⁄RST pin is unaffected by this
reset. 

13.7. Watchdog Timer Reset
The MCU includes a programmable Watchdog Timer (WDT) running off the system clock. A WDT overflow
will force the MCU into the reset state. To prevent the reset, the WDT must be restarted by application soft-
ware before overflow. If the system experiences a software or hardware malfunction preventing the soft-
ware from restarting the WDT, the WDT will overflow and cause a reset. This should prevent the system
from running out of control.

Following a reset the WDT is automatically enabled and running with the default maximum time interval. If
desired the WDT can be disabled by system software or locked on to prevent accidental disabling. Once
locked, the WDT cannot be disabled until the next system reset. The state of the RST pin is unaffected by
this reset. 

The WDT consists of a 21-bit timer running from the programmed system clock. The timer measures the
period between specific writes to its control register. If this period exceeds the programmed limit, a WDT
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reset is generated. The WDT can be enabled and disabled as needed in software, or can be permanently
enabled if desired. Watchdog features are controlled via the Watchdog Timer Control Register (WDTCN)
shown in SFR Definition 13.1. 

13.7.1. Enable/Reset WDT
The watchdog timer is both enabled and reset by writing 0xA5 to the WDTCN register. The user's applica-
tion software should include periodic writes of 0xA5 to WDTCN as needed to prevent a watchdog timer
overflow. The WDT is enabled and reset as a result of any system reset.

13.7.2. Disable WDT
Writing 0xDE followed by 0xAD to the WDTCN register disables the WDT. The following code segment
illustrates disabling the WDT:

CLR EA ; disable all interrupts
MOV WDTCN,#0DEh ; disable software watchdog timer
MOV WDTCN,#0ADh
SETB EA ; re-enable interrupts

The writes of 0xDE and 0xAD must occur within 4 clock cycles of each other, or the disable operation is
ignored. This means that the prefetch engine should be enabled and interrupts should be disabled during
this procedure to avoid any delay between the two writes. 

13.7.3. Disable WDT Lockout
Writing 0xFF to WDTCN locks out the disable feature. Once locked out, the disable operation is ignored
until the next system reset. Writing 0xFF does not enable or reset the watchdog timer. Applications always
intending to use the watchdog should write 0xFF to WDTCN in the initialization code.

13.7.4. Setting WDT Interval
WDTCN.[2:0] control the watchdog timeout interval. The interval is given by the following equation:

; where Tsysclk is the system clock period. 

For a 3 MHz system clock, this provides an interval range of 0.021 ms to 349.5 ms. WDTCN.7 must be
logic 0 when setting this interval. Reading WDTCN returns the programmed interval. WDTCN.[2:0] reads
111b after a system reset.

43 WDTCN 2 0–[ ]+ Tsysclk×
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SFR Definition 13.1. WDTCN: Watchdog Timer Control 

Bits7–0: WDT Control
Writing 0xA5 both enables and reloads the WDT.
Writing 0xDE followed within 4 system clocks by 0xAD disables the WDT.
Writing 0xFF locks out the disable feature.

Bit4: Watchdog Status Bit (when Read)
Reading the WDTCN.[4] bit indicates the Watchdog Timer Status.
0: WDT is inactive
1: WDT is active

Bits2–0: Watchdog Timeout Interval Bits
The WDTCN.[2:0] bits set the Watchdog Timeout Interval. When writing these bits, 
WDTCN.7 must be set to 0.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

xxxxx111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xFF
All Pages
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SFR Definition 13.2. RSTSRC: Reset Source

Bit7: Reserved.
Bit6: CNVRSEF: Convert Start 0 Reset Source Enable and Flag

Write: 0: CNVSTR0 is not a reset source.
1: CNVSTR0 is a reset source (active low).

Read: 0: Source of prior reset was not CNVSTR0.
1: Source of prior reset was CNVSTR0.

Bit5: C0RSEF: Comparator0 Reset Enable and Flag.
Write: 0: Comparator0 is not a reset source.

1: Comparator0 is a reset source (active low).
Read: 0: Source of last reset was not Comparator0.

1: Source of last reset was Comparator0.
Bit4: SWRSF: Software Reset Force and Flag.

Write: 0: No effect.
1: Forces an internal reset. RST pin is not effected.

Read: 0: Source of last reset was not a write to the SWRSF bit.
1: Source of last reset was a write to the SWRSF bit.

Bit3: WDTRSF: Watchdog Timer Reset Flag.
0: Source of last reset was not WDT timeout.
1: Source of last reset was WDT timeout.

Bit2: MCDRSF: Missing Clock Detector Flag.
Write: 0: Missing Clock Detector disabled.

1: Missing Clock Detector enabled; triggers a reset if a missing clock condition is detected.
Read: 0: Source of last reset was not a Missing Clock Detector timeout.

1: Source of last reset was a Missing Clock Detector timeout.
Bit1: PORSF: Power-On Reset Flag. 

Write: If the VDD monitor circuitry is enabled (by tying the MONEN pin to a logic high state), this bit can 
be written to select or de-select the VDD monitor as a reset source. 
0: De-select the VDD monitor as a reset source. 
1: Select the VDD monitor as a reset source. 
Important: At power-on, the VDD monitor is enabled/disabled using the external VDD monitor 
enable pin (MONEN). The PORSF bit does not disable or enable the VDD monitor circuit. It sim-
ply selects the VDD monitor as a reset source. 
Read: This bit is set whenever a power-on reset occurs. This may be due to a true power-on reset or a 
VDD monitor reset. In either case, data memory should be considered indeterminate following the 
reset. 
0: Source of last reset was not a power-on or VDD monitor reset. 
1: Source of last reset was a power-on or VDD monitor reset. 
Note: When this flag is read as '1', all other reset flags are indeterminate. 

Bit0: PINRSF: HW Pin Reset Flag.
Write: 0: No effect.

1: Forces a Power-On Reset. RST is driven low.
Read: 0: Source of prior reset was not RST pin.

1: Source of prior reset was RST pin.

R R/W R/W R/W R R/W R/W R/W Reset Value

- CNVRSEF C0RSEF SWRSEF WDTRSF MCDRSF PORSF PINRSF 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xEF
0
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Table 13.1. Reset Electrical Characteristics
–40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units
RST Output Low Voltage IOL = 8.5 mA, VDD = 2.7 to 3.6 V — — 0.6 V

RST Input High Voltage 0.7 x VDD — — V

RST Input Low Voltage — — 0.3 x VDD

RST Input Leakage Current RST = 0.0 V — 50 — µA

VDD for RST Output Valid 1.0 — — V

AV+ for RST Output Valid 1.0 — — V

VDD POR Threshold (VRST)* 2.40 2.55 2.70 V

Minimum RST Low Time to Gen-
erate a System Reset 10 — — ns

Reset Time Delay
RST rising edge after VDD 
crosses VRST threshold 80 100 120 ms

Missing Clock Detector Timeout Time from last system clock to 
reset initiation 100 220 500 µs

*Note:  When operating at frequencies above 50 MHz, minimum VDD supply Voltage is 3.0 V.
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14. Oscillators
The devices include a programmable internal oscillator and an external oscillator drive circuit. The internal
oscillator can be enabled, disabled, and calibrated using the OSCICN and OSCICL registers, as shown in
Figure 14.1. The system clock can be sourced by the external oscillator circuit, the internal oscillator, or the
on-chip phase-locked loop (PLL). The internal oscillator's electrical specifications are given in Table 14.1
on page 185.

 

Figure 14.1. Oscillator Diagram

14.1. Internal Calibrated Oscillator
All devices include a calibrated internal oscillator that defaults as the system clock after a system reset.
The internal oscillator period can be adjusted via the OSCICL register as defined by SFR Definition 14.1.
OSCICL is factory calibrated to obtain a 24.5 MHz frequency.

Table 14.1. Oscillator Electrical Characteristics
–40°C to +85°C unless otherwise specified.

Parameter Conditions Min Typ Max Units
Calibrated Internal Oscillator 
Frequency 24 24.5 25 MHz

Internal Oscillator Supply 
Current (from VDD) OSCICN.7 = 1 — 400 — µA

External Clock Frequency 0 — 30 MHz
TXCH (External Clock High Time) 15 — — ns
TXCL (External Clock Low Time) 15 — — ns
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Electrical specifications for the precision internal oscillator are given in Table 14.1. Note that the system
clock may be derived from the programmed internal oscillator divided by 1, 2, 4, or 8, as defined by the
IFCN bits in register OSCICN.

SFR Definition 14.1. OSCICL: Internal Oscillator Calibration.

SFR Definition 14.2. OSCICN: Internal Oscillator Control 

Bits 7–0: OSCICL: Internal Oscillator Calibration Register.
This register calibrates the internal oscillator period. The reset value for OSCICL defines the 
internal oscillator base frequency. The reset value is factory calibrated to generate an inter-
nal oscillator frequency of 24.5 MHz.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

Variable
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8B
F

Bit 7: IOSCEN: Internal Oscillator Enable Bit.
0: Internal Oscillator Disabled.
1: Internal Oscillator Enabled.

Bit 6: IFRDY: Internal Oscillator Frequency Ready Flag.
0: Internal Oscillator not running at programmed frequency.
1: Internal Oscillator running at programmed frequency.

Bits 5–2: Reserved.
Bits 1–0: IFCN1-0: Internal Oscillator Frequency Control Bits.

00: Internal Oscillator is divided by 8.
01: Internal Oscillator is divided by 4.
10: Internal Oscillator is divided by 2.
11: Internal Oscillator is divided by 1.

R/W R R/W R R/W R/W R/W R/W Reset Value

IOSCEN IFRDY - - - - IFCN1 IFCN0 11000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8A
F
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14.2. External Oscillator Drive Circuit
The external oscillator circuit may drive an external crystal, ceramic resonator, capacitor, or RC network. A
CMOS clock may also provide a clock input. For a crystal or ceramic resonator configuration, the crystal/
resonator must be wired across the XTAL1 and XTAL2 pins as shown in Option 1 of Figure 14.1. In RC,
capacitor, or CMOS clock configuration, the clock source should be wired to the XTAL2 and/or XTAL1
pin(s) as shown in Option 2, 3, or 4 of Figure 14.1. The type of external oscillator must be selected in the
OSCXCN register, and the frequency control bits (XFCN) must be selected appropriately (see SFR Defini-
tion 14.4).

14.3. System Clock Selection
The CLKSL1-0 bits in register CLKSEL select which oscillator source generates the system clock.
CLKSL1-0 must be set to ‘01’ for the system clock to run from the external oscillator; however the external
oscillator may still clock certain peripherals, such as the timers and PCA, when the internal oscillator or the
PLL is selected as the system clock. The system clock may be switched on-the-fly between the internal
and external oscillators or the PLL, so long as the selected oscillator source is enabled and settled. The
internal oscillator requires little start-up time, and may be enabled and selected as the system clock in the
same write to OSCICN. External crystals and ceramic resonators typically require a start-up time before
they are settled and ready for use as the system clock. The Crystal Valid Flag (XTLVLD in register
OSCXCN) is set to ‘1’ by hardware when the external oscillator is settled. To avoid reading a false
XTLVLD, in crystal mode software should delay at least 1 ms between enabling the external oscillator and
checking XTLVLD. RC and C modes typically require no startup time. The PLL also requires time to lock
onto the desired frequency, and the PLL Lock Flag (PLLLCK in register PLL0CN) is set to ‘1’ by hardware
once the PLL is locked on the correct frequency.
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SFR Definition 14.3. CLKSEL: System Clock Selection

Bits 7–6: Reserved.
Bits 5–4: CLKDIV1–0: Output SYSCLK Divide Factor.

These bits can be used to pre-divide SYSCLK before it is output to a port pin through the 
crossbar.
00: Output will be SYSCLK.
01: Output will be SYSCLK/2.
10: Output will be SYSCLK/4.
11: Output will be SYSCLK/8.
See Section “18. Port Input/Output” on page 235 for more details about routing this out-
put to a port pin.

Bits 3–2: Reserved.
Bits 1–0: CLKSL1–0: System Clock Source Select Bits.

00: SYSCLK derived from the Internal Oscillator, and scaled as per the IFCN bits in 
OSCICN.
01: SYSCLK derived from the External Oscillator circuit.
10: SYSCLK derived from the PLL.
11: Reserved.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - CLKDIV1 CLKDIV0 - - CLKSL1 CLKSL0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x97
F
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SFR Definition 14.4. OSCXCN: External Oscillator Control

Bit7: XTLVLD: Crystal Oscillator Valid Flag.
(Valid only when XOSCMD = 11x.)
0: Crystal Oscillator is unused or not yet stable.
1: Crystal Oscillator is running and stable.

Bits6–4: XOSCMD2–0: External Oscillator Mode Bits.
00x: External Oscillator circuit off. 
010: External CMOS Clock Mode (External CMOS Clock input on XTAL1 pin). 
011: External CMOS Clock Mode with divide by 2 stage (External CMOS Clock input on 
XTAL1 pin).
10x: RC/C Oscillator Mode with divide by 2 stage.
110: Crystal Oscillator Mode.
111: Crystal Oscillator Mode with divide by 2 stage.

Bit3: RESERVED. Read = 0, Write = don't care.
Bits2–0: XFCN2–0: External Oscillator Frequency Control Bits.

000-111: see table below:

CRYSTAL MODE (Circuit from Figure 14.1, Option 1; XOSCMD = 11x)
Choose XFCN value to match crystal frequency.

RC MODE (Circuit from Figure 14.1, Option 2; XOSCMD = 10x)
Choose XFCN value to match frequency range: 
f = 1.23(103) / (R * C), where
f = frequency of oscillation in MHz
C = capacitor value in pF
R = Pullup resistor value in kΩ

C MODE (Circuit from Figure 14.1, Option 3; XOSCMD = 10x)
Choose K Factor (KF) for the oscillation frequency desired:
f = KF / (C * VDD), where
f = frequency of oscillation in MHz
C = capacitor value on XTAL1, XTAL2 pins in pF
VDD = Power Supply on MCU in Volts

R R/W R/W R/W R R/W R/W R/W Reset Value

XTLVLD XOSCMD2 XOSCMD1 XOSCMD0 - XFCN2 XFCN1 XFCN0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8C
F

XFCN Crystal (XOSCMD = 11x) RC (XOSCMD = 10x) C (XOSCMD = 10x)
000 f ≤ 32 kHz f ≤ 25 kHz K Factor = 0.87
001 32 kHz < f ≤ 84 kHz 25 kHz < f ≤ 50 kHz K Factor = 2.6
010 84 kHz < f ≤ 225 kHz 50 kHz < f ≤ 100 kHz K Factor = 7.7
011 225 kHz < f ≤ 590 kHz 100 kHz < f ≤ 200 kHz K Factor = 22
100 590 kHz < f ≤ 1.5 MHz 200 kHz < f ≤ 400 kHz K Factor = 65
101 1.5 MHz < f ≤ 4 MHz 400 kHz < f ≤ 800 kHz K Factor = 180
110 4 MHz < f ≤ 10 MHz 800 kHz < f ≤ 1.6 MHz K Factor = 664
111 10 MHz < f ≤ 30 MHz 1.6 MHz < f ≤ 3.2 MHz K Factor = 1590
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14.4. External Crystal Example
If a crystal or ceramic resonator is used as an external oscillator source for the MCU, the circuit should be
configured as shown in Figure 14.1, Option 1. The External Oscillator Frequency Control value (XFCN)
should be chosen from the Crystal column of the table in SFR Definition 14.4 (OSCXCN register). For
example, an 11.0592 MHz crystal requires an XFCN setting of 111b.

When the crystal oscillator is enabled, the oscillator amplitude detection circuit requires a settle time to
achieve proper bias. Waiting at least 1 ms between enabling the oscillator and checking the XTLVLD bit
will prevent a premature switch to the external oscillator as the system clock. Switching to the external
oscillator before the crystal oscillator has stabilized can result in unpredictable behavior. The recom-
mended procedure is:

Step 1. Enable the external oscillator.
Step 2. Wait at least 1 ms.
Step 3. Poll for XTLVLD => ‘1’.
Step 4. Switch the system clock to the external oscillator.

Important Note on External Crystals: Crystal oscillator circuits are quite sensitive to PCB layout. The
crystal should be placed as close as possible to the XTAL pins on the device. The traces should be as
short as possible and shielded with ground plane from any other traces which could introduce noise or
interference.

14.5. External RC Example
If an RC network is used as an external oscillator source for the MCU, the circuit should be configured as
shown in Figure 14.1, Option 2. The capacitor should be no greater than 100 pF; however for very small
capacitors, the total capacitance may be dominated by parasitic capacitance in the PCB layout. To deter-
mine the required External Oscillator Frequency Control value (XFCN) in the OSCXCN Register, first
select the RC network value to produce the desired frequency of oscillation. If the frequency desired is
100 kHz, let R = 246 kΩ and C = 50 pF:

f = 1.23(103)/RC = 1.23 (103)/[246 x 50] = 0.1 MHz = 100 kHz
Referring to the table in SFR Definition 14.4, the required XFCN setting is 010.

14.6. External Capacitor Example
If a capacitor is used as an external oscillator for the MCU, the circuit should be configured as shown in
Figure 14.1, Option 3. The capacitor should be no greater than 100 pF; however for very small capacitors,
the total capacitance may be dominated by parasitic capacitance in the PCB layout. To determine the
required External Oscillator Frequency Control value (XFCN) in the OSCXCN Register, select the capaci-
tor to be used and find the frequency of oscillation from the equations below. Assume VDD = 3.0 V and
C = 50 pF:

f = KF/( C x VDD ) = KF/( 50 x 3 )
f = KF/150
If a frequency of roughly 50 kHz is desired, select the K Factor from the table in SFR Definition 14.4 
as KF = 7.7:

f = 7.7/150 = 0.051 MHz, or 51 kHz

Therefore, the XFCN value to use in this example is 010.
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14.7. Phase-Locked Loop (PLL)
A Phase-Locked-Loop (PLL) is included, which is used to multiply the internal oscillator or an external
clock source to achieve higher CPU operating frequencies. The PLL circuitry is designed to produce an
output frequency between 25 MHz and 100 MHz, from a divided reference frequency between 5 MHz and
30 MHz. A block diagram of the PLL is shown in Figure 14.2.

 

Figure 14.2. PLL Block Diagram

14.7.1. PLL Input Clock and Pre-divider
The PLL circuitry can derive its reference clock from either the internal oscillator or an external clock
source. The PLLSRC bit (PLL0CN.2) controls which clock source is used for the reference clock (see SFR
Definition 14.5). If PLLSRC is set to ‘0’, the internal oscillator source is used. Note that the internal oscilla-
tor divide factor (as specified by bits IFCN1-0 in register OSCICN) will also apply to this clock. When
PLLSRC is set to ‘1’, an external oscillator source will be used. The external oscillator should be active and
settled before it is selected as a reference clock for the PLL circuit. The reference clock is divided down
prior to the PLL circuit, according to the contents of the PLLM4-0 bits in the PLL Pre-divider Register
(PLL0DIV), shown in SFR Definition 14.6.

14.7.2. PLL Multiplication and Output Clock
The PLL circuitry will multiply the divided reference clock by the multiplication factor stored in the
PLL0MUL register shown in SFR Definition 14.7. To accomplish this, it uses a feedback loop consisting of
a phase/frequency detector, a loop filter, and a current-controlled oscillator (ICO). It is important to config-
ure the loop filter and the ICO for the correct frequency ranges. The PLLLP3–0 bits (PLL0FLT.3–0) should
be set according to the divided reference clock frequency. Likewise, the PLLICO1–0 bits (PLL0FLT.5–4)
should be set according to the desired output frequency range. SFR Definition 14.8 describes the proper
settings to use for the PLLLP3–0 and PLLICO1–0 bits. When the PLL is locked and stable at the desired
frequency, the PLLLCK bit (PLL0CN.5) will be set to a ‘1’. The resulting PLL frequency will be set accord-
ing to the equation:
Where “Reference Frequency” is the selected source clock frequency, PLLN is the PLL Multiplier, and
PLLM is the PLL Pre-divider.
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14.7.3. Powering on and Initializing the PLL
To set up and use the PLL as the system clock after power-up of the device, the following procedure
should be implemented:

Step 1. Ensure that the reference clock to be used (internal or external) is running and stable.
Step 2. Set the PLLSRC bit (PLL0CN.2) to select the desired clock source for the PLL.
Step 3. Program the Flash read timing bits, FLRT (FLSCL.5–4) to the appropriate value for the 

new clock rate (see Section “15. Flash Memory” on page 199).
Step 4. Enable power to the PLL by setting PLLPWR (PLL0CN.0) to ‘1’.
Step 5. Program the PLL0DIV register to produce the divided reference frequency to the PLL.
Step 6. Program the PLLLP3–0 bits (PLL0FLT.3–0) to the appropriate range for the divided 

reference frequency.
Step 7. Program the PLLICO1–0 bits (PLL0FLT.5–4) to the appropriate range for the PLL output 

frequency.
Step 8. Program the PLL0MUL register to the desired clock multiplication factor.
Step 9. Wait at least 5 µs, to provide a fast frequency lock.
Step 10. Enable the PLL by setting PLLEN (PLL0CN.1) to ‘1’.
Step 11. Poll PLLLCK (PLL0CN.4) until it changes from ‘0’ to ‘1’.
Step 12. Switch the System Clock source to the PLL using the CLKSEL register.

If the PLL characteristics need to be changed when the PLL is already running, the following procedure
should be implemented:

Step 1. The system clock should first be switched to either the internal oscillator or an external 
clock source that is running and stable, using the CLKSEL register.

Step 2. Ensure that the reference clock to be used for the new PLL setting (internal or external) is 
running and stable.

Step 3. Set the PLLSRC bit (PLL0CN.2) to select the new clock source for the PLL.
Step 4. If moving to a faster frequency, program the Flash read timing bits, FLRT (FLSCL.5–4) to 

the appropriate value for the new clock rate (see Section “15. Flash Memory” on 
page 199).

Step 5. Disable the PLL by setting PLLEN (PLL0CN.1) to ‘0’.
Step 6. Program the PLL0DIV register to produce the divided reference frequency to the PLL.
Step 7. Program the PLLLP3–0 bits (PLL0FLT.3–0) to the appropriate range for the divided 

reference frequency.
Step 8. Program the PLLICO1-0 bits (PLL0FLT.5–4) to the appropriate range for the PLL output 

frequency.
Step 9. Program the PLL0MUL register to the desired clock multiplication factor.
Step 10. Enable the PLL by setting PLLEN (PLL0CN.1) to ‘1’.
Step 11. Poll PLLLCK (PLL0CN.4) until it changes from ‘0’ to ‘1’.
Step 12. Switch the System Clock source to the PLL using the CLKSEL register.
Step 13. If moving to a slower frequency, program the Flash read timing bits, FLRT (FLSCL.5–4) 

to the appropriate value for the new clock rate (see Section “15. Flash Memory” on 

PLL Frequency Reference Frequency PLLN
PLLM
---------------×=
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page 199). Important Note: Cache reads, cache writes, and the prefetch engine 
should be disabled whenever the FLRT bits are changed to a lower setting.

To shut down the PLL, the system clock should be switched to the internal oscillator or a stable external
clock source, using the CLKSEL register. Next, disable the PLL by setting PLLEN (PLL0CN.1) to ‘0’.
Finally, the PLL can be powered off, by setting PLLPWR (PLL0CN.0) to ‘0’.  Note that the PLLEN and PLL-
PWR bits can be cleared at the same time.

SFR Definition 14.5. PLL0CN: PLL Control  

Bits 7–5: UNUSED: Read = 000b; Write = don’t care.
Bit 4: PLLCK: PLL Lock Flag.

0: PLL Frequency is not locked.
1: PLL Frequency is locked.

Bit 3: RESERVED. Must write to ‘0’.
Bit 2: PLLSRC: PLL Reference Clock Source Select Bit.

0: PLL Reference Clock Source is Internal Oscillator.
1: PLL Reference Clock Source is External Oscillator.

Bit 1: PLLEN: PLL Enable Bit.
0: PLL is held in reset.
1: PLL is enabled. PLLPWR must be ‘1’.

Bit 0: PLLPWR: PLL Power Enable.
0: PLL bias generator is de-activated. No static power is consumed.
1: PLL bias generator is active. Must be set for PLL to operate.

R/W R/W R/W R R/W R/W R/W R/W Reset Value

- - - PLLLCK 0 PLLSRC PLLEN PLLPWR 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x89
F
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SFR Definition 14.6. PLL0DIV: PLL Pre-divider 

SFR Definition 14.7. PLL0MUL: PLL Clock Scaler 

Bits 7–5: UNUSED: Read = 000b; Write = don’t care.
Bits 4–0: PLLM4–0: PLL Reference Clock Pre-divider.

These bits select the pre-divide value of the PLL reference clock. When set to any non-zero 
value, the reference clock will be divided by the value in PLLM4–0. When set to ‘00000b’, 
the reference clock will be divided by 32. 

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - PLLM4 PLLM3 PLLM2 PLLM1 PLLM0 00000001
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8D
F

Bits 7–0: PLLN7–0: PLL Multiplier.
These bits select the multiplication factor of the divided PLL reference clock. When set to 
any non-zero value, the multiplication factor will be equal to the value in PLLN7-0. When set 
to ‘00000000b’, the multiplication factor will be equal to 256.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

PLLN7 PLLN6 PLLN5 PLLN4 PLLN3 PLLN2 PLLN1 PLLN0 00000001
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8E
F
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SFR Definition 14.8. PLL0FLT: PLL Filter

 

Table 14.2. PLL Frequency Characteristics
–40 to +85 °C unless otherwise specified

Parameter Conditions Min Typ Max Units
Input Frequency

(Divided Reference Frequency)
5 30 MHz

PLL Output Frequency 25 100* MHz
*Note:  The maximum operating frequency of the C8051F124/5/6/7 is 50 MHz

Bits 7–6: UNUSED: Read = 00b; Write = don’t care.
Bits 5–4: PLLICO1-0: PLL Current-Controlled Oscillator Control Bits.

Selection is based on the desired output frequency, according to the following table:

Bits 3–0: PLLLP3-0: PLL Loop Filter Control Bits.
Selection is based on the divided PLL reference clock, according to the following table:

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - PLLICO1 PLLICO0 PLLLP3 PLLLP2 PLLLP1 PLLLP0 00110001
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8F
F

PLL Output Clock PLLICO1-0
65–100 MHz 00
45–80 MHz 01
30–60 MHz 10
25–50 MHz 11

Divided PLL Reference Clock PLLLP3-0
19–30 MHz 0001

12.2–19.5 MHz 0011
7.8–12.5 MHz 0111

5–8 MHz 1111
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Table 14.3. PLL Lock Timing Characteristics
–40 to +85 °C unless otherwise specified

Input
Frequency

Multiplier 
(Pll0mul)

Pll0flt
Setting

Output
Frequency

Min Typ Max Units

5 MHz

20 0x0F 100 MHz 202 µs
13 0x0F 65 MHz 115 µs
16 0x1F 80 MHz 241 µs
9 0x1F 45 MHz 116 µs
12 0x2F 60 MHz 258 µs
6 0x2F 30 MHz 112 µs
10 0x3F 50 MHz 263 µs
5 0x3F 25 MHz 113 µs

25 MHz

4 0x01 100 MHz 42 µs
2 0x01 50 MHz 33 µs
3 0x11 75 MHz 48 µs
2 0x11 50 MHz 17 µs
2 0x21 50 MHz 42 µs
1 0x21 25 MHz 33 µs
2 0x31 50 MHz 60 µs
1 0x31 25 MHz 25 µs
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15. Flash Memory
All devices include either 128 kB (C8051F12x and C8051F130/1) or 64 kB (C8051F132/3) of on-chip,
reprogrammable Flash memory for program code or non-volatile data storage.  An additional 256-byte
page of Flash is also included for non-volatile data storage. The Flash memory can be programmed in-sys-
tem through the JTAG interface, or by software using the MOVX write instructions. Once cleared to logic 0,
a Flash bit must be erased to set it back to logic 1. Bytes should be erased (set to 0xFF) before being
reprogrammed. Flash write and erase operations are automatically timed by hardware for proper execu-
tion. During a Flash erase or write, the FLBUSY bit in the FLSTAT register is set to ‘1’ (see SFR Definition
16.5). During this time, instructions that are located in the prefetch buffer or the branch target cache can be
executed, but the processor will stall until the erase or write is completed if instruction data must be fetched
from Flash memory.  Interrupts that have been pre-loaded into the branch target cache can also be ser-
viced at this time, if the current code is also executing from the prefetch engine or cache memory. Any
interrupts that are not pre-loaded into cache, or that occur while the core is halted, will be held in a pending
state during the Flash write/erase operation, and serviced in priority order once the Flash operation has
completed. Refer to Table 15.1 for the electrical characteristics of the Flash memory.

15.1. Programming the Flash Memory
The simplest means of programming the Flash memory is through the JTAG interface using programming
tools provided by Silicon Labs or a third party vendor. This is the only means for programming a non-initial-
ized device. For details on the JTAG commands to program Flash memory, see Section “25. JTAG (IEEE
1149.1)” on page 341. 

The Flash memory can be programmed from software using the MOVX write instruction with the address
and data byte to be programmed provided as normal operands. Before writing to Flash memory using
MOVX, Flash write operations must be enabled by setting the PSWE Program Store Write Enable bit
(PSCTL.0) to logic 1. This directs the MOVX writes to Flash memory instead of to XRAM, which is the
default target. The PSWE bit remains set until cleared by software. To avoid errant Flash writes, it is rec-
ommended that interrupts be disabled while the PSWE bit is logic 1.

Flash memory is read using the MOVC instruction. MOVX reads are always directed to XRAM, regardless
of the state of PSWE.

On the devices with 128 kB of Flash, the COBANK bits in the PSBANK register (SFR Definition 11.1)
determine which of the upper three Flash banks are mapped to the address range 0x08000 to 0x0FFFF for
Flash writes, reads and erases.

For devices with 64 kB of Flash. the COBANK bits should always remain set to ‘01’ to ensure that Flash
write, erase, and read operations are valid.

NOTE: To ensure the integrity of Flash memory contents, it is strongly recommended that the on-
chip VDD monitor be enabled by connecting the VDD monitor enable pin (MONEN) to VDD and set-
ting the PORSF bit in the RSTSRC register to ‘1’ in any system that writes and/or erases Flash
memory from software. See “Reset Sources” on page 177 for more information.

A write to Flash memory can clear bits but cannot set them; only an erase operation can set bits in Flash.
A byte location to be programmed must be erased before a new value can be written.

Write/Erase timing is automatically controlled by hardware.  Note that on the 128 k Flash versions, 1024
bytes beginning at location 0x1FC00 are reserved. Flash writes and erases targeting the reserved area
should be avoided.
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15.1.1. Non-volatile Data Storage
The Flash memory can be used for non-volatile data storage as well as program code. This allows data
such as calibration coefficients to be calculated and stored at run time. Data is written and erased using the
MOVX write instruction (as described in Section 15.1.2 and Section 15.1.3) and read using the MOVC
instruction.  The COBANK bits in register PSBANK (SFR Definition 11.1) control which portion of the Flash
memory is targeted by writes and erases of addresses above 0x07FFF.  For devices with 64 kB of Flash.
the COBANK bits should always remain set to ‘01’ to ensure that Flash write, erase, and read operations
are valid.

Two additional 128-byte sectors (256 bytes total) of Flash memory are included for non-volatile data stor-
age. The smaller sector size makes them particularly well suited as general purpose, non-volatile scratch-
pad memory. Even though Flash memory can be written a single byte at a time, an entire sector must be
erased first. In order to change a single byte of a multi-byte data set, the data must be moved to temporary
storage. The 128-byte sector-size facilitates updating data without wasting program memory or RAM
space. The 128-byte sectors are double-mapped over the normal Flash memory for MOVC reads and
MOVX writes only; their addresses range from 0x00 to 0x7F and from 0x80 to 0xFF (see Figure 15.2). To
access the 128-byte sectors, the SFLE bit in PSCTL must be set to logic 1. Code execution from the 128-
byte Scratchpad areas is not permitted.  The 128-byte sectors can be erased individually, or both at the
same time.  To erase both sectors simultaneously, the address 0x0400 should be targeted during the erase
operation with SFLE set to ‘1’. See Figure 15.1 for the memory map under different COBANK and SFLE
settings.

Table 15.1. Flash Electrical Characteristics
VDD = 2.7 to 3.6 V; –40 to +85 °C

Parameter Conditions Min Typ Max Units
Flash Size1 C8051F12x and C8051F130/1 1313282 Bytes

Flash Size1 C8051F132/3 65792 Bytes
Endurance 20k 100k Erase/Write
Erase Cycle Time 10 12 14 ms
Write Cycle Time 40 50 60 µs
Notes:

1. Includes 256-byte Scratch Pad Area
2. 1024 Bytes at location 0x1FC00 to 0x1FFFF are reserved.
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Figure 15.1. Flash Memory Map for MOVC Read and MOVX Write Operations

15.1.2. Erasing Flash Pages From Software
When erasing Flash memory, an entire page is erased (all bytes in the page are set to 0xFF).  The  Flash
memory is organized in 1024-byte pages.  The 256 bytes of Scratchpad area (addresses 0x20000 to
0x200FF) consists of two 128 byte pages. To erase any Flash page, the FLWE, PSWE, and PSEE bits
must be set to ‘1’, and a byte must be written using a MOVX instruction to any address within that page.
The following is the recommended procedure for erasing a Flash page from software:

Step 1. Disable interrupts.
Step 2. If erasing a page in Bank 1, Bank 2, or Bank 3, set the COBANK bits (PSBANK.5-4) for 

the appropriate bank.
Step 3. If erasing a page in the Scratchpad area, set the SFLE bit (PSCTL.2).
Step 4. Set FLWE (FLSCL.0) to enable Flash writes/erases via user software.
Step 5. Set PSEE (PSCTL.1) to enable Flash erases.
Step 6. Set PSWE (PSCTL.0) to redirect MOVX commands to write to Flash.
Step 7. Use the MOVX instruction to write a data byte to any location within the page to be 

erased.
Step 8. Clear PSEE to disable Flash erases.
Step 9. Clear the PSWE bit to redirect MOVX commands to the XRAM data space.
Step 10. Clear the FLWE bit, to disable Flash writes/erases.
Step 11. If erasing a page in the Scratchpad area, clear the SFLE bit.
Step 12. Re-enable interrupts.

Bank 0 Bank 1 Bank 2 Bank 3

Bank 0 Bank 0 Bank 0 Bank 0

COBANK = 0 COBANK = 1 COBANK = 2 COBANK = 3
SFLE = 0 SFLE = 1 Internal 

Address

0x0000

0x7FFF
0x8000

0xFFFF

Undefined

Scratchpad 
Areas (2)

0x00FF

128k FLASH devices only.
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15.1.3. Writing Flash Memory From Software
Bytes in Flash memory can be written one byte at a time, or in small blocks.  The CHBLKW bit in register
CCH0CN (SFR Definition 16.1) controls whether a single byte or a block of bytes is written to Flash during
a write operation.  When CHBLKW is cleared to ‘0’, the Flash will be written one byte at a time.  When
CHBLKW is set to ‘1’, the Flash will be written in blocks of four bytes for addresses in code space, or
blocks of two bytes for addresses in the Scratchpad area. Block writes are performed in the same amount
of time as single byte writes, which can save time when storing large amounts of data to Flash memory.

For single-byte writes to Flash, bytes are written individually, and the Flash write is performed after each
MOVX write instruction.  The recommended procedure for writing Flash in single bytes is as follows:

Step 1. Disable interrupts.
Step 2. Clear CHBLKW (CCH0CN.0) to select single-byte write mode.
Step 3. If writing to bytes in Bank 1, Bank 2, or Bank 3, set the COBANK bits (PSBANK.5-4) for 

the appropriate bank.
Step 4. If writing to bytes in the Scratchpad area, set the SFLE bit (PSCTL.2).
Step 5. Set FLWE (FLSCL.0) to enable Flash writes/erases via user software.
Step 6. Set PSWE (PSCTL.0) to redirect MOVX commands to write to Flash.
Step 7. Use the MOVX instruction to write a data byte to the desired location (repeat as 

necessary).
Step 8. Clear the PSWE bit to redirect MOVX commands to the XRAM data space.
Step 9. Clear the FLWE bit, to disable Flash writes/erases.
Step 10. If writing to bytes in the Scratchpad area, clear the SFLE bit.
Step 11. Re-enable interrupts.

For block Flash writes, the Flash write procedure is only performed after the last byte of each block is writ-
ten with the MOVX write instruction.  When writing to addresses located in any of the four code banks, a
Flash write block is four bytes long, from addresses ending in 00b to addresses ending in 11b. Writes must
be performed sequentially (i.e. addresses ending in 00b, 01b, 10b, and 11b must be written in order). The
Flash write will be performed following the MOVX write that targets the address ending in 11b. When writ-
ing to addresses located in the Flash Scratchpad area, a Flash block is two bytes long, from addresses
ending in 0b to addresses ending in 1b. The Flash write will be performed following the MOVX write that
targets the address ending in 1b. If any bytes in the block do not need to be updated in Flash, they should
be written to 0xFF.  The recommended procedure for writing Flash in blocks is as follows:

Step 1. Disable interrupts.
Step 2. Set CHBLKW (CCH0CN.0) to select block write mode.
Step 3. If writing to bytes in Bank 1, Bank 2, or Bank 3, set the COBANK bits (PSBANK.5-4) for 

the appropriate bank.
Step 4. If writing to bytes in the Scratchpad area, set the SFLE bit (PSCTL.2).
Step 5. Set FLWE (FLSCL.0) to enable Flash writes/erases via user software.
Step 6. Set PSWE (PSCTL.0) to redirect MOVX commands to write to Flash.
Step 7. Use the MOVX instruction to write data bytes to the desired block.  The data bytes must 

be written sequentially, and the last byte written must be the high byte of the block (see 
text for details, repeat as necessary).

Step 8. Clear the PSWE bit to redirect MOVX commands to the XRAM data space.
Step 9. Clear the FLWE bit, to disable Flash writes/erases.
Step 10. If writing to bytes in the Scratchpad area, clear the SFLE bit.
Step 11. Re-enable interrupts.
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15.2. Security Options
The CIP-51 provides security options to protect the Flash memory from inadvertent modification by soft-
ware as well as prevent the viewing of proprietary program code and constants. The Program Store Write
Enable (PSCTL.0), Program Store Erase Enable (PSCTL.1), and Flash Write/Erase Enable (FLACL.0) bits
protect the Flash memory from accidental modification by software. These bits must be explicitly set to
logic 1 before software can write or erase the Flash memory. Additional security features prevent propri-
etary program code and data constants from being read or altered across the JTAG interface or by soft-
ware running on the system controller.

A set of security lock bytes protect the Flash program memory from being read or altered across the JTAG
interface. Each bit in a security lock-byte protects one 16k-byte block of memory. Clearing a bit to logic 0 in
the Read Lock Byte prevents the corresponding block of Flash memory from being read across the JTAG
interface. Clearing a bit in the Write/Erase Lock Byte protects the block from JTAG erasures and/or writes.
The Scratchpad area is read or write/erase locked when all bits in the corresponding security byte are
cleared to logic 0.

On the C8051F12x and C8051F130/1, the security lock bytes are located at 0x1FBFE (Write/Erase Lock)
and 0x1FBFF (Read Lock), as shown in Figure 15.2. On the C8051F132/3, the security lock bytes are
located at 0x0FFFE (Write/Erase Lock) and 0x0FFFF (Read Lock), as shown in Figure 15.3.  The 1024-
byte sector containing the lock bytes can be written to, but not erased, by software. An attempted read of a
read-locked byte returns undefined data. Debugging code in a read-locked sector is not possible through
the JTAG interface.  The lock bits can always be read from and written to logic 0 regardless of the security
setting applied to the block containing the security bytes. This allows additional blocks to be protected after
the block containing the security bytes has been locked.

Important Note: To ensure protection from external access, the block containing the lock bytes
must be Write/Erase locked.  On the 128 kB devices (C8051F12x and C8051F130/1), the block con-
taining the security bytes is 0x18000-0x1BFFF, and is locked by clearing bit 7 of the Write/Erase
Lock Byte.  On the 64 kB devices (C8051F132/3), the block containing the security bytes is
0x0C000-0x0FFFF, and is locked by clearing bit 3 of the Write/Erase Lock Byte.  If the page contain-
ing the security bytes is not Write/Erase locked, it is still possible to erase this page of Flash mem-
ory through the JTAG port and reset the security bytes.

When the page containing the security bytes has been Write/Erase locked, a JTAG full device erase
must be performed to unlock any areas of Flash protected by the security bytes.  A JTAG full
device erase is initiated by performing a normal JTAG erase operation on either of the security byte
locations. This operation must be initiated through the JTAG port, and cannot be performed from
firmware running on the device.
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Figure 15.2. 128 kB Flash Memory Map and Security Bytes

0x1FC00 

 

0x1FBFE
  

Program/Data
Memory Space

0x00000

 

0x1FBFF
 

Read Lock Byte 

Write/Erase Lock Byte  

 

Reserved
 

0x1FFFF

0x1FBFD

SFLE = 0

0x00FF 

0x0000

Scratchpad Memory
(Data only)

SFLE = 1

 

 

Bit
7
6
5
4
3
2
1
0

Read and Write/Erase Security Bits.
(Bit 7 is MSB.)

 

 

Memory Block

0x18000 - 0x1BFFF
0x1C000 - 0x1FBFD

0x14000 - 0x17FFF
0x10000 - 0x13FFF

0x08000 - 0x0BFFF
0x0C000 - 0x0FFFF

0x04000 - 0x07FFF
0x00000 - 0x03FFF Flash Access Limit

Flash Read Lock Byte
Bits7–0: Each bit locks a corresponding block of memory. (Bit7 is MSB).

0: Read operations are locked (disabled) for corresponding block across the JTAG interface.
1: Read operations are unlocked (enabled) for corresponding block across the JTAG inter-
face.

Flash Write/Erase Lock Byte
Bits7–0: Each bit locks a corresponding block of memory.

0: Write/Erase operations are locked (disabled) for corresponding block across the JTAG 
interface.
1: Write/Erase operations are unlocked (enabled) for corresponding block across the JTAG 
interface.
NOTE: When the highest block is locked, the security bytes may be written but not erased.

Flash access Limit Register (FLACL)
The Flash Access Limit is defined by the setting of the FLACL register, as described in SFR 
Definition 15.1. Firmware running at or above this address is prohibited from using the 
MOVX and MOVC instructions to read, write, or erase Flash locations below this address.
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Figure 15.3. 64 kB Flash Memory Map and Security Bytes
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Program/Data
Memory Space

0x00000

 

0x0FFFF
 

Read Lock Byte 

Write/Erase Lock Byte  

Flash Access Limit

 

 

0x0FFFD

SFLE = 0

0x00FF 

0x0000

Scratchpad Memory
(Data only)

SFLE = 1

 

 

Bit
7
6
5
4
3
2
1
0

Read and Write/Erase Security Bits.
(Bit 7 is MSB.)

 

 

Memory Block

N/A
N/A

N/A
N/A

0x08000 - 0x0BFFF
0x0C000 - 0x0FFFF

0x04000 - 0x07FFF
0x00000 - 0x03FFF

Flash Read Lock Byte
Bits7–0: Each bit locks a corresponding block of memory. (Bit7 is MSB).

0: Read operations are locked (disabled) for corresponding block across the JTAG interface.
1: Read operations are unlocked (enabled) for corresponding block across the JTAG inter-
face.

Flash Write/Erase Lock Byte
Bits7–0: Each bit locks a corresponding block of memory.

0: Write/Erase operations are locked (disabled) for corresponding block across the JTAG 
interface.
1: Write/Erase operations are unlocked (enabled) for corresponding block across the JTAG 
interface.
NOTE: When the highest block is locked, the security bytes may be written but not erased.

Flash access Limit Register (FLACL)
The Flash Access Limit is defined by the setting of the FLACL register, as described in SFR 
Definition 15.1. Firmware running at or above this address is prohibited from using the 
MOVX and MOVC instructions to read, write, or erase Flash locations below this address.
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The Flash Access Limit security feature (see SFR Definition 15.1) protects proprietary program code and
data from being read by software running on the device. This feature provides support for OEMs that wish
to program the MCU with proprietary value-added firmware before distribution. The value-added firmware
can be protected while allowing additional code to be programmed in remaining program memory space
later.

The Flash Access Limit (FAL) is a 17-bit address that establishes two logical partitions in the program
memory space. The first is an upper partition consisting of all the program memory locations at or above
the FAL address, and the second is a lower partition consisting of all the program memory locations start-
ing at 0x00000 up to (but excluding) the FAL address. Software in the upper partition can execute code in
the lower partition, but is prohibited from reading locations in the lower partition using the MOVC instruc-
tion. (Executing a MOVC instruction from the upper partition with a source address in the lower partition
will return indeterminate data.) Software running in the lower partition can access locations in both the
upper and lower partition without restriction. 

The Value-added firmware should be placed in the lower partition. On reset, control is passed to the value-
added firmware via the reset vector. Once the value-added firmware completes its initial execution, it
branches to a predetermined location in the upper partition. If entry points are published, software running
in the upper partition may execute program code in the lower partition, but it cannot read or change the
contents of the lower partition. Parameters may be passed to the program code running in the lower parti-
tion either through the typical method of placing them on the stack or in registers before the call or by plac-
ing them in prescribed memory locations in the upper partition.

The FAL address is specified using the contents of the Flash Access Limit Register. The 8 MSBs of the 17-
bit FAL address are determined by the setting of the FLACL register. Thus, the FAL can be located on 512-
byte boundaries anywhere in program memory space. However, the 1024-byte erase sector size essen-
tially requires that a 1024 boundary be used. The contents of a non-initialized FLACL security byte are
0x00, thereby setting the FAL address to 0x00000 and allowing read access to all locations in program
memory space by default.

SFR Definition 15.1. FLACL: Flash Access Limit 

Bits 7–0: FLACL: Flash Access Limit.
This register holds the most significant 8 bits of the 17-bit program memory read/write/erase 
limit address. The lower 9 bits of the read/write/erase limit are always set to 0. A write to this 
register sets the Flash Access Limit. This register can only be written once after any reset. 
Any subsequent writes are ignored until the next reset. To fully protect all addresses 
below this limit, bit 0 of FLACL should be set to ‘0’ to align the FAL on a 1024-byte 
Flash page boundary.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 SFR Address:

SFR Address:
SFR Page:

0xB7
F
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15.2.1. Summary of Flash Security Options
There are three Flash access methods supported on the C8051F12x and C8051F13x devices; 1) Access-
ing Flash through the JTAG debug interface, 2) Accessing Flash from firmware residing below the Flash
Access Limit, and 3) Accessing Flash from firmware residing at or above the Flash Access Limit.

Accessing Flash through the JTAG debug interface:

1. The Read and Write/Erase Lock bytes (security bytes) provide security for Flash access
through the JTAG interface.

2. Any unlocked page may be read from, written to, or erased.
3. Locked pages cannot be read from, written to, or erased.
4. Reading the security bytes is always permitted.
5. Locking additional pages by writing to the security bytes is always permitted.
6. If the page containing the security bytes is unlocked, it can be directly erased.  Doing so will

reset the security bytes and unlock all pages of Flash.
7. If the page containing the security bytes is locked, it cannot be directly erased.  To unlock the

page containing the security bytes, a full JTAG device erase is required.  A full JTAG
device erase will erase all Flash pages, including the page containing the security bytes and
the security bytes themselves.

8. The Reserved Area cannot be read from, written to, or erased at any time.

Accessing Flash from firmware residing below the Flash Access Limit:

1. The Read and Write/Erase Lock bytes (security bytes) do not restrict Flash access from user
firmware.

2. Any page of Flash except the page containing the security bytes may be read from, written to,
or erased.

3. The page containing the security bytes cannot be erased.  Unlocking pages of Flash can
only be performed via the JTAG interface.

4. The page containing the security bytes may be read from or written to.  Pages of Flash can be
locked from JTAG access by writing to the security bytes.

5. The Reserved Area cannot be read from, written to, or erased at any time.

Accessing Flash from firmware residing at or above the Flash Access Limit:

1. The Read and Write/Erase Lock bytes (security bytes) do not restrict Flash access from user
firmware.

2. Any page of Flash at or above the Flash Access Limit except the page containing the security
bytes may be read from, written to, or erased.

3. Any page of Flash below the Flash Access Limit cannot be read from, written to, or erased.
4. Code branches to locations below the Flash Access Limit are permitted.
5. The page containing the security bytes cannot be erased.  Unlocking pages of Flash can

only be performed via the JTAG interface.
6. The page containing the security bytes may be read from or written to.  Pages of Flash can be

locked from JTAG access by writing to the security bytes.
7. The Reserved Area cannot be read from, written to, or erased at any time.
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SFR Definition 15.2. FLSCL: Flash Memory Control

Bits 7–6: Unused.
Bits 5–4: FLRT: Flash Read Time.

These bits should be programmed to the smallest allowed value, according to the system 
clock speed.
00: SYSCLK < 25 MHz.
01: SYSCLK < 50 MHz.
10: SYSCLK < 75 MHz.
11: SYSCLK < 100 MHz.

Bits 3–1: RESERVED. Read = 000b. Must Write 000b.
Bit 0: FLWE: Flash Write/Erase Enable.

This bit must be set to allow Flash writes/erasures from user software.
0: Flash writes/erases disabled.
1: Flash writes/erases enabled.

Important Note: When changing the FLRT bits to a lower setting (e.g. when changing from a 
value of 11b to 00b), cache reads, cache writes, and the prefetch engine should be 
disabled using the CCH0CN register (see SFR Definition 16.1).

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - FLRT Reserved Reserved Reserved FLWE 10000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 SFR Address:

SFR Address:
SFR Page:

0xB7
0
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SFR Definition 15.3. PSCTL: Program Store Read/Write Control

Bits 7–3: UNUSED. Read = 00000b, Write = don't care.
Bit 2: SFLE: Scratchpad Flash Memory Access Enable

When this bit is set, Flash MOVC reads and writes from user software are directed to the 
two 128-byte Scratchpad Flash sectors. When SFLE is set to logic 1, Flash accesses out of 
the address range 0x00-0xFF should not be attempted (with the exception of address 
0x400, which can be used to simultaneously erase both Scratchpad areas). Reads/Writes 
out of this range will yield undefined results.
0: Flash access from user software directed to the Program/Data Flash sector.
1: Flash access from user software directed to the two 128 byte Scratchpad sectors.

Bit 1: PSEE: Program Store Erase Enable. 
Setting this bit allows an entire page of the Flash program memory to be erased provided 
the PSWE bit is also set. After setting this bit, a write to Flash memory using the MOVX 
instruction will erase the entire page that contains the location addressed by the MOVX 
instruction. The value of the data byte written does not matter. Note: The Flash page con-
taining the Read Lock Byte and Write/Erase Lock Byte cannot be erased by software.
0: Flash program memory erasure disabled.
1: Flash program memory erasure enabled.

Bit 0: PSWE: Program Store Write Enable.
Setting this bit allows writing a byte of data to the Flash program memory using the MOVX 
write instruction. The location must be erased prior to writing data.
0: Write to Flash program memory disabled. MOVX write operations target External RAM.
1: Write to Flash program memory enabled. MOVX write operations target Flash memory.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - - SFLE PSEE PSWE 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 SFR 
Address:

SFR Address:
SFR Page:

0x8F
0

Rev. 1.4 209



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3

NOTES:
210 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
16. Branch Target Cache
The C8051F12x and C8051F13x device families incorporate a 63x4 byte branch target cache with a 4-byte
prefetch engine. Because the access time of the Flash memory is 40 Flashns, and the minimum instruction
time is 10ns (C8051F120/1/2/3 and C8051F130/1/2/3) or 20 ns (C8051F124/5/6/7), the branch target
cache and prefetch engine are necessary for full-speed code execution. Instructions are read from Flash
memory four bytes at a time by the prefetch engine, and given to the CIP-51 processor core to execute.
When running linear code (code without any jumps or branches), the prefetch engine alone allows instruc-
tions to be executed at full speed.  When a code branch occurs, a search is performed for the branch tar-
get (destination address) in the cache.  If the branch target information is found in the cache (called a
“cache hit”), the instruction data is read from the cache and immediately returned to the CIP-51 with no
delay in code execution.  If the branch target is not found in the cache (called a “cache miss”), the proces-
sor may be stalled for up to four clock cycles while the next set of four instructions is retrieved from Flash
memory.  Each time a cache miss occurs, the requested instruction data is written to the cache if allowed
by the current cache settings. A data flow diagram of the interaction between the CIP-51 and the Branch
Target Cache and Prefetch Engine is shown in Figure 16.1.

Figure 16.1. Branch Target Cache Data Flow

16.1. Cache and Prefetch Operation
The branch target cache maintains two sets of memory locations: “slots” and “tags”. A slot is where the
cached instruction data from Flash is stored.  Each slot holds four consecutive code bytes.  A tag contains
the 15 most significant bits of the corresponding Flash address for each four-byte slot.  Thus, instruction
data is always cached along four-byte boundaries in code space.  A tag also contains a “valid bit”, which
indicates whether a cache location contains valid instruction data.  A special cache location (called the lin-
ear tag and slot), is reserved for use by the prefetch engine. The cache organization is shown in
Figure 16.2. Each time a Flash read is requested, the address is compared with all valid cache tag loca-
tions (including the linear tag). If any of the tag locations match the requested address, the data from that
slot is immediately provided to the CIP-51.  If the requested address matches a location that is currently
being read by the prefetch engine, the CIP-51 will be stalled until the read is complete.  If a match is not
found, the current prefetch operation is abandoned, and a new prefetch operation is initiated for the
requested instruction data.  When the prefetch operation is finished, the CIP-51 begins executing the
instructions that were retrieved, and the prefetch engine begins reading the next four-byte word from Flash
memory.  If the newly-fetched data also meets the criteria necessary to be cached, it will be written to the
cache in the slot indicated by the current replacement algorithm.
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The replacement algorithm is selected with the Cache Algorithm bit, CHALGM (CCH0TN.3). When
CHALGM is cleared to ‘0’, the cache will use the rebound algorithm to replace cache locations.  The
rebound algorithm replaces locations in order from the beginning of cache memory to the end, and then
from the end of cache memory to the beginning.  When CHALGM is set to ‘1’, the cache will use the
pseudo-random algorithm to replace cache locations.  The pseudo-random algorithm uses a pseudo-ran-
dom number to determine which cache location to replace. The cache can be manually emptied by writing
a ‘1’ to the CHFLUSH bit (CCH0CN.4).

 

Figure 16.2. Branch Target Cache Organiztion

16.2. Cache and Prefetch Optimization
By default, the branch target cache is configured to provide code speed improvements for a broad range of
circumstances.  In most applications, the cache control registers should be left in their reset states.
Sometimes it is desirable to optimize the execution time of a specific routine or critical timing loop.  The
branch target cache includes options to exclude caching of certain types of data, as well as the ability to
pre-load and lock time-critical branch locations to optimize execution speed.

The most basic level of cache control is implemented with the Cache Miss Penalty Threshold bits, CHM-
STH (CCH0TN.1-0).  If the processor is stalled during a prefetch operation for more clock cycles than the
number stored in CHMSTH, the requested data will be cached when it becomes available.  The CHMSTH
bits are set to zero by default, meaning that any time the processor is stalled, the new data will be cached.
If, for example, CHMSTH is equal to 2, any cache miss causing a delay of 3 or 4 clock cycles will be
cached, while a cache miss causing a delay of 1-2 clock cycles will not be cached.
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Certain types of instruction data or certain blocks of code can also be excluded from caching.  The destina-
tions of RETI instructions are, by default, excluded from caching.  To enable caching of RETI destinations,
the CHRETI bit (CCH0CN.3) can be set to ‘1’.  It is generally not beneficial to cache RETI destinations
unless the same instruction is likely to be interrupted repeatedly (such as a code loop that is waiting for an
interrupt to happen). Instructions that are part of an interrupt service routine (ISR) can also be excluded
from caching. By default, ISR instructions are cached, but this can be disabled by clearing the CHISR bit
(CCH0CN.2) to ‘0’.  The other information that can be explicitly excluded from caching are the data
returned by MOVC instructions.  Clearing the CHMOV bit (CCH0CN.1) to ‘0’ will disable caching of MOVC
data. If MOVC caching is allowed, it can be restricted to only use slot 0 for the MOVC information (exclud-
ing cache push operations). The CHFIXM bit (CCH0TN.2) controls this behavior.

Further cache control can be implemented by disabling all cache writes.  Cache writes can be disabled by
clearing the CHWREN bit (CCH0CN.7) to ‘0’. Although normal cache writes (such as those after a cache
miss) are disabled, data can still be written to the cache with a cache push operation.  Disabling cache
writes can be used to prevent a non-critical section of code from changing the cache contents.  Note that
regardless of the value of CHWREN, a Flash write or erase operation automatically removes the affected
bytes from the cache. Cache reads and the prefetch engine can also be individually disabled. Disabling
cache reads forces all instructions data to execute from Flash memory or from the prefetch engine. To dis-
able cache reads, the CHRDEN bit (CCH0CN.6) can be cleared to ‘0’.  Note that when cache reads are
disabled, cache writes will still occur (if CHWREN is set to ‘1’).  Disabling the prefetch engine is accom-
plished using the CHPFEN bit (CCH0CN.5).  When this bit is cleared to ‘0’, the prefetch engine will be dis-
abled.  If both CHPFEN and CHRDEN are ‘0’, code will execute at a fixed rate, as instructions become
available from the Flash memory.

Cache locations can also be pre-loaded and locked with time-critical branch destinations.  For example, in
a system with an ISR that must respond as fast as possible, the entry point for the ISR can be locked into
a cache location to minimize the response latency of the ISR. Up to 61 locations can be locked into the
cache at one time.  Instructions are locked into cache by enabling cache push operations with the
CHPUSH bit (CCH0LC.7).  When CHPUSH is set to ‘1’, a MOVC instruction will cause the four-byte seg-
ment containing the data byte to be written to the cache slot location indicated by CHSLOT (CCH0LC.5-0).
CHSLOT is them decremented to point to the next lockable cache location.  This process is called a cache
push operation. Cache locations that are above CHSLOT are “locked”, and cannot be changed by the pro-
cessor core, as shown in Figure 16.3.  Cache locations can be unlocked by using a cache pop operation.
A cache pop is performed by writing a ‘1’ to the CHPOP bit (CCH0LC.6).  When a cache pop is initiated,
the value of CHSLOT is incremented. This unlocks the most recently locked cache location, but does not
remove the information from the cache. Note that a cache pop should not be initiated if CHSLOT is equal
to 111110b. Doing so may have an adverse effect on cache performance. Important: Although locking
cache location 1 is not explicitly disabled by hardware, the entire cache will be unlocked when
CHSLOT is equal to 000000b.  Therefore, cache locations 1 and 0 must remain unlocked at all
times.
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Figure 16.3. Cache Lock Operation
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SFR Definition 16.1. CCH0CN: Cache Control

Bit 7: CHWREN: Cache Write Enable.
This bit enables the processor to write to the cache memory.
0: Cache contents are not allowed to change, except during Flash writes/erasures or cache 
locks.
1: Writes to cache memory are allowed.

Bit 6: CHRDEN: Cache Read Enable.
This bit enables the processor to read instructions from the cache memory.
0: All instruction data comes from Flash memory or the prefetch engine.
1: Instruction data is obtained from cache (when available).

Bit 5: CHPFEN: Cache Prefetch Enable.
This bit enables the prefetch engine.
0: Prefetch engine is disabled.
1: Prefetch engine is enabled.

Bit 4: CHFLSH: Cache Flush.
When written to a ‘1’, this bit clears the cache contents. This bit always reads ‘0’.

Bit 3: CHRETI: Cache RETI Destination Enable.
This bit enables the destination of a RETI address to be cached.
0: Destinations of RETI instructions will not be cached.
1: RETI destinations will be cached.

Bit 2: CHISR: Cache ISR Enable.
This bit allows instructions which are part of an Interrupt Service Rountine (ISR) to be 
cached.
0: Instructions in ISRs will not be loaded into cache memory.
1: Instructions in ISRs can be cached.

Bit 1: CHMOVC: Cache MOVC Enable.
This bit allows data requested by a MOVC instruction to be loaded into the cache memory.
0: Data requested by MOVC instructions will not be cached.
1: Data requested by MOVC instructions will be loaded into cache memory.

Bit 0: CHBLKW: Block Write Enable.
This bit allows block writes to Flash memory from software.
0: Each byte of a software Flash write is written individually.
1: Flash bytes are written in groups of four (for code space writes) or two (for scratchpad 
writes).

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CHWREN CHRDEN CHPFEN CHFLSH CHRETI CHISR CHMOVC CHBLKW 11100110
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA1
F
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SFR Definition 16.2. CCH0TN: Cache Tuning 

SFR Definition 16.3. CCH0LC: Cache Lock Control 

Bits 7–4: CHMSCTL: Cache Miss Penalty Accumulator (Bits 4–1).
These are bits 4-1 of the Cache Miss Penalty Accumulator. To read these bits, they must first 
be latched by reading the CHMSCTH bits in the CCH0MA Register (See SFR Definition 
16.4).

Bit 3: CHALGM: Cache Algorithm Select.
This bit selects the cache replacement algorithm.
0: Cache uses Rebound algorithm.
1: Cache uses Pseudo-random algorithm.

Bit 2: CHFIXM: Cache Fix MOVC Enable.
This bit forces MOVC writes to the cache memory to use slot 0.
0: MOVC data is written according to the current algorithm selected by the CHALGM bit.
1: MOVC data is always written to cache slot 0.

Bits 1–0: CHMSTH: Cache Miss Penalty Threshold.
These bits determine when missed instruction data will be cached.
If data takes longer than CHMSTH clocks to obtain, it will be cached.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CHMSCTL CHALGM CHFIXM CHMSTH 00000100
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA2
F

Bit 7: CHPUSH: Cache Push Enable.
This bit enables cache push operations, which will lock information in cache slots using 
MOVC instructions.
0: Cache push operations are disabled.
1: Cache push operations are enabled. When a MOVC read is executed, the requested 4-
byte segment containing the data is locked into the cache at the location indicated by 
CHSLOT, and CHSLOT is decremented.
Note that no more than 61 cache slots should be locked at one time, since the entire cache 
will be unlocked when CHSLOT is equal to 0.

Bit 6: CHPOP: Cache Pop.
Writing a ‘1’ to this bit will increment CHSLOT and then unlock that location. This bit always 
reads ‘0’. Note that Cache Pop operations should not be performed while CHSLOT = 
111110b. “Pop”ing more Cache slots than have been “Push”ed will have indeterminate 
results on the Cache performance.

Bits 5–0: CHSLOT: Cache Slot Pointer.
These read-only bits are the pointer into the cache lock stack. Locations above CHSLOT are 
locked, and will not be changed by the processor, except when CHSLOT equals 0.

R/W R/W R R R R R R Reset Value

CHPUSH CHPOP CHSLOT 00111110
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA3
F
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SFR Definition 16.4. CCH0MA: Cache Miss Accumulator 

SFR Definition 16.5. FLSTAT: Flash Status 

Bit 7: CHMSOV: Cache Miss Penalty Overflow.
This bit indicates when the Cache Miss Penalty Accumulator has overflowed since it was 
last written.
0: The Cache Miss Penalty Accumulator has not overflowed since it was last written.
1: An overflow of the Cache Miss Penalty Accumulator has occurred since it was last written.

Bits 6–0: CHMSCTH: Cache Miss Penalty Accumulator (bits 11–5)
These are bits 11-5 of the Cache Miss Penalty Accumulator.  The next four bits (bits 4-1) are 
stored in CHMSCTL in the CCH0TN register.  
The Cache Miss Penalty Accumulator is incremented every clock cycle that the processor is 
delayed due to a cache miss.  This is primarily used as a diagnostic feature, when optimizing 
code for execution speed.
Writing to CHMSCTH clears the lower 5 bits of the Cache Miss Penalty Accumulator.
Reading from CHMSCTH returns the current value of CHMSTCH, and latches bits 4-1 into 
CHMSTCL so that they can be read.  Because bit 0 of the Cache Miss Penalty Accumulator 
is not available, the Cumulative Miss Penalty is equal to 2 * (CCHMSTCH:CCHMSTCL).

R R/W R/W R/W R/W R/W R/W R/W Reset Value

CHMSOV CHMSCTH 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9A
F

Bit 7–1: Reserved.
Bit 0: FLBUSY: Flash Busy

This bit indicates when a Flash write or erase operation is in progress.
0: Flash is idle or reading.
1: Flash write/erase operation is currently in progress.

R R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - - - - - FLBUSY 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x88
F
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17. External Data Memory Interface and On-Chip XRAM
There are 8 kB of on-chip RAM mapped into the external data memory space (XRAM), as well as an Exter-
nal Data Memory Interface which can be used to access off-chip memories and memory-mapped devices
connected to the GPIO ports. The external memory space may be accessed using the external move
instruction (MOVX) and the data pointer (DPTR), or using the MOVX indirect addressing mode using R0 or
R1. If the MOVX instruction is used with an 8-bit address operand (such as @R1), then the high byte of the
16-bit address is provided by the External Memory Interface Control Register (EMI0CN, shown in SFR
Definition 17.1). Note: the MOVX instruction can also be used for writing to the Flash memory. See Sec-
tion “15. Flash Memory” on page 199 for details. The MOVX instruction accesses XRAM by default. The
EMIF can be configured to appear on the lower GPIO Ports (P0–P3) or the upper GPIO Ports (P4–P7).

17.1. Accessing XRAM
The XRAM memory space is accessed using the MOVX instruction. The MOVX instruction has two forms,
both of which use an indirect addressing method. The first method uses the Data Pointer, DPTR, a 16-bit
register which contains the effective address of the XRAM location to be read from or written to. The sec-
ond method uses R0 or R1 in combination with the EMI0CN register to generate the effective XRAM
address. Examples of both of these methods are given below.

17.1.1. 16-Bit MOVX Example
The 16-bit form of the MOVX instruction accesses the memory location pointed to by the contents of the
DPTR register. The following series of instructions reads the value of the byte at address 0x1234 into the
accumulator A:

MOV DPTR, #1234h ; load DPTR with 16-bit address to read (0x1234)
MOVX A, @DPTR ; load contents of 0x1234 into accumulator A

The above example uses the 16-bit immediate MOV instruction to set the contents of DPTR. Alternately,
the DPTR can be accessed through the SFR registers DPH, which contains the upper 8-bits of DPTR, and
DPL, which contains the lower 8-bits of DPTR.

17.1.2. 8-Bit MOVX Example
The 8-bit form of the MOVX instruction uses the contents of the EMI0CN SFR to determine the upper 8-bits
of the effective address to be accessed and the contents of R0 or R1 to determine the lower 8-bits of the
effective address to be accessed. The following series of instructions read the contents of the byte at
address 0x1234 into the accumulator A.

MOV EMI0CN, #12h ; load high byte of address into EMI0CN
MOV R0, #34h ; load low byte of address into R0 (or R1)
MOVX a, @R0 ; load contents of 0x1234 into accumulator A

17.2. Configuring the External Memory Interface
Configuring the External Memory Interface consists of five steps:

1. Select EMIF on Low Ports (P3, P2, P1, and P0) or High Ports (P7, P6, P5, and P4).
2. Configure the Output Modes of the port pins as either push-pull or open-drain (push-pull is

most common).
3. Configure Port latches to “park” the EMIF pins in a dormant state (usually by setting them to

logic ‘1’).
4. Select Multiplexed mode or Non-multiplexed mode.
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5. Select the memory mode (on-chip only, split mode without bank select, split mode with bank
select, or off-chip only).

6. Set up timing to interface with off-chip memory or peripherals.

Each of these five steps is explained in detail in the following sections. The Port selection, Multiplexed
mode selection, and Mode bits are located in the EMI0CF register shown in SFR Definition 17.2.

17.3. Port Selection and Configuration
The External Memory Interface can appear on Ports 3, 2, 1, and 0 (All Devices) or on Ports 7, 6, 5, and 4
(100-pin TQFP devices only), depending on the state of the PRTSEL bit (EMI0CF.5). If the lower Ports are
selected, the EMIFLE bit (XBR2.1) must be set to a ‘1’ so that the Crossbar will skip over P0.7 (/WR), P0.6
(/RD), and if multiplexed mode is selected P0.5 (ALE). For more information about the configuring the
Crossbar, see Section “18.1. Ports 0 through 3 and the Priority Crossbar Decoder” on page 238.

The External Memory Interface claims the associated Port pins for memory operations ONLY during the
execution of an off-chip MOVX instruction. Once the MOVX instruction has completed, control of the Port
pins reverts to the Port latches or to the Crossbar (on Ports 3, 2, 1, and 0). See Section “18. Port Input/
Output” on page 235 for more information about the Crossbar and Port operation and configuration. The
Port latches should be explicitly configured to ‘park’ the External Memory Interface pins in a dor-
mant state, most commonly by setting them to a logic 1.

During the execution of the MOVX instruction, the External Memory Interface will explicitly disable the driv-
ers on all Port pins that are acting as Inputs (Data[7:0] during a READ operation, for example). The Output
mode of the Port pins (whether the pin is configured as Open-Drain or Push-Pull) is unaffected by the
External Memory Interface operation, and remains controlled by the PnMDOUT registers. In most cases,
the output modes of all EMIF pins should be configured for push-pull mode. See“Configuring the Output
Modes of the Port Pins” on page 239.

SFR Definition 17.1. EMI0CN: External Memory Interface Control

Bits7–0: PGSEL[7:0]: XRAM Page Select Bits.
The XRAM Page Select Bits provide the high byte of the 16-bit external data memory 
address when using an 8-bit MOVX command, effectively selecting a 256-byte page of 
RAM.
0x00: 0x0000 to 0x00FF
0x01: 0x0100 to 0x01FF
...
0xFE: 0xFE00 to 0xFEFF
0xFF: 0xFF00 to 0xFFFF

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

PGSEL7 PGSEL6 PGSEL5 PGSEL4 PGSEL3 PGSEL2 PGSEL1 PGSEL0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA2
0
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SFR Definition 17.2. EMI0CF: External Memory Configuration

Bits7–6: Unused. Read = 00b. Write = don’t care.
Bit5: PRTSEL: EMIF Port Select.

0: EMIF active on P0–P3.
1: EMIF active on P4–P7.

Bit4: EMD2: EMIF Multiplex Mode Select.
0: EMIF operates in multiplexed address/data mode.
1: EMIF operates in non-multiplexed mode (separate address and data pins).

Bits3–2: EMD1-0: EMIF Operating Mode Select.
These bits control the operating mode of the External Memory Interface.
00: Internal Only: MOVX accesses on-chip XRAM only. All effective addresses alias to on-
chip memory space.
01: Split Mode without Bank Select: Accesses below the 8 k boundary are directed on-chip. 
Accesses above the 8 k boundary are directed off-chip. 8-bit off-chip MOVX operations use 
the current contents of the Address High port latches to resolve upper address byte. Note 
that in order to access off-chip space, EMI0CN must be set to a page that is not contained in 
the on-chip address space.
10: Split Mode with Bank Select: Accesses below the 8 k boundary are directed on-chip. 
Accesses above the 8k boundary are directed off-chip. 8-bit off-chip MOVX operations use 
the contents of EMI0CN to determine the high-byte of the address.
11: External Only: MOVX accesses off-chip XRAM only. On-chip XRAM is not visible to the 
CPU.

Bits1–0: EALE1–0: ALE Pulse-Width Select Bits (only has effect when EMD2 = 0).
00: ALE high and ALE low pulse width = 1 SYSCLK cycle.
01: ALE high and ALE low pulse width = 2 SYSCLK cycles.
10: ALE high and ALE low pulse width = 3 SYSCLK cycles.
11: ALE high and ALE low pulse width = 4 SYSCLK cycles.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - PRTSEL EMD2 EMD1 EMD0 EALE1 EALE0 00000011
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA3
0
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17.4. Multiplexed and Non-multiplexed Selection
The External Memory Interface is capable of acting in a Multiplexed mode or a Non-multiplexed mode,
depending on the state of the EMD2 (EMI0CF.4) bit.

17.4.1. Multiplexed Configuration
In Multiplexed mode, the Data Bus and the lower 8-bits of the Address Bus share the same Port pins:
AD[7:0]. In this mode, an external latch (74HC373 or equivalent logic gate) is used to hold the lower 8-bits
of the RAM address. The external latch is controlled by the ALE (Address Latch Enable) signal, which is
driven by the External Memory Interface logic. An example of a Multiplexed Configuration is shown in
Figure 17.1.

In Multiplexed mode, the external MOVX operation can be broken into two phases delineated by the state
of the ALE signal. During the first phase, ALE is high and the lower 8-bits of the Address Bus are pre-
sented to AD[7:0]. During this phase, the address latch is configured such that the ‘Q’ outputs reflect the
states of the ‘D’ inputs. When ALE falls, signaling the beginning of the second phase, the address latch
outputs remain fixed and are no longer dependent on the latch inputs. Later in the second phase, the Data
Bus controls the state of the AD[7:0] port at the time /RD or /WR is asserted.

See Section “17.6.2. Multiplexed Mode” on page 230 for more information.

Figure 17.1. Multiplexed Configuration Example
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17.4.2. Non-multiplexed Configuration
In Non-multiplexed mode, the Data Bus and the Address Bus pins are not shared. An example of a Non-
multiplexed Configuration is shown in Figure 17.2. See Section “17.6.1. Non-multiplexed Mode” on
page 227 for more information about Non-multiplexed operation.

Figure 17.2. Non-multiplexed Configuration Example
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17.5. Memory Mode Selection
The external data memory space can be configured in one of four modes, shown in Figure 17.3, based on
the EMIF Mode bits in the EMI0CF register (SFR Definition 17.2). These modes are summarized below.
More information about the different modes can be found in Section “SFR Definition 17.3. EMI0TC:
External Memory Timing Control” on page 226.

17.5.1. Internal XRAM Only
When EMI0CF.[3:2] are set to ‘00’, all MOVX instructions will target the internal XRAM space on the
device. Memory accesses to addresses beyond the populated space will wrap on 8 k boundaries. As an
example, the addresses 0x2000 and 0x4000 both evaluate to address 0x0000 in on-chip XRAM space.

• 8-bit MOVX operations use the contents of EMI0CN to determine the high-byte of the effective address 
and R0 or R1 to determine the low-byte of the effective address.

• 16-bit MOVX operations use the contents of the 16-bit DPTR to determine the effective address.

17.5.2. Split Mode without Bank Select
When EMI0CF.[3:2] are set to ‘01’, the XRAM memory map is split into two areas, on-chip space and off-
chip space.

• Effective addresses below the 8 k boundary will access on-chip XRAM space.
• Effective addresses above the 8 k boundary will access off-chip space.
• 8-bit MOVX operations use the contents of EMI0CN to determine whether the memory access is on-

chip or off-chip. However, in the “No Bank Select” mode, an 8-bit MOVX operation will not drive the 
upper 8-bits A[15:8] of the Address Bus during an off-chip access. This allows the user to manipulate 
the upper address bits at will by setting the Port state directly via the port latches. This behavior is in 
contrast with “Split Mode with Bank Select” described below. The lower 8-bits of the Address Bus 
A[7:0] are driven, determined by R0 or R1.

• 16-bit MOVX operations use the contents of DPTR to determine whether the memory access is on-
chip or off-chip, and unlike 8-bit MOVX operations, the full 16-bits of the Address Bus A[15:0] are 
driven during the off-chip transaction.

Figure 17.3. EMIF Operating Modes
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17.5.3. Split Mode with Bank Select
When EMI0CF.[3:2] are set to ‘10’, the XRAM memory map is split into two areas, on-chip space and off-
chip space.

• Effective addresses below the 8k boundary will access on-chip XRAM space.
• Effective addresses above the 8k boundary will access off-chip space.
• 8-bit MOVX operations use the contents of EMI0CN to determine whether the memory access is on-

chip or off-chip. The upper 8-bits of the Address Bus A[15:8] are determined by EMI0CN, and the lower 
8-bits of the Address Bus A[7:0] are determined by R0 or R1. All 16-bits of the Address Bus A[15:0] are 
driven in “Bank Select” mode.

• 16-bit MOVX operations use the contents of DPTR to determine whether the memory access is on-
chip or off-chip, and the full 16-bits of the Address Bus A[15:0] are driven during the off-chip transac-
tion.

17.5.4. External Only
When EMI0CF[3:2] are set to ‘11’, all MOVX operations are directed to off-chip space. On-chip XRAM is
not visible to the CPU. This mode is useful for accessing off-chip memory located between 0x0000 and the
8k boundary.

• 8-bit MOVX operations ignore the contents of EMI0CN. The upper Address bits A[15:8] are not driven 
(identical behavior to an off-chip access in “Split Mode without Bank Select” described above). This 
allows the user to manipulate the upper address bits at will by setting the Port state directly. The lower 
8-bits of the effective address A[7:0] are determined by the contents of R0 or R1.

• 16-bit MOVX operations use the contents of DPTR to determine the effective address A[15:0]. The full 
16-bits of the Address Bus A[15:0] are driven during the off-chip transaction.

17.6. EMIF Timing
The timing parameters of the External Memory Interface can be configured to enable connection to
devices having different setup and hold time requirements. The Address Setup time, Address Hold time, /
RD and /WR strobe widths, and in multiplexed mode, the width of the ALE pulse are all programmable in
units of SYSCLK periods through EMI0TC, shown in SFR Definition 17.3, and EMI0CF[1:0].

The timing for an off-chip MOVX instruction can be calculated by adding 4 SYSCLK cycles to the timing
parameters defined by the EMI0TC register. Assuming non-multiplexed operation, the minimum execution
time for an off-chip XRAM operation is 5 SYSCLK cycles (1 SYSCLK for /RD or /WR pulse + 4 SYSCLKs).
For multiplexed operations, the Address Latch Enable signal will require a minimum of 2 additional
SYSCLK cycles.  Therefore, the minimum execution time for an off-chip XRAM operation in multiplexed
mode is 7 SYSCLK cycles (2 for /ALE + 1 for  /RD or /WR + 4). The programmable setup and hold times
default to the maximum delay settings after a reset. Table 17.1 lists the ac parameters for the External
Memory Interface, and Figure 17.4 through Figure 17.9 show the timing diagrams for the different External
Memory Interface modes and MOVX operations.
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SFR Definition 17.3. EMI0TC: External Memory Timing Control

Bits7–6: EAS1–0: EMIF Address Setup Time Bits.
00: Address setup time = 0 SYSCLK cycles.
01: Address setup time = 1 SYSCLK cycle.
10: Address setup time = 2 SYSCLK cycles.
11: Address setup time = 3 SYSCLK cycles.

Bits5–2: EWR3–0: EMIF /WR and /RD Pulse-Width Control Bits.
0000: /WR and /RD pulse width = 1 SYSCLK cycle.
0001: /WR and /RD pulse width = 2 SYSCLK cycles.
0010: /WR and /RD pulse width = 3 SYSCLK cycles.
0011: /WR and /RD pulse width = 4 SYSCLK cycles.
0100: /WR and /RD pulse width = 5 SYSCLK cycles.
0101: /WR and /RD pulse width = 6 SYSCLK cycles.
0110: /WR and /RD pulse width = 7 SYSCLK cycles.
0111: /WR and /RD pulse width = 8 SYSCLK cycles.
1000: /WR and /RD pulse width = 9 SYSCLK cycles.
1001: /WR and /RD pulse width = 10 SYSCLK cycles.
1010: /WR and /RD pulse width = 11 SYSCLK cycles.
1011: /WR and /RD pulse width = 12 SYSCLK cycles.
1100: /WR and /RD pulse width = 13 SYSCLK cycles.
1101: /WR and /RD pulse width = 14 SYSCLK cycles.
1110: /WR and /RD pulse width = 15 SYSCLK cycles.
1111: /WR and /RD pulse width = 16 SYSCLK cycles.

Bits1–0: EAH1–0: EMIF Address Hold Time Bits.
00: Address hold time = 0 SYSCLK cycles.
01: Address hold time = 1 SYSCLK cycle.
10: Address hold time = 2 SYSCLK cycles.
11: Address hold time = 3 SYSCLK cycles.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

EAS1 EAS0 ERW3 EWR2 EWR1 EWR0 EAH1 EAH0 11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA1
0
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17.6.1. Non-multiplexed Mode
17.6.1.1.16-bit MOVX: EMI0CF[4:2] = ‘101’, ‘110’, or ‘111’

Figure 17.4. Non-multiplexed 16-bit MOVX Timing
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17.6.1.2.8-bit MOVX without Bank Select: EMI0CF[4:2] = ‘101’ or ‘111’.

Figure 17.5. Non-multiplexed 8-bit MOVX without Bank Select Timing
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17.6.1.3.8-bit MOVX with Bank Select: EMI0CF[4:2] = ‘110’.

Figure 17.6. Non-multiplexed 8-bit MOVX with Bank Select Timing
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17.6.2. Multiplexed Mode
17.6.2.1.16-bit MOVX: EMI0CF[4:2] = ‘001’, ‘010’, or ‘011’

Figure 17.7. Multiplexed 16-bit MOVX Timing
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17.6.2.2.8-bit MOVX without Bank Select: EMI0CF[4:2] = ‘001’ or ‘011’.

Figure 17.8. Multiplexed 8-bit MOVX without Bank Select Timing
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17.6.2.3.8-bit MOVX with Bank Select: EMI0CF[4:2] = ‘010’.

Figure 17.9. Multiplexed 8-bit MOVX with Bank Select Timing
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Table 17.1. AC Parameters for External Memory Interface
Parameter Description Min Max Units

TACS Address/Control Setup Time 0 3 x TSYSCLK ns

TACW Address/Control Pulse Width 1 x TSYSCLK 16 x TSYSCLK ns

TACH Address/Control Hold Time 0 3 x TSYSCLK ns

TALEH Address Latch Enable High Time 1 x TSYSCLK 4 x TSYSCLK ns

TALEL Address Latch Enable Low Time 1 x TSYSCLK 4 x TSYSCLK ns

TWDS Write Data Setup Time 1 x TSYSCLK 19 x TSYSCLK ns

TWDH Write Data Hold Time 0 3 x TSYSCLK ns

TRDS Read Data Setup Time 20 — ns

TRDH Read Data Hold Time 0 — ns

Note: TSYSCLK is equal to one period of the device system clock (SYSCLK).
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NOTES:
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18. Port Input/Output
The devices are fully integrated mixed-signal System on a Chip MCUs with 64 digital I/O pins (100-pin
TQFP packaging) or 32 digital I/O pins (64-pin TQFP packaging), organized as 8-bit Ports. All ports are
both bit- and byte-addressable through their corresponding Port Data registers. All Port pins are 5 V-toler-
ant, and all support configurable Open-Drain or Push-Pull output modes and weak pullups. A block dia-
gram of the Port I/O cell is shown in Figure 18.1. Complete Electrical Specifications for the Port I/O pins
are given in Table 18.1.

Figure 18.1. Port I/O Cell Block Diagram
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Table 18.1. Port I/O DC Electrical Characteristics
VDD = 2.7 to 3.6 V, –40 to +85 °C unless otherwise specified.

Parameter Conditions Min Typ Max Units

Output High Voltage 
(VOH)

IOH = -3 mA, Port I/O Push-Pull
IOH = -10 µA, Port I/O Push-Pull
IOH = -10 mA, Port I/O Push-Pull

VDD – 0.7
VDD – 0.1

VDD – 0.8

V

Output Low Voltage 
(VOL)

IOL = 8.5 mA
IOL = 10 µA
IOL = 25 mA 1.0

0.6
0.1

V

Input High Voltage (VIH) 0.7 x VDD

Input Low Voltage (VIL) 0.3 x 
VDD

Input Leakage Current
DGND < Port Pin < VDD, Pin Tri-state
Weak Pullup Off
Weak Pullup On 10

± 1
µA

Input Capacitance 5 pF
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A wide array of digital resources is available through the four lower I/O Ports: P0, P1, P2, and P3. Each of
the pins on P0, P1, P2, and P3, can be defined as a General-Purpose I/O (GPIO) pin or can be controlled
by a digital peripheral or function (like UART0 or /INT1 for example), as shown in Figure 18.2. The system
designer controls which digital functions are assigned pins, limited only by the number of pins available.
This resource assignment flexibility is achieved through the use of a Priority Crossbar Decoder. Note that
the state of a Port I/O pin can always be read from its associated Data register regardless of whether that
pin has been assigned to a digital peripheral or behaves as GPIO. The Port pins on Port 1 can be used as
Analog Inputs to ADC2.

An External Memory Interface which is active during the execution of an off-chip MOVX instruction can be
active on either the lower Ports or the upper Ports. See Section “17. External Data Memory Interface
and On-Chip XRAM” on page 219 for more information about the External Memory Interface.

Figure 18.2. Port I/O Functional Block Diagram
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18.1. Ports 0 through 3 and the Priority Crossbar Decoder
The Priority Crossbar Decoder, or “Crossbar”, allocates and assigns Port pins on Port 0 through Port 3 to
the digital peripherals (UARTs, SMBus, PCA, Timers, etc.) on the device using a priority order. The Port
pins are allocated in order starting with P0.0 and continue through P3.7 if necessary. The digital peripher-
als are assigned Port pins in a priority order which is listed in Figure 18.3, with UART0 having the highest
priority and CNVSTR2 having the lowest priority.

18.1.1. Crossbar Pin Assignment and Allocation
The Crossbar assigns Port pins to a peripheral if the corresponding enable bits of the peripheral are set to
a logic 1 in the Crossbar configuration registers XBR0, XBR1, and XBR2, shown in SFR Definition 18.1,
SFR Definition 18.2, and SFR Definition 18.3. For example, if the UART0EN bit (XBR0.2) is set to a
logic 1, the TX0 and RX0 pins will be mapped to P0.0 and P0.1 respectively.

Figure 18.3. Priority Crossbar Decode Table (EMIFLE = 0; P1MDIN = 0xFF)

Because UART0 has the highest priority, its pins will always be mapped to P0.0 and P0.1 when UART0EN
is set to a logic 1. If a digital peripheral’s enable bits are not set to a logic 1, then its ports are not accessi-
ble at the Port pins of the device. Also note that the Crossbar assigns pins to all associated functions when
a serial communication peripheral is selected (i.e. SMBus, SPI, UART). It would be impossible, for exam-

PIN I/O 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

TX0 ●

RX0 ●

SCK ● ●

MISO ● ●

MOSI ● ●

NSS ● ● NSS is not assigned to a port pin when the SPI is placed in 3-wire mode

SDA ● ● ● ● ● ●

SCL ● ● ● ● ● ●

TX1 ● ● ● ● ● ● ● ●

RX1 ● ● ● ● ● ● ● ●

CEX0 ● ● ● ● ● ● ● ● ● ●

CEX1 ● ● ● ● ● ● ● ● ● ●

CEX2 ● ● ● ● ● ● ● ● ● ●

CEX3 ● ● ● ● ● ● ● ● ● ●

CEX4 ● ● ● ● ● ● ● ● ● ●

CEX5 ● ● ● ● ● ● ● ● ● ●

ECI ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ECI0E: XBR0.6

CP0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP0E: XBR0.7

CP1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP1E: XBR1.0

T0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T0E: XBR1.1

/INT0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT0E: XBR1.2

T1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T1E: XBR1.3

/INT1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT1E: XBR1.4

T2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2E: XBR1.5

T2EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2EXE: XBR1.6

T4 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4E: XBR2.3

T4EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4EXE: XBR2.4

/SYSCLK ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● SYSCKE: XBR1.7

CNVSTR0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE0: XBR2.0

CNVSTR2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE2: XBR2.5
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ple, to assign TX0 to a Port pin without assigning RX0 as well. Each combination of enabled peripherals
results in a unique device pinout.

All Port pins on Ports 0 through 3 that are not allocated by the Crossbar can be accessed as General-Pur-
pose I/O (GPIO) pins by reading and writing the associated Port Data registers (See SFR Definition 18.4,
SFR Definition 18.6, SFR Definition 18.9, and SFR Definition 18.11), a set of SFR’s which are both byte-
and bit-addressable. The output states of Port pins that are allocated by the Crossbar are controlled by the
digital peripheral that is mapped to those pins. Writes to the Port Data registers (or associated Port bits)
will have no effect on the states of these pins.

A Read of a Port Data register (or Port bit) will always return the logic state present at the pin itself, regard-
less of whether the Crossbar has allocated the pin for peripheral use or not. An exception to this occurs
during the execution of a read-modify-write instruction (ANL, ORL, XRL, CPL, INC, DEC, DJNZ, JBC,
CLR, SETB, and the bitwise MOV write operation). During the read cycle of the read-modify-write instruc-
tion, it is the contents of the Port Data register, not the state of the Port pins themselves, which is read.
Note that at clock rates above 50 MHz, when a pin is written and then immediately read (i.e. a write instruc-
tion followed immediately by a read instruction), the propagation delay of the port drivers may cause the
read instruction to return the previous logic level of the pin.

Because the Crossbar registers affect the pinout of the peripherals of the device, they are typically config-
ured in the initialization code of the system before the peripherals themselves are configured. Once config-
ured, the Crossbar registers are typically left alone.

Once the Crossbar registers have been properly configured, the Crossbar is enabled by setting XBARE
(XBR2.4) to a logic 1. Until XBARE is set to a logic 1, the output drivers on Ports 0 through 3 are
explicitly disabled in order to prevent possible contention on the Port pins while the Crossbar reg-
isters and other registers which can affect the device pinout are being written.

The output drivers on Crossbar-assigned input signals (like RX0, for example) are explicitly disabled; thus
the values of the Port Data registers and the PnMDOUT registers have no effect on the states of these
pins.

18.1.2. Configuring the Output Modes of the Port Pins
The output drivers on Ports 0 through 3 remain disabled until the Crossbar is enabled by setting XBARE
(XBR2.4) to a logic 1.

The output mode of each port pin can be configured to be either Open-Drain or Push-Pull. In the Push-Pull
configuration, writing a logic 0 to the associated bit in the Port Data register will cause the Port pin to be
driven to GND, and writing a logic 1 will cause the Port pin to be driven to VDD. In the Open-Drain configu-
ration, writing a logic 0 to the associated bit in the Port Data register will cause the Port pin to be driven to
GND, and a logic 1 will cause the Port pin to assume a high-impedance state. The Open-Drain configura-
tion is useful to prevent contention between devices in systems where the Port pin participates in a shared
interconnection in which multiple outputs are connected to the same physical wire (like the SDA signal on
an SMBus connection).

The output modes of the Port pins on Ports 0 through 3 are determined by the bits in the associated PnM-
DOUT registers (See SFR Definition 18.5, SFR Definition 18.8, SFR Definition 18.10, and SFR Definition
18.12). For example, a logic 1 in P3MDOUT.7 will configure the output mode of P3.7 to Push-Pull; a logic 0
in P3MDOUT.7 will configure the output mode of P3.7 to Open-Drain. All Port pins default to Open-Drain
output.
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The PnMDOUT registers control the output modes of the port pins regardless of whether the Crossbar has
allocated the Port pin for a digital peripheral or not. The exceptions to this rule are: the Port pins connected
to SDA, SCL, RX0 (if UART0 is in Mode 0), and RX1 (if UART1 is in Mode 0) are always configured as
Open-Drain outputs, regardless of the settings of the associated bits in the PnMDOUT registers.

18.1.3. Configuring Port Pins as Digital Inputs
A Port pin is configured as a digital input by setting its output mode to “Open-Drain” and writing a logic 1 to
the associated bit in the Port Data register. For example, P3.7 is configured as a digital input by setting
P3MDOUT.7 to a logic 0 and P3.7 to a logic 1.

If the Port pin has been assigned to a digital peripheral by the Crossbar and that pin functions as an input
(for example RX0, the UART0 receive pin), then the output drivers on that pin are automatically disabled.

18.1.4. Weak Pullups
By default, each Port pin has an internal weak pullup device enabled which provides a resistive connection
(about 100 kΩ) between the pin and VDD. The weak pullup devices can be globally disabled by writing a
logic 1 to the Weak Pullup Disable bit, (WEAKPUD, XBR2.7). The weak pullup is automatically deactivated
on any pin that is driving a logic 0; that is, an output pin will not contend with its own pullup device. The
weak pullup device can also be explicitly disabled on any Port 1 pin by configuring the pin as an Analog
Input, as described below.

18.1.5. Configuring Port 1 Pins as Analog Inputs
The pins on Port 1 can serve as analog inputs to the ADC2 analog MUX on the C8051F12x devices. A Port
pin is configured as an Analog Input by writing a logic 0 to the associated bit in the PnMDIN registers. All
Port pins default to a Digital Input mode. Configuring a Port pin as an analog input:

1. Disables the digital input path from the pin. This prevents additional power supply current from
being drawn when the voltage at the pin is near VDD / 2. A read of the Port Data bit will return
a logic 0 regardless of the voltage at the Port pin.

2. Disables the weak pullup device on the pin.
3. Causes the Crossbar to “skip over” the pin when allocating Port pins for digital peripherals.

Note that the output drivers on a pin configured as an Analog Input are not explicitly disabled. Therefore,
the associated P1MDOUT bits of pins configured as Analog Inputs should explicitly be set to logic 0
(Open-Drain output mode), and the associated Port1 Data bits should be set to logic 1 (high-impedance).
Also note that it is not required to configure a Port pin as an Analog Input in order to use it as an input to
ADC2, however, it is strongly recommended. See the ADC2 section in this datasheet for further informa-
tion.
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18.1.6. External Memory Interface Pin Assignments
If the External Memory Interface (EMIF) is enabled on the Low ports (Ports 0 through 3), EMIFLE (XBR2.5)
should be set to a logic 1 so that the Crossbar will not assign peripherals to P0.7 (/WR), P0.6 (/RD), and if
the External Memory Interface is in Multiplexed mode, P0.5 (ALE). Figure 18.4 shows an example Cross-
bar Decode Table with EMIFLE=1 and the EMIF in Multiplexed mode. Figure 18.5 shows an example
Crossbar Decode Table with EMIFLE=1 and the EMIF in Non-multiplexed mode.

If the External Memory Interface is enabled on the Low ports and an off-chip MOVX operation occurs, the
External Memory Interface will control the output states of the affected Port pins during the execution
phase of the MOVX instruction, regardless of the settings of the Crossbar registers or the Port Data regis-
ters. The output configuration of the Port pins is not affected by the EMIF operation, except that Read
operations will explicitly disable the output drivers on the Data Bus. See Section “17. External Data Mem-
ory Interface and On-Chip XRAM” on page 219 for more information about the External Memory Inter-
face.

Figure 18.4. Priority Crossbar Decode Table (EMIFLE = 1; EMIF in Multiplexed 
Mode; P1MDIN = 0xFF)

PIN I/O 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

TX0 ●

RX0 ●

SCK ● ●

MISO ● ●

MOSI ● ●

NSS ● ● NSS is not assigned to a port pin when the SPI is placed in 3-wire mode

SDA ● ● ● ● ● ●

SCL ● ● ● ● ● ●

TX1 ● ● ● ● ● ● ● ●

RX1 ● ● ● ● ● ● ● ●

CEX0 ● ● ● ● ● ● ● ● ● ●

CEX1 ● ● ● ● ● ● ● ● ● ●

CEX2 ● ● ● ● ● ● ● ● ● ●

CEX3 ● ● ● ● ● ● ● ● ● ●

CEX4 ● ● ● ● ● ● ● ● ● ●

CEX5 ● ● ● ● ● ● ● ● ● ●

ECI ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ECI0E: XBR0.6

CP0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP0E: XBR0.7

CP1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP1E: XBR1.0

T0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T0E: XBR1.1

/INT0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT0E: XBR1.2

T1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T1E: XBR1.3

/INT1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT1E: XBR1.4

T2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2E: XBR1.5

T2EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2EXE: XBR1.6

T4 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4E: XBR2.3

T4EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4EXE: XBR2.4

/SYSCLK ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● SYSCKE: XBR1.7

CNVSTR0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE0: XBR2.0

CNVSTR2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE2: XBR2.5
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Figure 18.5. Priority Crossbar Decode Table (EMIFLE = 1; EMIF in Non-Multiplexed 
Mode; P1MDIN = 0xFF)

PIN I/O 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

TX0 ●

RX0 ●

SCK ● ●

MISO ● ●

MOSI ● ●

NSS ● ● NSS is not assigned to a port pin when the SPI is placed in 3-wire mode

SDA ● ● ● ● ● ●

SCL ● ● ● ● ● ●

TX1 ● ● ● ● ● ● ● ●

RX1 ● ● ● ● ● ● ● ●

CEX0 ● ● ● ● ● ● ● ● ● ●

CEX1 ● ● ● ● ● ● ● ● ● ●

CEX2 ● ● ● ● ● ● ● ● ● ●

CEX3 ● ● ● ● ● ● ● ● ● ●

CEX4 ● ● ● ● ● ● ● ● ● ●

CEX5 ● ● ● ● ● ● ● ● ● ●

ECI ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ECI0E: XBR0.6

CP0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP0E: XBR0.7

CP1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP1E: XBR1.0

T0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T0E: XBR1.1

/INT0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT0E: XBR1.2

T1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T1E: XBR1.3

/INT1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT1E: XBR1.4

T2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2E: XBR1.5

T2EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2EXE: XBR1.6

T4 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4E: XBR2.3

T4EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4EXE: XBR2.4

/SYSCLK ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● SYSCKE: XBR1.7

CNVSTR0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE0: XBR2.0

CNVSTR2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE2: XBR2.5
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18.1.7. Crossbar Pin Assignment Example
In this example (Figure 18.6), we configure the Crossbar to allocate Port pins for UART0, the SMBus,
UART1, /INT0, and /INT1 (8 pins total). Additionally, we configure the External Memory Interface to oper-
ate in Multiplexed mode and to appear on the Low ports. Further, we configure P1.2, P1.3, and P1.4 for
Analog Input mode so that the voltages at these pins can be measured by ADC2. The configuration steps
are as follows:

1. XBR0, XBR1, and XBR2 are set such that UART0EN = 1, SMB0EN = 1, INT0E = 1, 
INT1E = 1, and EMIFLE = 1. Thus: XBR0 = 0x05, XBR1 = 0x14, and XBR2 = 0x02.

2. We configure the External Memory Interface to use Multiplexed mode and to appear on the
Low ports. PRTSEL = 0, EMD2 = 0.

3. We configure the desired Port 1 pins to Analog Input mode by setting P1MDIN to 0xE3 
(P1.4, P1.3, and P1.2 are Analog Inputs, so their associated P1MDIN bits are set to logic 0).

4. We enable the Crossbar by setting XBARE = 1: XBR2 = 0x42.
- UART0 has the highest priority, so P0.0 is assigned to TX0, and P0.1 is assigned to RX0.
- The SMBus is next in priority order, so P0.2 is assigned to SDA, and P0.3 is assigned to

SCL.
- UART1 is next in priority order, so P0.4 is assigned to TX1. Because the External Memory

Interface is selected on the lower Ports, EMIFLE = 1, which causes the Crossbar to skip
P0.6 (/RD) and P0.7 (/WR). Because the External Memory Interface is configured in Multi-
plexed mode, the Crossbar will also skip P0.5 (ALE). RX1 is assigned to the next non-
skipped pin, which in this case is P1.0.

- /INT0 is next in priority order, so it is assigned to P1.1.
- P1MDIN is set to 0xE3, which configures P1.2, P1.3, and P1.4 as Analog Inputs, causing

the Crossbar to skip these pins.
- /INT1 is next in priority order, so it is assigned to the next non-skipped pin, which is P1.5.
- The External Memory Interface will drive Ports 2 and 3 (denoted by red dots in

Figure 18.6) during the execution of an off-chip MOVX instruction.
5. We set the UART0 TX pin (TX0, P0.0) and UART1 TX pin (TX1, P0.4) outputs to Push-Pull by

setting P0MDOUT = 0x11.
6. We configure all EMIF-controlled pins to push-pull output mode by setting P0MDOUT |= 0xE0;

P2MDOUT = 0xFF; P3MDOUT = 0xFF.
7. We explicitly disable the output drivers on the 3 Analog Input pins by setting P1MDOUT =

0x00 (configure outputs to Open-Drain) and P1 = 0xFF (a logic 1 selects the high-impedance
state).
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Figure 18.6. Crossbar Example

PIN I/O 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

TX0 ●

RX0 ●

SCK ● ●

MISO ● ●

MOSI ● ●

NSS ● ●

SDA ● ● ● ● ● ●

SCL ● ● ● ● ● ●

TX1 ● ● ● ● ● ● ● ●

RX1 ● ● ● ● ● ● ● ●

CEX0 ● ● ● ● ● ● ● ● ● ●

CEX1 ● ● ● ● ● ● ● ● ● ●

CEX2 ● ● ● ● ● ● ● ● ● ●

CEX3 ● ● ● ● ● ● ● ● ● ●

CEX4 ● ● ● ● ● ● ● ● ● ● ●

CEX5 ● ● ● ● ● ● ● ● ● ● ●

ECI ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ECI0E: XBR0.6

CP0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP0E: XBR0.7

CP1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CP1E: XBR1.0

T0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T0E: XBR1.1

/INT0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT0E: XBR1.2

T1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T1E: XBR1.3

/INT1 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● INT1E: XBR1.4

T2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2E: XBR1.5

T2EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T2EXE: XBR1.6

T4 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4E: XBR2.3

T4EX ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● T4EXE: XBR2.4

/SYSCLK ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● SYSCKE: XBR1.7

CNVSTR0 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE0: XBR2.0

CNVSTR2 ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● CNVSTE2: XBR2.5
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XBR2.2

XBR0.[5:3]

UART0EN:

SPI0EN:

Crossbar Register Bits

XBR0.2

XBR0.1

XBR0.0SMB0EN:

AIN2 Inputs/Non-muxed Addr H Muxed Addr H/Non-muxed Addr L Muxed Data/Non-muxed Data

UART1EN:

PCA0ME:

P0 P1 P2 P3

(EMIFLE = 1; EMIF in Multiplexed Mode; P1MDIN = 0xE3;
XBR0 = 0x05; XBR1 = 0x14; XBR2 = 0x42)
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SFR Definition 18.1. XBR0: Port I/O Crossbar Register 0

Bit7: CP0E: Comparator 0 Output Enable Bit.
0: CP0 unavailable at Port pin.
1: CP0 routed to Port pin.

Bit6: ECI0E: PCA0 External Counter Input Enable Bit.
0: PCA0 External Counter Input unavailable at Port pin.
1: PCA0 External Counter Input (ECI0) routed to Port pin.

Bits5–3: PCA0ME: PCA0 Module I/O Enable Bits.
000: All PCA0 I/O unavailable at port pins.
001: CEX0 routed to port pin.
010: CEX0, CEX1 routed to 2 port pins.
011: CEX0, CEX1, and CEX2 routed to 3 port pins.
100: CEX0, CEX1, CEX2, and CEX3 routed to 4 port pins.
101: CEX0, CEX1, CEX2, CEX3, and CEX4 routed to 5 port pins.
110: CEX0, CEX1, CEX2, CEX3, CEX4, and CEX5 routed to 6 port pins.

Bit2: UART0EN: UART0 I/O Enable Bit.
0: UART0 I/O unavailable at Port pins.
1: UART0 TX routed to P0.0, and RX routed to P0.1.

Bit1: SPI0EN: SPI0 Bus I/O Enable Bit.
0: SPI0 I/O unavailable at Port pins.
1: SPI0 SCK, MISO, MOSI, and NSS routed to 4 Port pins. Note that the NSS signal is not 
assigned to a port pin if the SPI is in 3-wire mode. See Section “17. External Data Memory 
Interface and On-Chip XRAM” on page 219 for more information.

Bit0: SMB0EN: SMBus0 Bus I/O Enable Bit.
0: SMBus0 I/O unavailable at Port pins.
1: SMBus0 SDA and SCL routed to 2 Port pins.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CP0E ECI0E PCA0ME UART0EN SPI0EN SMB0EN 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xE1
F
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SFR Definition 18.2. XBR1: Port I/O Crossbar Register 1

Bit7: SYSCKE: /SYSCLK Output Enable Bit.
0: /SYSCLK unavailable at Port pin.
1: /SYSCLK (divided by 1, 2, 4, or 8) routed to Port pin.  divide factor is determined by the 
CLKDIV1–0 bits in register CLKSEL (See Section “14. Oscillators” on page 185).

Bit6: T2EXE: T2EX Input Enable Bit.
0: T2EX unavailable at Port pin.
1: T2EX routed to Port pin.

Bit5: T2E: T2 Input Enable Bit.
0: T2 unavailable at Port pin.
1: T2 routed to Port pin.

Bit4: INT1E: /INT1 Input Enable Bit.
0: /INT1 unavailable at Port pin.
1: /INT1 routed to Port pin.

Bit3: T1E: T1 Input Enable Bit.
0: T1 unavailable at Port pin.
1: T1 routed to Port pin.

Bit2: INT0E: /INT0 Input Enable Bit.
0: /INT0 unavailable at Port pin.
1: /INT0 routed to Port pin.

Bit1: T0E: T0 Input Enable Bit.
0: T0 unavailable at Port pin.
1: T0 routed to Port pin.

Bit0: CP1E: CP1 Output Enable Bit.
0: CP1 unavailable at Port pin.
1: CP1 routed to Port pin.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

SYSCKE T2EXE T2E INT1E T1E INT0E T0E CP1E 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xE2
F
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SFR Definition 18.3. XBR2: Port I/O Crossbar Register 2

Bit7: WEAKPUD: Weak Pullup Disable Bit.
0: Weak pullups globally enabled.
1: Weak pullups globally disabled.

Bit6: XBARE: Crossbar Enable Bit.
0: Crossbar disabled. All pins on Ports 0, 1, 2, and 3, are forced to Input mode.
1: Crossbar enabled.

Bit5: CNVST2E: External Convert Start 2 Input Enable Bit.
0: CNVSTR2 unavailable at Port pin.
1: CNVSTR2 routed to Port pin.

Bit4: T4EXE: T4EX Input Enable Bit.
0: T4EX unavailable at Port pin.
1: T4EX routed to Port pin.

Bit3: T4E: T4 Input Enable Bit.
0: T4 unavailable at Port pin.
1: T4 routed to Port pin.

Bit2: UART1E: UART1 I/O Enable Bit.
0: UART1 I/O unavailable at Port pins.
1: UART1 TX and RX routed to 2 Port pins.

Bit1: EMIFLE: External Memory Interface Low-Port Enable Bit.
0: P0.7, P0.6, and P0.5 functions are determined by the Crossbar or the Port latches.
1: If EMI0CF.4 = ‘0’ (External Memory Interface is in Multiplexed mode)

P0.7 (/WR), P0.6 (/RD), and P0.5 (ALE) are ‘skipped’ by the Crossbar and their
output states are determined by the Port latches and the External Memory Interface.

1: If EMI0CF.4 = ‘1’ (External Memory Interface is in Non-multiplexed mode)
P0.7 (/WR) and P0.6 (/RD) are ‘skipped’ by the Crossbar and their output states are
determined by the Port latches and the External Memory Interface.

Bit0: CNVST0E: ADC0 External Convert Start Input Enable Bit.
0: CNVST0 for ADC0 unavailable at Port pin.
1: CNVST0 for ADC0 routed to Port pin.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

WEAKPUD XBARE CNVST2E T4EXE T4E UART1E EMIFLE CNVST0E 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xE3
F
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SFR Definition 18.4. P0: Port0 Data

SFR Definition 18.5. P0MDOUT: Port0 Output Mode

Bits7–0: P0.[7:0]: Port0 Output Latch Bits.
(Write - Output appears on I/O pins per XBR0, XBR1, and XBR2 Registers)
0: Logic Low Output.
1: Logic High Output (open if corresponding P0MDOUT.n bit = 0).
(Read - Regardless of XBR0, XBR1, and XBR2 Register settings).
0: P0.n pin is logic low.
1: P0.n pin is logic high.

Note: P0.7 (/WR), P0.6 (/RD), and P0.5 (ALE) can be driven by the External Data Memory Interface. 
See Section “17. External Data Memory Interface and On-Chip XRAM” on page 219 for 
more information. See also SFR Definition 18.3 for information about configuring the Crossbar 
for External Memory accesses.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P0.7 P0.6 P0.5 P0.4 P0.3 P0.2 P0.1 P0.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x80
All Pages

Bits7–0: P0MDOUT.[7:0]: Port0 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

Note: SDA, SCL, and RX0 (when UART0 is in Mode 0) and RX1 (when UART1 is in Mode 0) are 
always configured as Open-Drain when they appear on Port pins.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA4
F
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SFR Definition 18.6. P1: Port1 Data

SFR Definition 18.7. P1MDIN: Port1 Input Mode

Bits7–0: P1.[7:0]: Port1 Output Latch Bits.
(Write - Output appears on I/O pins per XBR0, XBR1, and XBR2 Registers)
0: Logic Low Output.
1: Logic High Output (open if corresponding P1MDOUT.n bit = 0).
(Read - Regardless of XBR0, XBR1, and XBR2 Register settings).
0: P1.n pin is logic low.
1: P1.n pin is logic high.

Notes:
1.On C8051F12x devices, P1.[7:0] can be configured as inputs to ADC2 as AIN2.[7:0], in which 

case they are ‘skipped’ by the Crossbar assignment process and their digital input paths are 
disabled, depending on P1MDIN (See SFR Definition 18.7). Note that in analog mode, the 
output mode of the pin is determined by the Port 1 latch and P1MDOUT (SFR Definition 18.8). 
See Section “7. ADC2 (8-Bit ADC, C8051F12x Only)” on page 91 for more information 
about ADC2.

2. P1.[7:0] can be driven by the External Data Memory Interface (as Address[15:8] in Non-
multiplexed mode). See Section “17. External Data Memory Interface and On-Chip 
XRAM” on page 219 for more information about the External Memory Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P1.7 P1.6 P1.5 P1.4 P1.3 P1.2 P1.1 P1.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x90
All Pages

Bits7–0: P1MDIN.[7:0]: Port 1 Input Mode Bits.
0: Port Pin is configured in Analog Input mode. The digital input path is disabled (a read from 
the Port bit will always return ‘0’). The weak pullup on the pin is disabled.
1: Port Pin is configured in Digital Input mode. A read from the Port bit will return the logic 
level at the Pin. When configured as a digital input, the state of the weak pullup for the port 
pin is determined by the WEAKPUD bit (XBR2.7, see SFR Definition 18.3).

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

11111111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xAD
F
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SFR Definition 18.8. P1MDOUT: Port1 Output Mode

SFR Definition 18.9. P2: Port2 Data

Bits7–0: P1MDOUT.[7:0]: Port1 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

Note: SDA, SCL, and RX0 (when UART0 is in Mode 0) and RX1 (when UART1 is in Mode 0) are 
always configured as Open-Drain when they appear on Port pins.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA5
F

Bits7–0: P2.[7:0]: Port2 Output Latch Bits.
(Write - Output appears on I/O pins per XBR0, XBR1, and XBR2 Registers)
0: Logic Low Output.
1: Logic High Output (open if corresponding P2MDOUT.n bit = 0).
(Read - Regardless of XBR0, XBR1, and XBR2 Register settings).
0: P2.n pin is logic low.
1: P2.n pin is logic high.

Note: P2.[7:0] can be driven by the External Data Memory Interface (as Address[15:8] in Multiplexed 
mode, or as Address[7:0] in Non-multiplexed mode). See Section “17. External Data 
Memory Interface and On-Chip XRAM” on page 219 for more information about the 
External Memory Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P2.7 P2.6 P2.5 P2.4 P2.3 P2.2 P2.1 P2.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR
Address:

SFR Page:

0xA0
All Pages
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SFR Definition 18.10. P2MDOUT: Port2 Output Mode

SFR Definition 18.11. P3: Port3 Data

Bits7–0: P2MDOUT.[7:0]: Port2 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

Note: SDA, SCL, and RX0 (when UART0 is in Mode 0) and RX1 (when UART1 is in Mode 0) are 
always configured as Open-Drain when they appear on Port pins.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA6
F

Bits7–0: P3.[7:0]: Port3 Output Latch Bits.
(Write - Output appears on I/O pins per XBR0, XBR1, and XBR2 Registers)
0: Logic Low Output.
1: Logic High Output (open if corresponding P3MDOUT.n bit = 0).
(Read - Regardless of XBR0, XBR1, and XBR2 Register settings).
0: P3.n pin is logic low.
1: P3.n pin is logic high.

Note: P3.[7:0] can be driven by the External Data Memory Interface (as AD[7:0] in Multiplexed 
mode, or as D[7:0] in Non-multiplexed mode). See Section “17. External Data Memory 
Interface and On-Chip XRAM” on page 219 for more information about the External Memory 
Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P3.7 P3.6 P3.5 P3.4 P3.3 P3.2 P3.1 P3.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xB0
All Pages
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SFR Definition 18.12. P3MDOUT: Port3 Output Mode

18.2. Ports 4 through 7 (100-pin TQFP devices only)
All Port pins on Ports 4 through 7 can be accessed as General-Purpose I/O (GPIO) pins by reading and
writing the associated Port Data registers (See SFR Definition 18.13, SFR Definition 18.15, SFR Definition
18.17, and SFR Definition 18.19), a set of SFR’s which are both bit and byte-addressable. Note also that
the Port 4, 5, 6, and 7 registers are located on SFR Page F.  The SFRPAGE register must be set to 0x0F to
access these Port registers.

A Read of a Port Data register (or Port bit) will always return the logic state present at the pin itself, regard-
less of whether the Crossbar has allocated the pin for peripheral use or not. An exception to this occurs
during the execution of a read-modify-write instruction (ANL, ORL, XRL, CPL, INC, DEC, DJNZ, JBC,
CLR, SETB, and the bitwise MOV write operation). During the read cycle of the read-modify-write instruc-
tion, it is the contents of the Port Data register, not the state of the Port pins themselves, which is read.
Note that at clock rates above 50 MHz, when a pin is written and then immediately read (i.e. a write instruc-
tion followed immediately by a read instruction), the propagation delay of the port drivers may cause the
read instruction to return the previous logic level of the pin.

18.2.1. Configuring Ports which are not Pinned Out
Although P4, P5, P6, and P7 are not brought out to pins on the 64-pin TQFP devices, the Port Data regis-
ters are still present and can be used by software. Because the digital input paths also remain active, it is
recommended that these pins not be left in a ‘floating’ state in order to avoid unnecessary power dissipa-
tion arising from the inputs floating to non-valid logic levels. This condition can be prevented by any of the
following:

1. Leave the weak pullup devices enabled by setting WEAKPUD (XBR2.7) to a logic 0.
2. Configure the output modes of P4, P5, P6, and P7 to “Push-Pull” by writing PnMDOUT = 0xFF.
3. Force the output states of P4, P5, P6, and P7 to logic 0 by writing zeros to the Port Data regis-

ters: P4 = 0x00, P5 = 0x00, P6= 0x00, and P7 = 0x00.

18.2.2. Configuring the Output Modes of the Port Pins
The output mode of each port pin can be configured to be either Open-Drain or Push-Pull. In the Push-Pull
configuration, a logic 0 in the associated bit in the Port Data register will cause the Port pin to be driven to
GND, and a logic 1 will cause the Port pin to be driven to VDD. In the Open-Drain configuration, a logic 0 in
the associated bit in the Port Data register will cause the Port pin to be driven to GND, and a logic 1 will
cause the Port pin to assume a high-impedance state. The Open-Drain configuration is useful to prevent
contention between devices in systems where the Port pin participates in a shared interconnection in
which multiple outputs are connected to the same physical wire.

Bits7–0: P3MDOUT.[7:0]: Port3 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA7
F
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The output modes of the Port pins on Ports 4 through 7 are determined by the bits in their respective PnM-
DOUT Output Mode Registers. Each bit in PnMDOUT controls the output mode of its corresponding port
pin (see SFR Definition 18.14, SFR Definition 18.16, SFR Definition 18.18, and SFR Definition 18.20). For
example, to place Port pin 4.3 in push-pull mode (digital output), set P4MDOUT.3 to logic 1. All port pins
default to open-drain mode upon device reset.

18.2.3. Configuring Port Pins as Digital Inputs
A Port pin is configured as a digital input by setting its output mode to “Open-Drain” and writing a logic 1 to
the associated bit in the Port Data register. For example, P7.7 is configured as a digital input by setting
P7MDOUT.7 to a logic 0 and P7.7 to a logic 1.

18.2.4. Weak Pullups
By default, each Port pin has an internal weak pullup device enabled which provides a resistive connection
(about 100 kΩ) between the pin and VDD. The weak pullup devices can be globally disabled by writing a
logic 1 to the Weak Pullup Disable bit, (WEAKPUD, XBR2.7). The weak pullup is automatically deactivated
on any pin that is driving a logic 0; that is, an output pin will not contend with its own pullup device.

18.2.5. External Memory Interface
If the External Memory Interface (EMIF) is enabled on the High ports (Ports 4 through 7), EMIFLE
(XBR2.5) should be set to a logic 0.

If the External Memory Interface is enabled on the High ports and an off-chip MOVX operation occurs, the
External Memory Interface will control the output states of the affected Port pins during the execution
phase of the MOVX instruction, regardless of the settings of the Port Data registers. The output configura-
tion of the Port pins is not affected by the EMIF operation, except that Read operations will explicitly dis-
able the output drivers on the Data Bus during the MOVX execution. See Section “17. External Data
Memory Interface and On-Chip XRAM” on page 219 for more information about the External Memory
Interface.
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SFR Definition 18.13. P4: Port4 Data

SFR Definition 18.14. P4MDOUT: Port4 Output Mode

Bits7–0: P4.[7:0]: Port4 Output Latch Bits.
Write - Output appears on I/O pins.
0: Logic Low Output.
1: Logic High Output (Open-Drain if corresponding P4MDOUT.n bit = 0). See SFR Definition 
18.14.
Read - Returns states of I/O pins.
0: P4.n pin is logic low.
1: P4.n pin is logic high.

Note: P4.7 (/WR), P4.6 (/RD), and P4.5 (ALE) can be driven by the External Data Memory Interface. 
See Section “17. External Data Memory Interface and On-Chip XRAM” on page 219 for 
more information.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P4.7 P4.6 P4.5 P4.4 P4.3 P4.2 P4.1 P4.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xC8
F

Bits7–0: P4MDOUT.[7:0]: Port4 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9C
F
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SFR Definition 18.15. P5: Port5 Data

SFR Definition 18.16.   P5MDOUT: Port5 Output Mode

Bits7–0: P5.[7:0]: Port5 Output Latch Bits.
Write - Output appears on I/O pins.
0: Logic Low Output.
1: Logic High Output (Open-Drain if corresponding P5MDOUT bit = 0). See SFR Definition 
18.16.
Read - Returns states of I/O pins.
0: P5.n pin is logic low.
1: P5.n pin is logic high.

Note: P5.[7:0] can be driven by the External Data Memory Interface (as Address[15:8] in Non-
multiplexed mode). See Section “17. External Data Memory Interface and On-Chip 
XRAM” on page 219 for more information about the External Memory Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P5.7 P5.6 P5.5 P5.4 P5.3 P5.2 P5.1 P5.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xD8
F

Bits7–0: P5MDOUT.[7:0]: Port5 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9D
F
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SFR Definition 18.17. P6: Port6 Data

SFR Definition 18.18. P6MDOUT: Port6 Output Mode

Bits7–0: P6.[7:0]: Port6 Output Latch Bits.
Write - Output appears on I/O pins.
0: Logic Low Output.
1: Logic High Output (Open-Drain if corresponding P6MDOUT bit = 0). See SFR Definition 
18.18.
Read - Returns states of I/O pins.
0: P6.n pin is logic low.
1: P6.n pin is logic high.

Note: P6.[7:0] can be driven by the External Data Memory Interface (as Address[15:8] in Multiplexed 
mode, or as Address[7:0] in Non-multiplexed mode). See Section “17. External Data 
Memory Interface and On-Chip XRAM” on page 219 for more information about the 
External Memory Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P6.7 P6.6 P6.5 P6.4 P6.3 P6.2 P6.1 P6.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xE8
F

Bits7–0: P6MDOUT.[7:0]: Port6 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9E
F
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SFR Definition 18.19. P7: Port7 Data

SFR Definition 18.20. P7MDOUT: Port7 Output Mode 

Bits7–0: P7.[7:0]: Port7 Output Latch Bits.
Write - Output appears on I/O pins.
0: Logic Low Output.
1: Logic High Output (Open-Drain if corresponding P7MDOUT bit = 0). See SFR Definition 
18.20.
Read - Returns states of I/O pins.
0: P7.n pin is logic low.
1: P7.n pin is logic high.

Note: P7.[7:0] can be driven by the External Data Memory Interface (as AD[7:0] in Multiplexed 
mode, or as D[7:0] in Non-multiplexed mode). See Section “17. External Data Memory 
Interface and On-Chip XRAM” on page 219 for more information about the External Memory 
Interface.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

P7.7 P7.6 P7.5 P7.4 P7.3 P7.2 P7.1 P7.0 11111111

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xF8
F

Bits7–0: P7MDOUT.[7:0]: Port7 Output Mode Bits.
0: Port Pin output mode is configured as Open-Drain.
1: Port Pin output mode is configured as Push-Pull.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9F
F
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19. System Management Bus / I2C Bus (SMBus0)
The SMBus0 I/O interface is a two-wire, bi-directional serial bus. SMBus0 is compliant with the System
Management Bus Specification, version 1.1, and compatible with the I2C serial bus. Reads and writes to
the interface by the system controller are byte oriented with the SMBus0 interface autonomously control-
ling the serial transfer of the data. A method of extending the clock-low duration is available to accommo-
date devices with different speed capabilities on the same bus.

SMBus0 may operate as a master and/or slave, and may function on a bus with multiple masters. SMBus0
provides control of SDA (serial data), SCL (serial clock) generation and synchronization, arbitration logic,
and START/STOP control and generation.

 

Figure 19.1. SMBus0 Block Diagram
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Figure 19.2 shows a typical SMBus configuration. The SMBus0 interface will work at any voltage between
3.0 and 5.0 V and different devices on the bus may operate at different voltage levels. The bi-directional
SCL (serial clock) and SDA (serial data) lines must be connected to a positive power supply voltage
through a pullup resistor or similar circuit. Every device connected to the bus must have an open-drain or
open-collector output for both the SCL and SDA lines, so that both are pulled high when the bus is free.
The maximum number of devices on the bus is limited only by the requirement that the rise and fall times
on the bus will not exceed 300 ns and 1000 ns, respectively.

Figure 19.2. Typical SMBus Configuration

19.1. Supporting Documents
It is assumed the reader is familiar with or has access to the following supporting documents:

1. The I2C-bus and how to use it (including specifications), Philips Semiconductor.
2. The I2C-Bus Specification -- Version 2.0, Philips Semiconductor.
3. System Management Bus Specification -- Version 1.1, SBS Implementers Forum.

19.2. SMBus Protocol
Two types of data transfers are possible: data transfers from a master transmitter to an addressed slave
receiver (WRITE), and data transfers from an addressed slave transmitter to a master receiver (READ).
The master device initiates both types of data transfers and provides the serial clock pulses on SCL. Note:
multiple master devices on the same bus are supported. If two or more masters attempt to initiate a data
transfer simultaneously, an arbitration scheme is employed with a single master always winning the arbitra-
tion. Note that it is not necessary to specify one device as the master in a system; any device who trans-
mits a START and a slave address becomes the master for that transfer.

A typical SMBus transaction consists of a START condition followed by an address byte (Bits7–1: 7-bit
slave address; Bit0: R/W direction bit), one or more bytes of data, and a STOP condition. Each byte that is
received (by a master or slave) must be acknowledged (ACK) with a low SDA during a high SCL (see
Figure 19.3). If the receiving device does not ACK, the transmitting device will read a “not acknowledge”
(NACK), which is a high SDA during a high SCL.

The direction bit (R/W) occupies the least-significant bit position of the address. The direction bit is set to
logic 1 to indicate a "READ" operation and cleared to logic 0 to indicate a "WRITE" operation. 

VDD = 5V

Master
Device

Slave
Device 1

Slave
Device 2

VDD = 3V VDD = 5V VDD = 3V

SDA

SCL
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All transactions are initiated by a master, with one or more addressed slave devices as the target. The
master generates the START condition and then transmits the slave address and direction bit. If the trans-
action is a WRITE operation from the master to the slave, the master transmits the data a byte at a time
waiting for an ACK from the slave at the end of each byte. For READ operations, the slave transmits the
data waiting for an ACK from the master at the end of each byte. At the end of the data transfer, the master
generates a STOP condition to terminate the transaction and free the bus. Figure 19.3 illustrates a typical
SMBus transaction.

 

Figure 19.3. SMBus Transaction

19.2.1. Arbitration
A master may start a transfer only if the bus is free. The bus is free after a STOP condition or after the SCL
and SDA lines remain high for a specified time (see Section 19.2.4). In the event that two or more devices
attempt to begin a transfer at the same time, an arbitration scheme is employed to force one master to give
up the bus. The master devices continue transmitting until one attempts a HIGH while the other transmits a
LOW. Since the bus is open-drain, the bus will be pulled LOW. The master attempting the HIGH will detect
a LOW SDA and give up the bus. The winning master continues its transmission without interruption; the
losing master becomes a slave and receives the rest of the transfer. This arbitration scheme is non-
destructive: one device always wins, and no data is lost.

19.2.2. Clock Low Extension
SMBus provides a clock synchronization mechanism, similar to I2C, which allows devices with different
speed capabilities to coexist on the bus. A clock-low extension is used during a transfer in order to allow
slower slave devices to communicate with faster masters. The slave may temporarily hold the SCL line
LOW to extend the clock low period, effectively decreasing the serial clock frequency.

19.2.3. SCL Low Timeout
If the SCL line is held low by a slave device on the bus, no further communication is possible. Furthermore,
the master cannot force the SCL line high to correct the error condition. To solve this problem, the SMBus
protocol specifies that devices participating in a transfer must detect any clock cycle held low longer than
25 ms as a “timeout” condition. Devices that have detected the timeout condition must reset the communi-
cation no later than 10 ms after detecting the timeout condition. 

19.2.4. SCL High (SMBus Free) Timeout
The SMBus specification stipulates that if the SCL and SDA lines remain high for more that 50 µs, the bus
is designated as free. If an SMBus device is waiting to generate a Master START, the START will be gen-
erated following the bus free timeout.

SLA6
SDA

SLA5-0 R/W D7 D6-0

SCL

Slave Address + R/W Data ByteSTART ACK NACK STOP
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19.3. SMBus Transfer Modes
The SMBus0 interface may be configured to operate as a master and/or a slave. At any particular time, the
interface will be operating in one of the following modes: Master Transmitter, Master Receiver, Slave
Transmitter, or Slave Receiver. See Table 19.1 for transfer mode status decoding using the SMB0STA sta-
tus register. The following mode descriptions illustrate an interrupt-driven SMBus0 application; SMBus0
may alternatively be operated in polled mode.

19.3.1. Master Transmitter Mode
Serial data is transmitted on SDA while the serial clock is output on SCL. SMBus0 generates a START
condition and then transmits the first byte containing the address of the target slave device and the data
direction bit. In this case the data direction bit (R/W) will be logic 0 to indicate a "WRITE" operation. The
SMBus0 interface transmits one or more bytes of serial data, waiting for an acknowledge (ACK) from the
slave after each byte. To indicate the end of the serial transfer, SMBus0 generates a STOP condition.

Figure 19.4. Typical Master Transmitter Sequence

19.3.2. Master Receiver Mode
Serial data is received on SDA while the serial clock is output on SCL. The SMBus0 interface generates a
START followed by the first data byte containing the address of the target slave and the data direction bit.
In this case the data direction bit (R/W) will be logic 1 to indicate a "READ" operation. The SMBus0 inter-
face receives serial data from the slave and generates the clock on SCL. After each byte is received,
SMBus0 generates an ACK or NACK depending on the state of the AA bit in register SMB0CN. SMBus0
generates a STOP condition to indicate the end of the serial transfer.

Figure 19.5. Typical Master Receiver Sequence

A AAS W PData Byte Data ByteSLA

S = START
P = STOP
A = ACK
W = WRITE
SLA = Slave Address

Received by SMBus
Interface

Transmitted by
SMBus Interface

Interrupt Interrupt InterruptInterrupt

Data ByteData Byte A NAS R PSLA

S = START
P = STOP
A = ACK
N = NACK
R = READ
SLA = Slave Address

Received by SMBus
Interface

Transmitted by
SMBus Interface

Interrupt Interrupt InterruptInterrupt
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19.3.3. Slave Transmitter Mode
Serial data is transmitted on SDA while the serial clock is received on SCL. The SMBus0 interface receives
a START followed by data byte containing the slave address and direction bit. If the received slave address
matches the address held in register SMB0ADR, the SMBus0 interface generates an ACK. SMBus0 will
also ACK if the general call address (0x00) is received and the General Call Address Enable bit
(SMB0ADR.0) is set to logic 1. In this case the data direction bit (R/W) will be logic 1 to indicate a "READ"
operation. The SMBus0 interface receives the clock on SCL and transmits one or more bytes of serial
data, waiting for an ACK from the master after each byte. SMBus0 exits slave mode after receiving a
STOP condition from the master.

Figure 19.6. Typical Slave Transmitter Sequence

19.3.4. Slave Receiver Mode
Serial data is received on SDA while the serial clock is received on SCL. The SMBus0 interface receives a
START followed by data byte containing the slave address and direction bit. If the received slave address
matches the address held in register SMB0ADR, the interface generates an ACK. SMBus0 will also ACK if
the general call address (0x00) is received and the General Call Address Enable bit (SMB0ADR.0) is set to
logic 1. In this case the data direction bit (R/W) will be logic 0 to indicate a "WRITE" operation. The
SMBus0 interface receives one or more bytes of serial data; after each byte is received, the interface
transmits an ACK or NACK depending on the state of the AA bit in SMB0CN. SMBus0 exits Slave Receiver
Mode after receiving a STOP condition from the master.

Figure 19.7. Typical Slave Receiver Sequence

PRSLAS Data ByteData Byte A NA

S = START
P = STOP
N = NACK
R = READ
SLA = Slave Address

Received by SMBus
Interface

Transmitted by
SMBus Interface

Interrupt Interrupt Interrupt

Interrupt

PWSLAS Data ByteData Byte A AA

S = START
P = STOP
A = ACK
W = WRITE
SLA = Slave Address

Received by SMBus
Interface

Transmitted by
SMBus Interface

Interrupt Interrupt Interrupt

Interrupt
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19.4. SMBus Special Function Registers
The SMBus0 serial interface is accessed and controlled through five SFR’s: SMB0CN Control Register,
SMB0CR Clock Rate Register, SMB0ADR Address Register, SMB0DAT Data Register and SMB0STA Sta-
tus Register. The five special function registers related to the operation of the SMBus0 interface are
described in the following sections.

19.4.1. Control Register
The SMBus0 Control register SMB0CN is used to configure and control the SMBus0 interface. All of the
bits in the register can be read or written by software. Two of the control bits are also affected by the
SMBus0 hardware. The Serial Interrupt flag (SI, SMB0CN.3) is set to logic 1 by the hardware when a valid
serial interrupt condition occurs. It can only be cleared by software. The Stop flag (STO, SMB0CN.4) is set
to logic 1 by software. It is cleared to logic 0 by hardware when a STOP condition is detected on the bus. 

Setting the ENSMB flag to logic 1 enables the SMBus0 interface. Clearing the ENSMB flag to logic 0 dis-
ables the SMBus0 interface and removes it from the bus. Momentarily clearing the ENSMB flag and then
resetting it to logic 1 will reset SMBus0 communication.   However, ENSMB should not be used to tempo-
rarily remove a device from the bus since the bus state information will be lost. Instead, the Assert
Acknowledge (AA) flag should be used to temporarily remove the device from the bus (see description of
AA flag below).

Setting the Start flag (STA, SMB0CN.5) to logic 1 will put SMBus0 in a master mode. If the bus is free,
SMBus0 will generate a START condition. If the bus is not free, SMBus0 waits for a STOP condition to free
the bus and then generates a START condition after a 5 µs delay per the SMB0CR value (In accordance
with the SMBus protocol, the SMBus0 interface also considers the bus free if the bus is idle for 50 µs and
no STOP condition was recognized). If STA is set to logic 1 while SMBus0 is in master mode and one or
more bytes have been transferred, a repeated START condition will be generated.

When the Stop flag (STO, SMB0CN.4) is set to logic 1 while the SMBus0 interface is in master mode, the
interface generates a STOP condition. In a slave mode, the STO flag may be used to recover from an error
condition. In this case, a STOP condition is not generated on the bus, but the SMBus hardware behaves
as if a STOP condition has been received and enters the "not addressed" slave receiver mode. Note that
this simulated STOP will not cause the bus to appear free to SMBus0. The bus will remain occupied until a
STOP appears on the bus or a Bus Free Timeout occurs. Hardware automatically clears the STO flag to
logic 0 when a STOP condition is detected on the bus. 

The Serial Interrupt flag (SI, SMB0CN.3) is set to logic 1 by hardware when the SMBus0 interface enters
one of 27 possible states. If interrupts are enabled for the SMBus0 interface, an interrupt request is gener-
ated when the SI flag is set. The SI flag must be cleared by software. 

Important Note: If SI is set to logic 1 while the SCL line is low, the clock-low period of the serial clock will
be stretched and the serial transfer is suspended until SI is cleared to logic 0. A high level on SCL is not
affected by the setting of the SI flag.

The Assert Acknowledge flag (AA, SMB0CN.2) is used to set the level of the SDA line during the acknowl-
edge clock cycle on the SCL line. Setting the AA flag to logic 1 will cause an ACK (low level on SDA) to be
sent during the acknowledge cycle if the device has been addressed. Setting the AA flag to logic 0 will
cause a NACK (high level on SDA) to be sent during acknowledge cycle. After the transmission of a byte in
slave mode, the slave can be temporarily removed from the bus by clearing the AA flag. The slave's own
address and general call address will be ignored. To resume operation on the bus, the AA flag must be
reset to logic 1 to allow the slave's address to be recognized.
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Setting the SMBus0 Free Timer Enable bit (FTE, SMB0CN.1) to logic 1 enables the timer in SMB0CR.
When SCL goes high, the timer in SMB0CR counts up. A timer overflow indicates a free bus timeout: if
SMBus0 is waiting to generate a START, it will do so after this timeout. The bus free period should be less
than 50 µs (see SFR Definition 19.2, SMBus0 Clock Rate Register).

When the TOE bit in SMB0CN is set to logic 1, Timer 3 is used to detect SCL low timeouts. If Timer 3 is
enabled (see Section “23.2. Timer 2, Timer 3, and Timer 4” on page 317), Timer 3 is forced to reload
when SCL is high, and forced to count when SCL is low. With Timer 3 enabled and configured to overflow
after 25 ms (and TOE set), a Timer 3 overflow indicates a SCL low timeout; the Timer 3 interrupt service
routine can then be used to reset SMBus0 communication in the event of an SCL low timeout.
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SFR Definition 19.1. SMB0CN: SMBus0 Control

Bit7: BUSY: Busy Status Flag.
0: SMBus0 is free
1: SMBus0 is busy 

Bit6: ENSMB: SMBus Enable. 
This bit enables/disables the SMBus serial interface. 
0: SMBus0 disabled.
1: SMBus0 enabled.

Bit5: STA: SMBus Start Flag. 
0: No START condition is transmitted.
1: When operating as a master, a START condition is transmitted if the bus is free. (If the 
bus is not free, the START is transmitted after a STOP is received.) If STA is set after one or 
more bytes have been transmitted or received and before a STOP is received, a repeated 
START condition is transmitted.

Bit4: STO: SMBus Stop Flag. 
0: No STOP condition is transmitted.
1: Setting STO to logic 1 causes a STOP condition to be transmitted. When a STOP condi-
tion is received, hardware clears STO to logic 0. If both STA and STO are set, a STOP con-
dition is transmitted followed by a START condition. In slave mode, setting the STO flag 
causes SMBus to behave as if a STOP condition was received. 

Bit3: SI: SMBus Serial Interrupt Flag. 
This bit is set by hardware when one of 27 possible SMBus0 states is entered. (Status code 
0xF8 does not cause SI to be set.) When the SI interrupt is enabled, setting this bit causes 
the CPU to vector to the SMBus interrupt service routine. This bit is not automatically 
cleared by hardware and must be cleared by software.

Bit2: AA: SMBus Assert Acknowledge Flag. 
This bit defines the type of acknowledge returned during the acknowledge cycle on the SCL 
line.
0: A "not acknowledge" (high level on SDA) is returned during the acknowledge cycle.
1: An "acknowledge" (low level on SDA) is returned during the acknowledge cycle.

Bit1: FTE: SMBus Free Timer Enable Bit
0: No timeout when SCL is high
1: Timeout when SCL high time exceeds limit specified by the SMB0CR value.

Bit0: TOE: SMBus Timeout Enable Bit
0: No timeout when SCL is low.
1: Timeout when SCL low time exceeds limit specified by Timer 3, if enabled.

R R/W R/W R/W R/W R/W R/W R/W Reset Value

BUSY ENSMB STA STO SI AA FTE TOE 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xC0
0
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19.4.2. Clock Rate Register

SFR Definition 19.2. SMB0CR: SMBus0 Clock Rate

Bits7–0: SMB0CR.[7:0]: SMBus0 Clock Rate Preset
The SMB0CR Clock Rate register controls the frequency of the serial clock SCL in master 
mode. The 8-bit word stored in the SMB0CR Register preloads a dedicated 8-bit timer. The 
timer counts up, and when it rolls over to 0x00, the SCL logic state toggles.

The SMB0CR setting should be bounded by the following equation , where SMB0CR is the 
unsigned 8-bit value in register SMB0CR, and SYSCLK is the system clock frequency in 
MHz:

The resulting SCL signal high and low times are given by the following equations, where 
SYSCLK is the system clock frequency in Hz:

Using the same value of SMB0CR from above, the Bus Free Timeout period is given in the 
following equation:

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xCF
0

SMB0CR 288 0.85– SYSCLK
4

----------------------⋅⎝ ⎠
⎛ ⎞ 1.125⁄<

TLOW 4 256 SMB0CR–( )× SYSCLK⁄=

THIGH 4 258 SMB0CR–( )× SYSCLK⁄ 625ns+≅

TBFT 10 4 256 SMB0CR–( )× 1+
SYSCLK

--------------------------------------------------------------×≅
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19.4.3. Data Register
The SMBus0 Data register SMB0DAT holds a byte of serial data to be transmitted or one that has just
been received. Software can read or write to this register while the SI flag is set to logic 1; software should
not attempt to access the SMB0DAT register when the SMBus is enabled and the SI flag reads logic 0
since the hardware may be in the process of shifting a byte of data in or out of the register. 

Data in SMB0DAT is always shifted out MSB first. After a byte has been received, the first bit of received
data is located at the MSB of SMB0DAT. While data is being shifted out, data on the bus is simultaneously
being shifted in. Therefore, SMB0DAT always contains the last data byte present on the bus. In the event
of lost arbitration, the transition from master transmitter to slave receiver is made with the correct data in
SMB0DAT.

SFR Definition 19.3. SMB0DAT: SMBus0 Data

19.4.4. Address Register
The SMB0ADR Address register holds the slave address for the SMBus0 interface. In slave mode, the
seven most-significant bits hold the 7-bit slave address. The least significant bit (Bit0) is used to enable the
recognition of the general call address (0x00). If Bit0 is set to logic 1, the general call address will be recog-
nized. Otherwise, the general call address is ignored. The contents of this register are ignored when
SMBus0 is operating in master mode.

Bits7–0: SMB0DAT: SMBus0 Data.
The SMB0DAT register contains a byte of data to be transmitted on the SMBus0 serial inter-
face or a byte that has just been received on the SMBus0 serial interface. The CPU can 
read from or write to this register whenever the SI serial interrupt flag (SMB0CN.3) is set to 
logic 1. When the SI flag is not set, the system may be in the process of shifting data and the 
CPU should not attempt to access this register.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xC2
0
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SFR Definition 19.4. SMB0ADR: SMBus0 Address

19.4.5. Status Register
The SMB0STA Status register holds an 8-bit status code indicating the current state of the SMBus0 inter-
face. There are 28 possible SMBus0 states, each with a corresponding unique status code. The five most
significant bits of the status code vary while the three least-significant bits of a valid status code are fixed at
zero when SI = ‘1’. Therefore, all possible status codes are multiples of eight. This facilitates the use of sta-
tus codes in software as an index used to branch to appropriate service routines (allowing 8 bytes of code
to service the state or jump to a more extensive service routine).

For the purposes of user software, the contents of the SMB0STA register is only defined when the SI flag is
logic 1. Software should never write to the SMB0STA register; doing so will yield indeterminate results. The
28 SMBus0 states, along with their corresponding status codes, are given in Table 1.1.

SFR Definition 19.5. SMB0STA: SMBus0 Status

Bits7–1: SLV6–SLV0: SMBus0 Slave Address.
These bits are loaded with the 7-bit slave address to which SMBus0 will respond when oper-
ating as a slave transmitter or slave receiver. SLV6 is the most significant bit of the address 
and corresponds to the first bit of the address byte received.

Bit0: GC: General Call Address Enable. 
This bit is used to enable general call address (0x00) recognition.
0: General call address is ignored.
1: General call address is recognized.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

SLV6 SLV5 SLV4 SLV3 SLV2 SLV1 SLV0 GC 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xC3
0

Bits7–3: STA7–STA3: SMBus0 Status Code.
These bits contain the SMBus0 Status Code. There are 28 possible status codes; each sta-
tus code corresponds to a single SMBus state. A valid status code is present in SMB0STA 
when the SI flag (SMB0CN.3) is set to logic 1. The content of SMB0STA is not defined when 
the SI flag is logic 0. Writing to the SMB0STA register at any time will yield indeterminate 
results.

Bits2–0: STA2–STA0: The three least significant bits of SMB0STA are always read as logic 0 when 
the SI flag is logic 1.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

STA7 STA6 STA5 STA4 STA3 STA2 STA1 STA0 11111000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xC1
0
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Table 19.1. SMB0STA Status Codes and States

Mode Status 
Code SMBus State Typical Action

M
T/

M
R

0x08 START condition transmitted. Load SMB0DAT with Slave Address + 
R/W. Clear STA.

0x10 Repeated START condition transmitted. Load SMB0DAT with Slave Address + 
R/W. Clear STA.

M
as

te
r T

ra
ns

m
itt

er

0x18 Slave Address + W transmitted. ACK 
received.

Load SMB0DAT with data to be transmit-
ted.

0x20 Slave Address + W transmitted. NACK 
received.

Acknowledge poll to retry. Set STO + 
STA.

0x28 Data byte transmitted. ACK received.
1) Load SMB0DAT with next byte, OR
2) Set STO, OR
3) Clear STO then set STA for repeated 
START.

0x30 Data byte transmitted. NACK received. 1) Retry transfer OR
2) Set STO.

0x38 Arbitration Lost. Save current data.

M
as

te
r R

ec
ei

ve
r

0x40 Slave Address + R transmitted. ACK received. If only receiving one byte, clear AA (send 
NACK after received byte). Wait for 
received data. 

0x48 Slave Address + R transmitted. NACK 
received.

Acknowledge poll to retry. Set STO + 
STA.

0x50 Data byte received. ACK transmitted. Read SMB0DAT. Wait for next byte. If 
next byte is last byte, clear AA.

0x58 Data byte received. NACK transmitted. Set STO.
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S
la

ve
 R

ec
ei

ve
r

0x60 Own slave address + W received. ACK trans-
mitted.

Wait for data.

0x68 Arbitration lost in sending SLA + R/W as mas-
ter. Own address + W received. ACK transmit-
ted.

Save current data for retry when bus is 
free. Wait for data.

0x70 General call address received. ACK transmit-
ted.

Wait for data.

0x78 Arbitration lost in sending SLA + R/W as mas-
ter. General call address received. ACK trans-
mitted.

Save current data for retry when bus is 
free.

0x80 Data byte received. ACK transmitted. Read SMB0DAT. Wait for next byte or 
STOP.

0x88 Data byte received. NACK transmitted. Set STO to reset SMBus.

0x90 Data byte received after general call address. 
ACK transmitted.

Read SMB0DAT. Wait for next byte or 
STOP.

0x98 Data byte received after general call address. 
NACK transmitted.

Set STO to reset SMBus.

0xA0 STOP or repeated START received. No action necessary.

S
la

ve
 T

ra
ns

m
itt

er

0xA8 Own address + R received. ACK transmitted. Load SMB0DAT with data to transmit.

0xB0 Arbitration lost in transmitting SLA + R/W as 
master. Own address + R received. ACK 
transmitted.

Save current data for retry when bus is 
free. Load SMB0DAT with data to trans-
mit.

0xB8 Data byte transmitted. ACK received. Load SMB0DAT with data to transmit.

0xC0 Data byte transmitted. NACK received. Wait for STOP.

0xC8 Last data byte transmitted (AA=0). ACK 
received.

Set STO to reset SMBus.

S
la

ve 0xD0 SCL Clock High Timer per SMB0CR timed out Set STO to reset SMBus.

A
ll 0x00 Bus Error (illegal START or STOP) Set STO to reset SMBus.

0xF8 Idle State does not set SI.

Table 19.1. SMB0STA Status Codes and States (Continued)

Mode Status 
Code SMBus State Typical Action
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20. Enhanced Serial Peripheral Interface (SPI0)
The Enhanced Serial Peripheral Interface (SPI0) provides access to a flexible, full-duplex synchronous
serial bus. SPI0 can operate as a master or slave device in both 3-wire or 4-wire modes, and supports mul-
tiple masters and slaves on a single SPI bus. The slave-select (NSS) signal can be configured as an input
to select SPI0 in slave mode, or to disable Master Mode operation in a multi-master environment, avoiding
contention on the SPI bus when more than one master attempts simultaneous data transfers. NSS can
also be configured as a chip-select output in master mode, or disabled for 3-wire operation. Additional gen-
eral purpose port I/O pins can be used to select multiple slave devices in master mode.

 

Figure 20.1. SPI Block Diagram
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20.1. Signal Descriptions
The four signals used by SPI0 (MOSI, MISO, SCK, NSS) are described below. 

20.1.1. Master Out, Slave In (MOSI)
The master-out, slave-in (MOSI) signal is an output from a master device and an input to slave devices. It
is used to serially transfer data from the master to the slave. This signal is an output when SPI0 is operat-
ing as a master and an input when SPI0 is operating as a slave. Data is transferred most-significant bit
first. When configured as a master, MOSI is driven by the MSB of the shift register in both 3- and 4-wire
mode.

20.1.2. Master In, Slave Out (MISO)
The master-in, slave-out (MISO) signal is an output from a slave device and an input to the master device.
It is used to serially transfer data from the slave to the master. This signal is an input when SPI0 is operat-
ing as a master and an output when SPI0 is operating as a slave. Data is transferred most-significant bit
first. The MISO pin is placed in a high-impedance state when the SPI module is disabled and when the SPI
operates in 4-wire mode as a slave that is not selected. When acting as a slave in 3-wire mode, MISO is
always driven by the MSB of the shift register.

20.1.3. Serial Clock (SCK)
The serial clock (SCK) signal is an output from the master device and an input to slave devices. It is used
to synchronize the transfer of data between the master and slave on the MOSI and MISO lines. SPI0 gen-
erates this signal when operating as a master. The SCK signal is ignored by a SPI slave when the slave is
not selected (NSS = 1) in 4-wire slave mode.

20.1.4. Slave Select (NSS)
The function of the slave-select (NSS) signal is dependent on the setting of the NSSMD1 and NSSMD0
bits in the SPI0CN register. There are three possible modes that can be selected with these bits:

1. NSSMD[1:0] = 00: 3-Wire Master or 3-Wire Slave Mode: SPI0 operates in 3-wire mode, and
NSS is disabled. When operating as a slave device, SPI0 is always selected in 3-wire mode.
Since no select signal is present, SPI0 must be the only slave on the bus in 3-wire mode. This
is intended for point-to-point communication between a master and one slave.

2. NSSMD[1:0] = 01: 4-Wire Slave or Multi-Master Mode: SPI0 operates in 4-wire mode, and
NSS is enabled as an input. When operating as a slave, NSS selects the SPI0 device. When
operating as a master, a 1-to-0 transition of the NSS signal disables the master function of
SPI0 so that multiple master devices can be used on the same SPI bus.

3. NSSMD[1:0] = 1x: 4-Wire Master Mode: SPI0 operates in 4-wire mode, and NSS is enabled as
an output. The setting of NSSMD0 determines what logic level the NSS pin will output. This
configuration should only be used when operating SPI0 as a master device.

See Figure 20.2, Figure 20.3, and Figure 20.4 for typical connection diagrams of the various operational
modes. Note that the setting of NSSMD bits affects the pinout of the device. When in 3-wire master or
3-wire slave mode, the NSS pin will not be mapped by the crossbar. In all other modes, the NSS signal will
be mapped to a pin on the device. See Section “18. Port Input/Output” on page 235 for general purpose
port I/O and crossbar information.
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20.2. SPI0 Master Mode Operation
A SPI master device initiates all data transfers on a SPI bus. SPI0 is placed in master mode by setting the
Master Enable flag (MSTEN, SPI0CN.6). Writing a byte of data to the SPI0 data register (SPI0DAT) when
in master mode writes to the transmit buffer. If the SPI shift register is empty, the byte in the transmit buffer
is moved to the shift register, and a data transfer begins. The SPI0 master immediately shifts out the data
serially on the MOSI line while providing the serial clock on SCK. The SPIF (SPI0CN.7) flag is set to logic
1 at the end of the transfer. If interrupts are enabled, an interrupt request is generated when the SPIF flag
is set. While the SPI0 master transfers data to a slave on the MOSI line, the addressed SPI slave device
simultaneously transfers the contents of its shift register to the SPI master on the MISO line in a full-duplex
operation. Therefore, the SPIF flag serves as both a transmit-complete and receive-data-ready flag. The
data byte received from the slave is transferred MSB-first into the master's shift register. When a byte is
fully shifted into the register, it is moved to the receive buffer where it can be read by the processor by
reading SPI0DAT. 

When configured as a master, SPI0 can operate in one of three different modes: multi-master mode, 3-wire
single-master mode, and 4-wire single-master mode. The default, multi-master mode is active when
NSSMD1 (SPI0CN.3) = 0 and NSSMD0 (SPI0CN.2) = 1. In this mode, NSS is an input to the device, and
is used to disable the master SPI0 when another master is accessing the bus. When NSS is pulled low in
this mode, MSTEN (SPI0CN.6) and SPIEN (SPI0CN.0) are set to 0 to disable the SPI master device, and
a Mode Fault is generated (MODF, SPI0CN.5 = 1). Mode Fault will generate an interrupt if enabled. SPI0
must be manually re-enabled in software under these circumstances. In multi-master systems, devices will
typically default to being slave devices while they are not acting as the system master device. In multi-mas-
ter mode, slave devices can be addressed individually (if needed) using general-purpose I/O pins.
Figure 20.2 shows a connection diagram between two master devices in multiple-master mode.

3-wire single-master mode is active when NSSMD1 (SPI0CN.3) = 0 and NSSMD0 (SPI0CN.2) = 0. In this
mode, NSS is not used, and is not mapped to an external port pin through the crossbar. Any slave devices
that must be addressed in this mode should be selected using general-purpose I/O pins. Figure 20.3
shows a connection diagram between a master device in 3-wire master mode and a slave device.

4-wire single-master mode is active when NSSMD1 (SPI0CN.3) = 1. In this mode, NSS is configured as an
output pin, and can be used as a slave-select signal for a single SPI device. In this mode, the output value
of NSS is controlled (in software) with the bit NSSMD0 (SPI0CN.2). Additional slave devices can be
addressed using general-purpose I/O pins. Figure 20.4 shows a connection diagram for a master device in
4-wire master mode and two slave devices.
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Figure 20.2. Multiple-Master Mode Connection Diagram

  

Figure 20.3. 3-Wire Single Master and Slave Mode Connection Diagram

Figure 20.4. 4-Wire Single Master and Slave Mode Connection Diagram
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20.3. SPI0 Slave Mode Operation
When SPI0 is enabled and not configured as a master, it will operate as a SPI slave. As a slave, bytes are
shifted in through the MOSI pin and out through the MISO pin by a master device controlling the SCK sig-
nal. A bit counter in the SPI0 logic counts SCK edges. When 8 bits have been shifted through the shift reg-
ister, the SPIF flag is set to logic 1, and the byte is copied into the receive buffer. Data is read from the
receive buffer by reading SPI0DAT. A slave device cannot initiate transfers. Data to be transferred to the
master device is pre-loaded into the shift register by writing to SPI0DAT. Writes to SPI0DAT are double-
buffered, and are placed in the transmit buffer first. If the shift register is empty, the contents of the transmit
buffer will immediately be transferred into the shift register. When the shift register already contains data,
the SPI will load the shift register with the transmit buffer’s contents after the last SCK edge of the next (or
current) SPI transfer.

When configured as a slave, SPI0 can be configured for 4-wire or 3-wire operation. The default, 4-wire
slave mode, is active when NSSMD1 (SPI0CN.3) = 0 and NSSMD0 (SPI0CN.2) = 1. In 4-wire mode, the
NSS signal is routed to a port pin and configured as a digital input. SPI0 is enabled when NSS is logic 0,
and disabled when NSS is logic 1. The bit counter is reset on a falling edge of NSS. Note that the NSS sig-
nal must be driven low at least 2 system clocks before the first active edge of SCK for each byte transfer.
Figure 20.4 shows a connection diagram between two slave devices in 4-wire slave mode and a master
device.

3-wire slave mode is active when NSSMD1 (SPI0CN.3) = 0 and NSSMD0 (SPI0CN.2) = 0. NSS is not
used in this mode, and is not mapped to an external port pin through the crossbar. Since there is no way of
uniquely addressing the device in 3-wire slave mode, SPI0 must be the only slave device present on the
bus. It is important to note that in 3-wire slave mode there is no external means of resetting the bit counter
that determines when a full byte has been received. The bit counter can only be reset by disabling and re-
enabling SPI0 with the SPIEN bit. Figure 20.3 shows a connection diagram between a slave device in 3-
wire slave mode and a master device.

20.4. SPI0 Interrupt Sources
When SPI0 interrupts are enabled, the following four flags will generate an interrupt when they are set to
logic 1:

Note that all of the following bits must be cleared by software.

1. The SPI Interrupt Flag, SPIF (SPI0CN.7) is set to logic 1 at the end of each byte transfer. This
flag can occur in all SPI0 modes.

2. The Write Collision Flag, WCOL (SPI0CN.6) is set to logic 1 if a write to SPI0DAT is attempted
when the transmit buffer has not been emptied to the SPI shift register. When this occurs, the
write to SPI0DAT will be ignored, and the transmit buffer will not be written.This flag can occur
in all SPI0 modes.

3. The Mode Fault Flag MODF (SPI0CN.5) is set to logic 1 when SPI0 is configured as a master,
and for multi-master mode and the NSS pin is pulled low. When a Mode Fault occurs, the
MSTEN and SPIEN bits in SPI0CN are set to logic 0 to disable SPI0 and allow another master
device to access the bus.

4. The Receive Overrun Flag RXOVRN (SPI0CN.4) is set to logic 1 when configured as a slave,
and a transfer is completed and the receive buffer still holds an unread byte from a previous
transfer. The new byte is not transferred to the receive buffer, allowing the previously received
data byte to be read. The data byte which caused the overrun is lost.
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20.5. Serial Clock Timing
Four combinations of serial clock phase and polarity can be selected using the clock control bits in the
SPI0 Configuration Register (SPI0CFG). The CKPHA bit (SPI0CFG.5) selects one of two clock phases
(edge used to latch the data). The CKPOL bit (SPI0CFG.4) selects between an active-high or active-low
clock. Both master and slave devices must be configured to use the same clock phase and polarity. SPI0
should be disabled (by clearing the SPIEN bit, SPI0CN.0) when changing the clock phase or polarity. The
clock and data line relationships for master mode are shown in Figure 20.5. For slave mode, the clock and
data relationships are shown in Figure 20.6 and Figure 20.7.  Note that CKPHA must be set to ‘0’ on both
the master and slave SPI when communicating between two of the following devices:  C8051F04x,
C8051F06x, C8051F12x/13x, C8051F31x, C8051F32x, and C8051F33x

The SPI0 Clock Rate Register (SPI0CKR) as shown in SFR Definition 20.3 controls the master mode
serial clock frequency. This register is ignored when operating in slave mode. When the SPI is configured
as a master, the maximum data transfer rate (bits/sec) is one-half the system clock frequency or 12.5 MHz,
whichever is slower. When the SPI is configured as a slave, the maximum data transfer rate (bits/sec) for
full-duplex operation is 1/10 the system clock frequency, provided that the master issues SCK, NSS (in 4-
wire slave mode), and the serial input data synchronously with the slave’s system clock. If the master
issues SCK, NSS, and the serial input data asynchronously, the maximum data transfer rate (bits/sec)
must be less than 1/10 the system clock frequency. In the special case where the master only wants to
transmit data to the slave and does not need to receive data from the slave (i.e. half-duplex operation), the
SPI slave can receive data at a maximum data transfer rate (bits/sec) of 1/4 the system clock frequency.
This is provided that the master issues SCK, NSS, and the serial input data synchronously with the slave’s
system clock.

Figure 20.5. Master Mode Data/Clock Timing
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Figure 20.6. Slave Mode Data/Clock Timing (CKPHA = 0)

Figure 20.7. Slave Mode Data/Clock Timing (CKPHA = 1)
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20.6. SPI Special Function Registers
SPI0 is accessed and controlled through four special function registers in the system controller: SPI0CN
Control Register, SPI0DAT Data Register, SPI0CFG Configuration Register, and SPI0CKR Clock Rate
Register. The four special function registers related to the operation of the SPI0 Bus are described in the
following figures.

SFR Definition 20.1. SPI0CFG: SPI0 Configuration

Bit 7: SPIBSY: SPI Busy (read only).
This bit is set to logic 1 when a SPI transfer is in progress (Master or slave Mode).

Bit 6: MSTEN: Master Mode Enable. 
0: Disable master mode. Operate in slave mode.
1: Enable master mode. Operate as a master.

Bit 5: CKPHA: SPI0 Clock Phase.
This bit controls the SPI0 clock phase. 
0: Data centered on first edge of SCK period.*
1: Data centered on second edge of SCK period.*

Bit 4: CKPOL: SPI0 Clock Polarity. 
This bit controls the SPI0 clock polarity.
0: SCK line low in idle state.
1: SCK line high in idle state.

Bit 3: SLVSEL: Slave Selected Flag (read only). 
This bit is set to logic 1 whenever the NSS pin is low indicating SPI0 is the selected slave. It 
is cleared to logic 0 when NSS is high (slave not selected). This bit does not indicate the 
instantaneous value at the NSS pin, but rather a de-glitched version of the pin input.

Bit 2: NSSIN: NSS Instantaneous Pin Input (read only). 
This bit mimics the instantaneous value that is present on the NSS port pin at the time that 
the register is read. This input is not de-glitched.

Bit 1: SRMT: Shift Register Empty (Valid in Slave Mode, read only).
This bit will be set to logic 1 when all data has been transferred in/out of the shift register, 
and there is no new information available to read from the transmit buffer or write to the 
receive buffer. It returns to logic 0 when a data byte is transferred to the shift register from 
the transmit buffer or by a transition on SCK. 
NOTE: SRMT = 1 when in Master Mode.

Bit 0: RXBMT: Receive Buffer Empty (Valid in Slave Mode, read only).
This bit will be set to logic 1 when the receive buffer has been read and contains no new 
information. If there is new information available in the receive buffer that has not been read, 
this bit will return to logic 0.
NOTE: RXBMT = 1 when in Master Mode.

*Note:  In slave mode, data on MOSI is sampled in the center of each data bit. In master mode, data 
on MISO is sampled one SYSCLK before the end of each data bit, to provide maximum 
settling time for the slave device. See Table 20.1 for timing parameters.

R R/W R/W R/W R R R R Reset Value

SPIBSY MSTEN CKPHA CKPOL SLVSEL NSSIN SRMT RXBMT 00000111
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9A
0
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SFR Definition 20.2. SPI0CN: SPI0 Control

Bit 7: SPIF: SPI0 Interrupt Flag.
This bit is set to logic 1 by hardware at the end of a data transfer. If interrupts are enabled, 
setting this bit causes the CPU to vector to the SPI0 interrupt service routine. This bit is not 
automatically cleared by hardware. It must be cleared by software. 

Bit 6: WCOL: Write Collision Flag. 
This bit is set to logic 1 by hardware (and generates a SPI0 interrupt) to indicate a write to 
the SPI0 data register was attempted while a data transfer was in progress. It must be 
cleared by software.

Bit 5: MODF: Mode Fault Flag.
This bit is set to logic 1 by hardware (and generates a SPI0 interrupt) when a master mode 
collision is detected (NSS is low, MSTEN = 1, and NSSMD[1:0] = 01). This bit is not auto-
matically cleared by hardware. It must be cleared by software.

Bit 4: RXOVRN: Receive Overrun Flag (Slave Mode only).
This bit is set to logic 1 by hardware (and generates a SPI0 interrupt) when the receive 
buffer still holds unread data from a previous transfer and the last bit of the current transfer is 
shifted into the SPI0 shift register. This bit is not automatically cleared by hardware. It must 
be cleared by software.

Bits 3–2: NSSMD1–NSSMD0: Slave Select Mode.
Selects between the following NSS operation modes: 
(See Section “20.2. SPI0 Master Mode Operation” on page 275 and Section “20.3. SPI0 
Slave Mode Operation” on page 277).
00: 3-Wire Slave or 3-wire Master Mode. NSS signal is not routed to a port pin.
01: 4-Wire Slave or Multi-Master Mode (Default). NSS is always an input to the device.
1x: 4-Wire Single-Master Mode. NSS signal is mapped as an output from the device and will 
assume the value of NSSMD0.

Bit 1: TXBMT: Transmit Buffer Empty.
This bit will be set to logic 0 when new data has been written to the transmit buffer. When 
data in the transmit buffer is transferred to the SPI shift register, this bit will be set to logic 1, 
indicating that it is safe to write a new byte to the transmit buffer.

Bit 0: SPIEN: SPI0 Enable. 
This bit enables/disables the SPI.
0: SPI disabled.
1: SPI enabled.

R/W R/W R/W R/W R/W R/W R R/W Reset Value

SPIF WCOL MODF RXOVRN NSSMD1 NSSMD0 TXBMT SPIEN 00000110

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0xF8
0
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SFR Definition 20.3. SPI0CKR: SPI0 Clock Rate

SFR Definition 20.4. SPI0DAT: SPI0 Data

Bits 7–0: SCR7–SCR0: SPI0 Clock Rate.
These bits determine the frequency of the SCK output when the SPI0 module is configured 
for master mode operation. The SCK clock frequency is a divided version of the system 
clock, and is given in the following equation, where SYSCLK is the system clock frequency 
and SPI0CKR is the 8-bit value held in the SPI0CKR register.

for 0 <= SPI0CKR <= 255

Example: If SYSCLK = 2 MHz and SPI0CKR = 0x04,

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

SCR7 SCR6 SCR5 SCR4 SCR3 SCR2 SCR1 SCR0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9D
0

fSCK
SYSCLK

2 SPI0CKR 1+( )×
-----------------------------------------------=

fSCK
2000000

2 4 1+( )×
--------------------------=

fSCK 200kHz=

Bits 7–0: SPI0DAT: SPI0 Transmit and Receive Data.
The SPI0DAT register is used to transmit and receive SPI0 data. Writing data to SPI0DAT 
places the data into the transmit buffer and initiates a transfer when in Master Mode. A read 
of SPI0DAT returns the contents of the receive buffer.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x9B
0
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Figure 20.8. SPI Master Timing (CKPHA = 0)

 

Figure 20.9. SPI Master Timing (CKPHA = 1)
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Figure 20.10. SPI Slave Timing (CKPHA = 0)

Figure 20.11. SPI Slave Timing (CKPHA = 1)
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Table 20.1. SPI Slave Timing Parameters
Parameter Description Min Max Units

Master Mode Timing* (See Figure 20.8 and Figure 20.9)
TMCKH SCK High Time 1 x TSYSCLK ns

TMCKL SCK Low Time 1 x TSYSCLK ns

TMIS MISO Valid to SCK Shift Edge 1 x TSYSCLK + 20 ns

TMIH SCK Shift Edge to MISO Change 0 ns

Slave Mode Timing* (See Figure 20.10 and Figure 20.11)
TSE NSS Falling to First SCK Edge 2 x TSYSCLK ns

TSD Last SCK Edge to NSS Rising 2 x TSYSCLK ns

TSEZ NSS Falling to MISO Valid 4 x TSYSCLK ns

TSDZ NSS Rising to MISO High-Z 4 x TSYSCLK ns

TCKH SCK High Time 5 x TSYSCLK ns

TCKL SCK Low Time 5 x TSYSCLK ns

TSIS MOSI Valid to SCK Sample Edge 2 x TSYSCLK ns

TSIH SCK Sample Edge to MOSI Change 2 x TSYSCLK ns

TSOH SCK Shift Edge to MISO Change 4 x TSYSCLK ns

TSLH
Last SCK Edge to MISO Change 
(CKPHA = 1 ONLY)

6 x TSYSCLK 8 x TSYSCLK ns

*Note:  TSYSCLK is equal to one period of the device system clock (SYSCLK).
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21. UART0
UART0 is an enhanced serial port with frame error detection and address recognition hardware. UART0
may operate in full-duplex asynchronous or half-duplex synchronous modes, and mutiproccessor commu-
nication is fully supported. Receive data is buffered in a holding register, allowing UART0 to start reception
of a second incoming data byte before software has finished reading the previous data byte. A Receive
Overrun bit indicates when new received data is latched into the receive buffer before the previously
received byte has been read.

UART0 is accessed via its associated SFR’s, Serial Control (SCON0) and Serial Data Buffer (SBUF0). The
single SBUF0 location provides access to both transmit and receive registers. Reading SCON0 accesses
the Receive register and writing SCON0 accesses the Transmit register.

UART0 may be operated in polled or interrupt mode. UART0 has two sources of interrupts: a Transmit
Interrupt flag, TI0 (SCON0.1) set when transmission of a data byte is complete, and a Receive Interrupt
flag, RI0 (SCON0.0) set when reception of a data byte is complete. UART0 interrupt flags are not cleared
by hardware when the CPU vectors to the interrupt service routine; they must be cleared manually by soft-
ware. This allows software to determine the cause of the UART0 interrupt (transmit complete or receive
complete).

Figure 21.1. UART0 Block Diagram
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21.1. UART0 Operational Modes
UART0 provides four operating modes (one synchronous and three asynchronous) selected by setting
configuration bits in the SCON0 register. These four modes offer different baud rates and communication
protocols. The four modes are summarized in Table 21.1.
 

21.1.1. Mode 0: Synchronous Mode
Mode 0 provides synchronous, half-duplex communication. Serial data is transmitted and received on the
RX0 pin. The TX0 pin provides the shift clock for both transmit and receive. The MCU must be the master
since it generates the shift clock for transmission in both directions (see the interconnect diagram in
Figure 21.3). 

Data transmission begins when an instruction writes a data byte to the SBUF0 register. Eight data bits are
transferred LSB first (see the timing diagram in Figure 21.2), and the TI0 Transmit Interrupt Flag
(SCON0.1) is set at the end of the eighth bit time. Data reception begins when the REN0 Receive Enable
bit (SCON0.4) is set to logic 1 and the RI0 Receive Interrupt Flag (SCON0.0) is cleared. One cycle after
the eighth bit is shifted in, the RI0 flag is set and reception stops until software clears the RI0 bit. An inter-
rupt will occur if enabled when either TI0 or RI0 are set.

The Mode 0 baud rate is SYSCLK / 12. RX0 is forced to open-drain in Mode 0, and an external pullup will
typically be required.

 

Figure 21.2. UART0 Mode 0 Timing Diagram
  

Figure 21.3. UART0 Mode 0 Interconnect

Table 21.1. UART0 Modes
Mode Synchronization Baud Clock Data Bits Start/Stop Bits

0 Synchronous SYSCLK / 12 8 None
1 Asynchronous Timer 1, 2, 3, or 4 Overflow 8 1 Start, 1 Stop
2 Asynchronous SYSCLK / 32 or SYSCLK / 64 9 1 Start, 1 Stop
3 Asynchronous Timer 1, 2, 3, or 4 Overflow 9 1 Start, 1 Stop
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21.1.2. Mode 1: 8-Bit UART, Variable Baud Rate
Mode 1 provides standard asynchronous, full duplex communication using a total of 10 bits per data byte:
one start bit, eight data bits (LSB first), and one stop bit. Data are transmitted from the TX0 pin and
received at the RX0 pin. On receive, the eight data bits are stored in SBUF0 and the stop bit goes into
RB80 (SCON0.2). 

Data transmission begins when an instruction writes a data byte to the SBUF0 register. The TI0 Transmit
Interrupt Flag (SCON0.1) is set at the end of the transmission (the beginning of the stop-bit time). Data
reception can begin any time after the REN0 Receive Enable bit (SCON0.4) is set to logic 1. After the stop
bit is received, the data byte will be loaded into the SBUF0 receive register if the following conditions are
met: RI0 must be logic 0, and if SM20 is logic 1, the stop bit must be logic 1.

If these conditions are met, the eight bits of data is stored in SBUF0, the stop bit is stored in RB80 and the
RI0 flag is set. If these conditions are not met, SBUF0 and RB80 will not be loaded and the RI0 flag will not
be set. An interrupt will occur if enabled when either TI0 or RI0 are set.

Figure 21.4.  UART0 Mode 1 Timing Diagram

The baud rate generated in Mode 1 is a function of timer overflow. UART0 can use Timer 1 operating in 8-
Bit Auto-Reload Mode, or Timer 2, 3, or 4 operating in Auto-reload Mode to generate the baud rate (note
that the TX and RX clocks are selected separately). On each timer overflow event (a rollover from all ones
- (0xFF for Timer 1, 0xFFFF for Timer 2, 3, or 4) - to zero) a clock is sent to the baud rate logic.

Timers 1, 2, 3, or 4 are selected as the baud rate source with bits in the SSTA0 register (see SFR Defini-
tion 21.2). The transmit baud rate clock is selected using the S0TCLK1 and S0TCLK0 bits, and the receive
baud rate clock is selected using the S0RCLK1 and S0RCLK0 bits.

When Timer 1 is selected as a baud rate source, the SMOD0 bit (SSTA0.4) selects whether or not to divide
the Timer 1 overflow rate by two. On reset, the SMOD0 bit is logic 0, thus selecting the lower speed baud
rate by default. The SMOD0 bit affects the baud rate generated by Timer 1 as shown in Equation 21.1.

The Mode 1 baud rate equations are shown below, where T1M is bit4 of register CKCON, TH1 is the 8-bit
reload register for Timer 1, and [RCAPnH , RCAPnL] is the 16-bit reload register for Timer 2, 3, or 4.  

D1D0 D2 D3 D4 D5 D6 D7
START

BIT
MARK

STOP
BIT

BIT TIMES

BIT SAMPLING

SPACE

Equation 21.1. Mode 1 Baud Rate using Timer 1

Mode1_BaudRate 1 32⁄ Timer1_OverflowRate⋅=
When SMOD0 = 0:

Mode1_BaudRate 1 16⁄ Timer1_OverflowRate⋅=
When SMOD0 = 1:
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The Timer 1 overflow rate is determined by the Timer 1 clock source (T1CLK) and reload value (TH1). The
frequency of T1CLK is selected as described in Section “23.1. Timer 0 and Timer 1” on page 309. The
Timer 1 overflow rate is calculated as shown in Equation 21.2.

When Timers 2, 3, or 4 are selected as a baud rate source, the baud rate is generated as shown in
Equation 21.3.

The overflow rate for Timer 2, 3, or 4 is determined by the clock source for the timer (TnCLK) and the 16-
bit reload value stored in the RCAPn register (n = 2, 3, or 4), as shown in Equation 21.4.

Equation 21.2. Timer 1 Overflow Rate

Timer1_OverflowRate T1CLK 256 TH1–( )⁄=

Equation 21.3. Mode 1 Baud Rate using Timer 2, 3, or 4

Mode1_BaudRate 1 16⁄ Timer234_OverflowRate⋅=

Equation 21.4. Timer 2, 3, or 4 Overflow Rate

Timer234_OverflowRate TnCLK 65536 RCAPn–( )⁄=
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21.1.3. Mode 2: 9-Bit UART, Fixed Baud Rate
Mode 2 provides asynchronous, full-duplex communication using a total of eleven bits per data byte: a start
bit, 8 data bits (LSB first), a programmable ninth data bit, and a stop bit. Mode 2 supports multiprocessor
communications and hardware address recognition (see Section 21.2). On transmit, the ninth data bit is
determined by the value in TB80 (SCON0.3). It can be assigned the value of the parity flag P in the PSW or
used in multiprocessor communications. On receive, the ninth data bit goes into RB80 (SCON0.2) and the
stop bit is ignored.

Data transmission begins when an instruction writes a data byte to the SBUF0 register. The TI0 Transmit
Interrupt Flag (SCON0.1) is set at the end of the transmission (the beginning of the stop-bit time). Data
reception can begin any time after the REN0 Receive Enable bit (SCON0.4) is set to logic 1. After the stop
bit is received, the data byte will be loaded into the SBUF0 receive register if RI0 is logic 0 and one of the
following requirements are met:

1. SM20 is logic 0
2. SM20 is logic 1, the received 9th bit is logic 1, and the received address matches the UART0

address as described in Section 21.2.

If the above conditions are satisfied, the eight bits of data are stored in SBUF0, the ninth bit is stored in
RB80 and the RI0 flag is set. If these conditions are not met, SBUF0 and RB80 will not be loaded and the
RI0 flag will not be set. An interrupt will occur if enabled when either TI0 or RI0 are set.

The baud rate in Mode 2 is either SYSCLK / 32 or SYSCLK / 64, according to the value of the SMOD0 bit
in register SSTA0.

 

Figure 21.5. UART0 Modes 2 and 3 Timing Diagram

Equation 21.5. Mode 2 Baud Rate

BaudRate 2SMOD0 SYSCLK
64

----------------------⎝ ⎠
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Figure 21.6. UART0 Modes 1, 2, and 3 Interconnect Diagram

21.1.4. Mode 3: 9-Bit UART, Variable Baud Rate
Mode 3 uses the Mode 2 transmission protocol with the Mode 1 baud rate generation. Mode 3 operation
transmits 11 bits: a start bit, 8 data bits (LSB first), a programmable ninth data bit, and a stop bit. The baud
rate is derived from Timer 1 or Timer 2, 3, or 4 overflows, as defined by Equation 21.1 and Equation 21.3.
Multiprocessor communications and hardware address recognition are supported, as described in Section
21.2.
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21.2. Multiprocessor Communications
Modes 2 and 3 support multiprocessor communication between a master processor and one or more slave
processors by special use of the ninth data bit and the built-in UART0 address recognition hardware. When
a master processor wants to transmit to one or more slaves, it first sends an address byte to select the tar-
get(s). An address byte differs from a data byte in that its ninth bit is logic 1; in a data byte, the ninth bit is
always set to logic 0. UART0 will recognize as “valid” (i.e., capable of causing an interrupt) two types of
addresses: (1) a masked address and (2) a broadcast address at any given time. Both are described
below.

21.2.1. Configuration of a Masked Address
The UART0 address is configured via two SFR’s: SADDR0 (Serial Address) and SADEN0 (Serial Address
Enable). SADEN0 sets the bit mask for the address held in SADDR0: bits set to logic 1 in SADEN0 corre-
spond to bits in SADDR0 that are checked against the received address byte; bits set to logic 0 in SADEN0
correspond to “don’t care” bits in SADDR0.

Setting the SM20 bit (SCON0.5) configures UART0 such that when a stop bit is received, UART0 will gen-
erate an interrupt only if the ninth bit is logic 1 (RB80 = ‘1’) and the received data byte matches the UART0
slave address. Following the received address interrupt, the slave will clear its SM20 bit to enable interrupts
on the reception of the following data byte(s). Once the entire message is received, the addressed slave
resets its SM20 bit to ignore all transmissions until it receives the next address byte. While SM20 is logic 1,
UART0 ignores all bytes that do not match the UART0 address and include a ninth bit that is logic 1.

21.2.2. Broadcast Addressing
Multiple addresses can be assigned to a single slave and/or a single address can be assigned to multiple
slaves, thereby enabling "broadcast" transmissions to more than one slave simultaneously. The broadcast
address is the logical OR of registers SADDR0 and SADEN0, and ‘0’s of the result are treated as “don’t
cares”. Typically a broadcast address of 0xFF (hexadecimal) is acknowledged by all slaves, assuming
“don’t care” bits as ‘1’s. The master processor can be configured to receive all transmissions or a protocol
can be implemented such that the master/slave role is temporarily reversed to enable half-duplex trans-
mission between the original master and slave(s)..

Note in the above examples 4, 5, and 6, each slave would recognize as “valid” an address of 0xFF as a
broadcast address. Also note that examples 4, 5, and 6 uses the same SADDR0 and SADEN0 register
values as shown in the examples 1, 2, and 3 respectively (slaves #1, 2, and 3). Thus, a master could
address each slave device individually using a masked address, and also broadcast to all three slave
devices. For example, if a Master were to send an address “11110101”, only slave #1 would recognize the
address as valid. If a master were to then send an address of “11111111”, all three slave devices would rec-
ognize the address as a valid broadcast address.

Example 1, SLAVE #1 Example 2, SLAVE #2 Example 3, SLAVE #3
SADDR0 = 00110101 SADDR0 = 00110101 SADDR0 = 00110101
SADEN0 = 00001111 SADEN0 = 11110011 SADEN0 = 11000000

UART0 Address = xxxx0101 UART0 Address = 0011xx01 UART0 Address = 00xxxxxx

Example 4, SLAVE #1 Example 5, SLAVE #2 Example 6, SLAVE #3
SADDR0 = 00110101 SADDR0 = 00110101 SADDR0 = 00110101
SADEN0 = 00001111 SADEN0 = 11110011 SADEN0 = 11000000

Broadcast Address = 00111111 Broadcast Address = 11110111 Broadcast Address = 11110101
Where all ZEROES in the Broadcast address are don’t cares.
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Figure 21.7. UART Multi-Processor Mode Interconnect Diagram

21.3. Frame and Transmission Error Detection
All Modes:
The Transmit Collision bit (TXCOL0 bit in register SSTA0) reads ‘1’ if user software writes data to the
SBUF0 register while a transmit is in progress.

Modes 1, 2, and 3:
The Receive Overrun bit (RXOV0 in register SSTA0) reads ‘1’ if a new data byte is latched into the receive
buffer before software has read the previous byte. The Frame Error bit (FE0 in register SSTA0) reads ‘1’ if
an invalid (low) STOP bit is detected.
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Table 21.2. Oscillator Frequencies for Standard Baud Rates

System Clock
Frequency (MHz) Divide Factor

Timer 1 Reload 
Value1

Timer 2, 3, or
4 Reload 

Value
Resulting Baud Rate (Hz)2

100.0 864 0xCA 0xFFCA 115200 (115741)
99.5328 864 0xCA 0xFFCA 115200

50.0 432 0xE5 0xFFE5 115200 (115741)
49.7664 432 0xE5 0xFFE5 115200

24.0 208 0xF3 0xFFF3 115200 (115384)
22.1184 192 0xF4 0xFFF4 115200
18.432 160 0xF6 0xFFF6 115200
11.0592 96 0xFA 0xFFFA 115200
3.6864 32 0xFE 0xFFFE 115200
1.8432 16 0xFF 0xFFFF 115200
100.0 3472 0x27 0xFF27 28800 (28802)

99.5328 3456 0x28 0xFF28 28800
50.0 1744 0x93 0xFF93 28800 (28670)

49.7664 1728 0x94 0xFF94 28800
24.0 832 0xCC 0xFFCC 28800 (28846)

22.1184 768 0xD0 0xFFD0 28800
18.432 640 0xD8 0xFFD8 28800
11.0592 348 0xE8 0xFFE8 28800
3.6864 128 0xF8 0xFFF8 28800
1.8432 64 0xFC 0xFFFC 28800
100.0 10416 - 0xFD75 9600 (9601)

99.5328 10368 - 0xFD78 9600
50.0 5216 - 0xFEBA 9600 (9586)

49.7664 5184 - 0xFEBC 9600
24.0 2496 0x64 0xFF64 9600 (9615)

22.1184 2304 0x70 0xFF70 9600
18.432 1920 0x88 0xFF88 9600
11.0592 1152 0xB8 0xFFB8 9600
3.6864 384 0xE8 0xFFE8 9600
1.8432 192 0xF4 0xFFF4 9600

Notes:
1. Assumes SMOD0 = 1 and T1M = 1.
2. Numbers in parenthesis show the actual baud rate.
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SFR Definition 21.1. SCON0: UART0 Control

Bits7–6: SM00–SM10: Serial Port Operation Mode:
Write:
When written, these bits select the Serial Port Operation Mode as follows: 

Reading these bits returns the current UART0 mode as defined above.
Bit5: SM20: Multiprocessor Communication Enable.

The function of this bit is dependent on the Serial Port Operation Mode.
Mode 0: No effect
Mode 1: Checks for valid stop bit.

0: Logic level of stop bit is ignored.
1: RI0 will only be activated if stop bit is logic level 1.

Mode 2 and 3: Multiprocessor Communications Enable.
0: Logic level of ninth bit is ignored.
1: RI0 is set and an interrupt is generated only when the ninth bit is logic 1 and the 

received address matches the UART0 address or the broadcast address.
Bit4: REN0: Receive Enable. 

This bit enables/disables the UART0 receiver.
0: UART0 reception disabled.
1: UART0 reception enabled.

Bit3: TB80: Ninth Transmission Bit. 
The logic level of this bit will be assigned to the ninth transmission bit in Modes 2 and 3. It is 
not used in Modes 0 and 1.   Set or cleared by software as required.

Bit2: RB80: Ninth Receive Bit. 
The bit is assigned the logic level of the ninth bit received in Modes 2 and 3. In Mode 1, if 
SM20 is logic 0, RB80 is assigned the logic level of the received stop bit. RB8 is not used in 
Mode 0.

Bit1: TI0: Transmit Interrupt Flag. 
Set by hardware when a byte of data has been transmitted by UART0 (after the 8th bit in 
Mode 0, or at the beginning of the stop bit in other modes). When the UART0 interrupt is 
enabled, setting this bit causes the CPU to vector to the UART0 interrupt service routine. 
This bit must be cleared manually by software

Bit0: RI0: Receive Interrupt Flag. 
Set by hardware when a byte of data has been received by UART0 (as selected by the 
SM20 bit). When the UART0 interrupt is enabled, setting this bit causes the CPU to vector 
to the UART0 interrupt service routine. This bit must be cleared manually by software.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

SM00 SM10 SM20 REN0 TB80 RB80 TI0 RI0 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x98
0

SM00 SM10 Mode
0 0 Mode 0: Synchronous Mode
0 1 Mode 1: 8-Bit UART, Variable Baud Rate
1 0 Mode 2: 9-Bit UART, Fixed Baud Rate
1 1 Mode 3: 9-Bit UART, Variable Baud Rate
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SFR Definition 21.2. SSTA0: UART0 Status and Clock Selection

Bit7: FE0: Frame Error Flag.*
This flag indicates if an invalid (low) STOP bit is detected.
0: Frame Error has not been detected
1: Frame Error has been detected.

Bit6: RXOV0: Receive Overrun Flag.*
This flag indicates new data has been latched into the receive buffer before software has 
read the previous byte.
0: Receive overrun has not been detected.
1: Receive Overrun has been detected.

Bit5: TXCOL0: Transmit Collision Flag.*
This flag indicates user software has written to the SBUF0 register while a transmission is 
in progress.
0: Transmission Collision has not been detected.
1: Transmission Collision has been detected.

Bit4: SMOD0: UART0 Baud Rate Doubler Enable. 
This bit enables/disables the divide-by-two function of the UART0 baud rate logic for config-
urations described in the UART0 section.
0: UART0 baud rate divide-by-two enabled.
1: UART0 baud rate divide-by-two disabled.

Bits3–2: UART0 Transmit Baud Rate Clock Selection Bits
. 

Bits1–0: UART0 Receive Baud Rate Clock Selection Bits

*Note:  FE0, RXOV0, and TXCOL0 are flags only, and no interrupt is generated by these conditions.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

FE0 RXOV0 TXCOL0 SMOD0 S0TCLK1 S0TCLK0 S0RCLK1 S0RCLK0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x91
0

S0TCLK1 S0TCLK0 Serial Transmit Baud Rate Clock Source
0 0 Timer 1 generates UART0 TX Baud Rate
0 1 Timer 2 Overflow generates UART0 TX baud rate
1 0 Timer 3 Overflow generates UART0 TX baud rate
1 1 Timer 4 Overflow generates UART0 TX baud rate

S0RCLK1 S0RCLK0 Serial Receive Baud Rate Clock Source
0 0 Timer 1 generates UART0 RX Baud Rate
0 1 Timer 2 Overflow generates UART0 RX baud rate
1 0 Timer 3 Overflow generates UART0 RX baud rate
1 1 Timer 4 Overflow generates UART0 RX baud rate
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SFR Definition 21.3. SBUF0: UART0 Data Buffer

SFR Definition 21.4. SADDR0: UART0 Slave Address

SFR Definition 21.5. SADEN0: UART0 Slave Address Enable

Bits7–0: SBUF0.[7:0]: UART0 Buffer Bits 7–0 (MSB–LSB)
This is actually two registers; a transmit and a receive buffer register. When data is moved 
to SBUF0, it goes to the transmit buffer and is held for serial transmission. Moving a byte to 
SBUF0 is what initiates the transmission. When data is moved from SBUF0, it comes from 
the receive buffer.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x99
0

Bits7–0: SADDR0.[7:0]: UART0 Slave Address 
The contents of this register are used to define the UART0 slave address. Register SADEN0 
is a bit mask to determine which bits of SADDR0 are checked against a received address: 
corresponding bits set to logic 1 in SADEN0 are checked; corresponding bits set to logic 0 
are “don’t cares”.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xA9
0

Bits7–0: SADEN0.[7:0]: UART0 Slave Address Enable
Bits in this register enable corresponding bits in register SADDR0 to determine the UART0 
slave address. 
0: Corresponding bit in SADDR0 is a “don’t care”.
1: Corresponding bit in SADDR0 is checked against a received address.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xB9
0
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22. UART1
UART1 is an asynchronous, full duplex serial port offering modes 1 and 3 of the standard 8051 UART.
Enhanced baud rate support allows a wide range of clock sources to generate standard baud rates (details
in Section “22.1. Enhanced Baud Rate Generation” on page 300). Received data buffering allows
UART1 to start reception of a second incoming data byte before software has finished reading the previous
data byte.

UART1 has two associated SFRs: Serial Control Register 1 (SCON1) and Serial Data Buffer 1 (SBUF1).
The single SBUF1 location provides access to both transmit and receive registers. Reading SBUF1
accesses the buffered Receive register; writing SBUF1 accesses the Transmit register. 

With UART1 interrupts enabled, an interrupt is generated each time a transmit is completed (TI1 is set in
SCON1), or a data byte has been received (RI1 is set in SCON1). The UART1 interrupt flags are not
cleared by hardware when the CPU vectors to the interrupt service routine. They must be cleared manually
by software, allowing software to determine the cause of the UART1 interrupt (transmit complete or receive
complete).

Figure 22.1. UART1 Block Diagram
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22.1. Enhanced Baud Rate Generation
The UART1 baud rate is generated by Timer 1 in 8-bit auto-reload mode. The TX clock is generated by
TL1; the RX clock is generated by a copy of TL1 (shown as RX Timer in Figure 22.2), which is not user-
accessible. Both TX and RX Timer overflows are divided by two to generate the TX and RX baud rates.
The RX Timer runs when Timer 1 is enabled, and uses the same reload value (TH1). However, an
RX Timer reload is forced when a START condition is detected on the RX pin. This allows a receive to
begin any time a START is detected, independent of the TX Timer state.

Figure 22.2. UART1 Baud Rate Logic

Timer 1 should be configured for Mode 2, 8-bit auto-reload (see Section “23.1.3. Mode 2: 8-bit Counter/
Timer with Auto-Reload” on page 311). The Timer 1 reload value should be set so that overflows will
occur at two times the desired baud rate. Note that Timer 1 may be clocked by one of five sources:
SYSCLK, SYSCLK / 4, SYSCLK / 12, SYSCLK / 48, or the external oscillator clock / 8. For any given
Timer 1 clock source, the UART1 baud rate is determined by Equation 22.1.

Where T1CLK is the frequency of the clock supplied to Timer 1, and T1H is the high byte of Timer 1 (reload
value). Timer 1 clock frequency is selected as described in Section “23.1. Timer 0 and Timer 1” on
page 309. A quick reference for typical baud rates and system clock frequencies is given in Table 22.1
through Table 22.5. Note that the internal oscillator or PLL may still generate the system clock when the
external oscillator is driving Timer 1 (see Section “23.1. Timer 0 and Timer 1” on page 309 for more
details). 

RX Timer
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Equation 22.1. UART1 Baud Rate
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22.2. Operational Modes
UART1 provides standard asynchronous, full duplex communication. The UART mode (8-bit or 9-bit) is
selected by the S1MODE bit (SCON1.7). Typical UART connection options are shown below.

Figure 22.3. UART Interconnect Diagram

22.2.1. 8-Bit UART
8-Bit UART mode uses a total of 10 bits per data byte: one start bit, eight data bits (LSB first), and one stop
bit. Data are transmitted LSB first from the TX1 pin and received at the RX1 pin. On receive, the eight data
bits are stored in SBUF1 and the stop bit goes into RB81 (SCON1.2). 

Data transmission begins when software writes a data byte to the SBUF1 register. The TI1 Transmit Inter-
rupt Flag (SCON1.1) is set at the end of the transmission (the beginning of the stop-bit time). Data recep-
tion can begin any time after the REN1 Receive Enable bit (SCON1.4) is set to logic 1. After the stop bit is
received, the data byte will be loaded into the SBUF1 receive register if the following conditions are met:
RI1 must be logic 0, and if MCE1 is logic 1, the stop bit must be logic 1. In the event of a receive data over-
run, the first received 8 bits are latched into the SBUF1 receive register and the following overrun data bits
are lost.

If these conditions are met, the eight bits of data is stored in SBUF1, the stop bit is stored in RB81 and the
RI1 flag is set. If these conditions are not met, SBUF1 and RB81 will not be loaded and the RI1 flag will not
be set. An interrupt will occur if enabled when either TI1 or RI1 is set.

Figure 22.4.  8-Bit UART Timing Diagram
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22.2.2. 9-Bit UART 
9-bit UART mode uses a total of eleven bits per data byte: a start bit, 8 data bits (LSB first), a programma-
ble ninth data bit, and a stop bit. The state of the ninth transmit data bit is determined by the value in TB81
(SCON1.3), which is assigned by user software. It can be assigned the value of the parity flag (bit P in reg-
ister PSW) for error detection, or used in multiprocessor communications. On receive, the ninth data bit
goes into RB81 (SCON1.2) and the stop bit is ignored. 

Data transmission begins when an instruction writes a data byte to the SBUF1 register. The TI1 Transmit
Interrupt Flag (SCON1.1) is set at the end of the transmission (the beginning of the stop-bit time). Data
reception can begin any time after the REN1 Receive Enable bit (SCON1.4) is set to ‘1’. After the stop bit
is received, the data byte will be loaded into the SBUF1 receive register if the following conditions are met:
(1) RI1 must be logic 0, and (2) if MCE1 is logic 1, the 9th bit must be logic 1 (when MCE1 is logic 0, the
state of the ninth data bit is unimportant). If these conditions are met, the eight bits of data are stored in
SBUF1, the ninth bit is stored in RB81, and the RI1 flag is set to ‘1’. If the above conditions are not met,
SBUF1 and RB81 will not be loaded and the RI1 flag will not be set to ‘1’. A UART1 interrupt will occur if
enabled when either TI1 or RI1 is set to ‘1’.

Figure 22.5. 9-Bit UART Timing Diagram
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22.3. Multiprocessor Communications
9-Bit UART mode supports multiprocessor communication between a master processor and one or more
slave processors by special use of the ninth data bit. When a master processor wants to transmit to one or
more slaves, it first sends an address byte to select the target(s). An address byte differs from a data byte
in that its ninth bit is logic 1; in a data byte, the ninth bit is always set to logic 0.

Setting the MCE1 bit (SCON.5) of a slave processor configures its UART such that when a stop bit is
received, the UART will generate an interrupt only if the ninth bit is logic one (RB81 = 1) signifying an
address byte has been received. In the UART interrupt handler, software should compare the received
address with the slave's own assigned 8-bit address. If the addresses match, the slave should clear its
MCE1 bit to enable interrupts on the reception of the following data byte(s). Slaves that weren't addressed
leave their MCE1 bits set and do not generate interrupts on the reception of the following data bytes,
thereby ignoring the data. Once the entire message is received, the addressed slave should reset its
MCE1 bit to ignore all transmissions until it receives the next address byte.

Multiple addresses can be assigned to a single slave and/or a single address can be assigned to multiple
slaves, thereby enabling "broadcast" transmissions to more than one slave simultaneously. The master
processor can be configured to receive all transmissions or a protocol can be implemented such that the
master/slave role is temporarily reversed to enable half-duplex transmission between the original master
and slave(s).

Figure 22.6. UART Multi-Processor Mode Interconnect Diagram

Master
Device

Slave
Device

TXRX RX TX

Slave
Device

RX TX

Slave
Device

RX TX

+5V
Rev. 1.4 303



C8051F120/1/2/3/4/5/6/7 
C8051F130/1/2/3
SFR Definition 22.1. SCON1: Serial Port 1 Control

Bit7: S1MODE: Serial Port 1 Operation Mode.
This bit selects the UART1 Operation Mode.
0: Mode 0: 8-bit UART with Variable Baud Rate
1: Mode 1: 9-bit UART with Variable Baud Rate

Bit6: UNUSED. Read = 1b. Write = don’t care.
Bit5: MCE1: Multiprocessor Communication Enable.

The function of this bit is dependent on the Serial Port 0 Operation Mode.
Mode 0: Checks for valid stop bit.

0: Logic level of stop bit is ignored.
1: RI1 will only be activated if stop bit is logic level 1.

Mode 1: Multiprocessor Communications Enable.
0: Logic level of ninth bit is ignored.
1: RI1 is set and an interrupt is generated only when the ninth bit is logic 1.

Bit4: REN1: Receive Enable. 
This bit enables/disables the UART receiver.
0: UART1 reception disabled.
1: UART1 reception enabled.

Bit3: TB81: Ninth Transmission Bit. 
The logic level of this bit will be assigned to the ninth transmission bit in 9-bit UART Mode. It 
is not used in 8-bit UART Mode.   Set or cleared by software as required.

Bit2: RB81: Ninth Receive Bit. 
RB81 is assigned the value of the STOP bit in Mode 0; it is assigned the value of the 9th 
data bit in Mode 1.

Bit1: TI1: Transmit Interrupt Flag. 
Set by hardware when a byte of data has been transmitted by UART1 (after the 8th bit in 8-
bit UART Mode, or at the beginning of the STOP bit in 9-bit UART Mode). When the UART1 
interrupt is enabled, setting this bit causes the CPU to vector to the UART1 interrupt service 
routine. This bit must be cleared manually by software

Bit0: RI1: Receive Interrupt Flag. 
Set to ‘1’ by hardware when a byte of data has been received by UART1 (set at the STOP bit 
sampling time). When the UART1 interrupt is enabled, setting this bit to ‘1’ causes the CPU 
to vector to the UART1 interrupt service routine. This bit must be cleared manually by soft-
ware.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

S1MODE - MCE1 REN1 TB81 RB81 TI1 RI1 01000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x98
1
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SFR Definition 22.2. SBUF1: Serial (UART1) Port Data Buffer

Table 22.1. Timer Settings for Standard Baud Rates Using The Internal 24.5 MHz 
Oscillator

Frequency: 24.5 MHz
Target 

Baud Rate 
(bps)

Baud Rate 
% Error

 Oscilla-
tor Divide 

Factor

Timer Clock 
Source

SCA1-SCA0
(pre-scale 

select)*

T1M* Timer 1 
Reload 

Value (hex)

S
Y

S
C

LK
 fr

om
 

In
te

rn
al

 O
sc

.

230400 -0.32% 106 SYSCLK XX 1 0xCB
115200 -0.32% 212 SYSCLK XX 1 0x96
57600 0.15% 426 SYSCLK XX 1 0x2B
28800 -0.32% 848 SYSCLK / 4 01 0 0x96
14400 0.15% 1704 SYSCLK / 12 00 0 0xB9
9600 -0.32% 2544 SYSCLK / 12 00 0 0x96
2400 -0.32% 10176 SYSCLK / 48 10 0 0x96
1200 0.15% 20448 SYSCLK / 48 10 0 0x2B

X = Don’t care
*Note:  SCA1-SCA0 and T1M bit definitions can be found in Section 23.1.

Bits7–0: SBUF1[7:0]: Serial Data Buffer Bits 7-0 (MSB-LSB)
This SFR accesses two registers; a transmit shift register and a receive latch register. When 
data is written to SBUF1, it goes to the transmit shift register and is held for serial transmis-
sion. Writing a byte to SBUF1 is what initiates the transmission. A read of SBUF1 returns the 
contents of the receive latch.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x99
1
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Table 22.2. Timer Settings for Standard Baud Rates Using an External 25.0 MHz 
Oscillator

Frequency: 25.0 MHz
Target 

Baud Rate 
(bps)

Baud Rate 
% Error

 Oscilla-
tor Divide 

Factor

Timer Clock 
Source

SCA1-SCA0
(pre-scale 

select)*

T1M* Timer 1 
Reload 

Value (hex)

S
Y

S
C

LK
 fr

om
 

E
xt

er
na

l O
sc

.

230400 -0.47% 108 SYSCLK XX 1 0xCA
115200 0.45% 218 SYSCLK XX 1 0x93
57600 -0.01% 434 SYSCLK XX 1 0x27
28800 0.45% 872 SYSCLK / 4 01 0 0x93
14400 -0.01% 1736 SYSCLK / 4 01 0 0x27
9600 0.15% 2608 EXTCLK / 8 11 0 0x5D
2400 0.45% 10464 SYSCLK / 48 10 0 0x93
1200 -0.01% 20832 SYSCLK / 48 10 0 0x27

S
Y

S
C

LK
 fr

om
 

In
te

rn
al

 O
sc

. 57600 -0.47% 432 EXTCLK / 8 11 0 0xE5
28800 -0.47% 864 EXTCLK / 8 11 0 0xCA
14400 0.45% 1744 EXTCLK / 8 11 0 0x93

9600 0.15% 2608 EXTCLK / 8 11 0 0x5D

X = Don’t care
*Note:  SCA1-SCA0 and T1M bit definitions can be found in Section 23.1.

Table 22.3. Timer Settings for Standard Baud Rates Using an External 22.1184 MHz 
Oscillator

Frequency: 22.1184 MHz
Target 

Baud Rate 
(bps)

Baud Rate 
% Error

 Oscilla-
tor Divide 

Factor

Timer Clock 
Source

SCA1-SCA0
(pre-scale 

select)*

T1M* Timer 1 
Reload 

Value (hex)

S
Y

S
C

LK
 fr

om
 

E
xt

er
na

l O
sc

.

230400 0.00% 96 SYSCLK XX 1 0xD0
115200 0.00% 192 SYSCLK XX 1 0xA0
57600 0.00% 384 SYSCLK XX 1 0x40
28800 0.00% 768 SYSCLK / 12 00 0 0xE0
14400 0.00% 1536 SYSCLK / 12 00 0 0xC0
9600 0.00% 2304 SYSCLK / 12 00 0 0xA0
2400 0.00% 9216 SYSCLK / 48 10 0 0xA0
1200 0.00% 18432 SYSCLK / 48 10 0 0x40

S
Y

S
C

LK
 fr

om
 

In
te

rn
al

 O
sc

.

230400 0.00% 96 EXTCLK / 8 11 0 0xFA
115200 0.00% 192 EXTCLK / 8 11 0 0xF4
57600 0.00% 384 EXTCLK / 8 11 0 0xE8
28800 0.00% 768 EXTCLK / 8 11 0 0xD0
14400 0.00% 1536 EXTCLK / 8 11 0 0xA0
9600 0.00% 2304 EXTCLK / 8 11 0 0x70

X = Don’t care
*Note:  SCA1-SCA0 and T1M bit definitions can be found in Section 23.1.
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Table 22.4. Timer Settings for Standard Baud Rates Using the PLL
Frequency: 50.0 MHz

Target 
Baud Rate 

(bps)

Baud Rate 
% Error

 Oscilla-
tor Divide 

Factor

Timer Clock 
Source

SCA1-SCA0
(pre-scale 

select)*

T1M* Timer 1 
Reload 

Value (hex)
230400 0.45% 218 SYSCLK XX 1 0x93
115200 -0.01% 434 SYSCLK XX 1 0x27
57600 0.45% 872 SYSCLK / 4 01 0 0x93
28800 -0.01% 1736 SYSCLK / 4 01 0 0x27
14400 0.22% 3480 SYSCLK / 12 00 0 0x6F
9600 -0.01% 5208 SYSCLK / 12 00 0 0x27
2400 -0.01% 20832 SYSCLK / 48 10 0 0x27

X = Don’t care
*Note:  SCA1-SCA0 and T1M bit definitions can be found in Section 23.1.

Table 22.5. Timer Settings for Standard Baud Rates Using the PLL
Frequency: 100.0 MHz

Target 
Baud Rate 

(bps)

Baud Rate 
% Error

 Oscilla-
tor Divide 

Factor

Timer Clock 
Source

SCA1-SCA0
(pre-scale 

select)*

T1M* Timer 1 
Reload 

Value (hex)
230400 -0.01% 434 SYSCLK XX 1 0x27
115200 0.45% 872 SYSCLK / 4 01 0 0x93
57600 -0.01% 1736 SYSCLK / 4 01 0 0x27
28800 0.22% 3480 SYSCLK / 12 00 0 0x6F
14400 -0.47% 6912 SYSCLK / 48 10 0 0xB8
9600 0.45% 10464 SYSCLK / 48 10 0 0x93

X = Don’t care
*Note:  SCA1-SCA0 and T1M bit definitions can be found in Section 23.1.
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23. Timers
Each MCU includes 5 counter/timers: Timer 0 and Timer 1 are 16-bit counter/timers compatible with those
found in the standard 8051. Timer 2, Timer 3, and Timer 4 are 16-bit auto-reload and capture counter/tim-
ers for use with the ADCs, DACs, square-wave generation, or for general-purpose use. These timers can
be used to measure time intervals, count external events and generate periodic interrupt requests. Timer 0
and Timer 1 are nearly identical and have four primary modes of operation. Timer 3 offers 16-bit auto-
reload and capture. Timers 2 and 4 are identical, and offer not only 16-bit auto-reload and capture, but
have the ability to produce a 50% duty-cycle square-wave (toggle output) at an external port pin.

Timers 0 and 1 may be clocked by one of five sources, determined by the Timer Mode Select bits (T1M-
T0M) and the Clock Scale bits (SCA1-SCA0). The Clock Scale bits define a pre-scaled clock by which
Timer 0 and/or Timer 1 may be clocked (See SFR Definition 23.3 for pre-scaled clock selection).  Timers 0
and 1 can be configured to use either the pre-scaled clock signal or the system clock directly. Timers 2, 3,
and 4 may be clocked by the system clock, the system clock divided by 12, or the external oscillator clock
source divided by 8.

Timer 0 and Timer 1 may also be operated as counters. When functioning as a counter, a counter/timer
register is incremented on each high-to-low transition at the selected input pin. Events with a frequency of
up to one-fourth the system clock's frequency can be counted. The input signal need not be periodic, but it
should be held at a given logic level for at least two full system clock cycles to ensure the level is properly
sampled. 

23.1. Timer 0 and Timer 1
Each timer is implemented as a 16-bit register accessed as two separate 8-bit SFRs: a low byte (TL0 or
TL1) and a high byte (TH0 or TH1). The Counter/Timer Control register (TCON) is used to enable Timer 0
and Timer 1 as well as indicate their status. Timer 0 interrupts can be enabled by setting the ET0 bit in the
IE register (Section “11.3.5. Interrupt Register Descriptions” on page 157); Timer 1 interrupts can be
enabled by setting the ET1 bit in the IE register (Section 11.3.5). Both counter/timers operate in one of
four primary modes selected by setting the Mode Select bits T1M1–T0M0 in the Counter/Timer Mode reg-
ister (TMOD). Both timers can be configured independently.

23.1.1. Mode 0: 13-bit Counter/Timer
Timer 0 and Timer 1 operate as 13-bit counter/timers in Mode 0. The following describes the configuration
and operation of Timer 0. However, both timers operate identically, and Timer 1 is configured in the same
manner as described for Timer 0.

The TH0 register holds the eight MSBs of the 13-bit counter/timer. TL0 holds the five LSBs in bit positions
TL0.4–TL0.0. The three upper bits of TL0 (TL0.7–TL0.5) are indeterminate and should be masked out or
ignored when reading the TL0 register. As the 13-bit timer register increments and overflows from 0x1FFF
(all ones) to 0x0000, the timer overflow flag TF0 (TCON.5) is set and an interrupt will occur if Timer 0 inter-
rupts are enabled. 

Timer 0 and Timer 1 Modes: Timer 2, 3 and 4 Modes:
13-bit counter/timer 16-bit counter/timer with auto-reload
16-bit counter/timer 16-bit counter/timer with capture

8-bit counter/timer with auto-reload Toggle Output (Timer 2 and 4 only)
Two 8-bit counter/timers (Timer 0 only)
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The C/T0 bit (TMOD.2) selects the counter/timer's clock source. When C/T0 is set to logic 1, high-to-low
transitions at the selected Timer 0 input pin (T0) increment the timer register (Refer to Section
“18.1. Ports 0 through 3 and the Priority Crossbar Decoder” on page 238 for information on selecting
and configuring external I/O pins). Clearing C/T selects the clock defined by the T0M bit (CKCON.3). When
T0M is set, Timer 0 is clocked by the system clock. When T0M is cleared, Timer 0 is clocked by the source
selected by the Clock Scale bits in CKCON (see SFR Definition 23.3).

Setting the TR0 bit (TCON.4) enables the timer when either GATE0 (TMOD.3) is logic 0 or the input signal
/INT0 is logic-level 1. Setting GATE0 to ‘1’ allows the timer to be controlled by the external input signal /
INT0 (see Section “11.3.5. Interrupt Register Descriptions” on page 157), facilitating pulse width mea-
surements.

Setting TR0 does not force the timer to reset. The timer registers should be loaded with the desired initial
value before the timer is enabled.

TL1 and TH1 form the 13-bit register for Timer 1 in the same manner as described above for TL0 and TH0.
Timer 1 is configured and controlled using the relevant TCON and TMOD bits just as with Timer 0. The
input signal /INT1 is used with Timer 1.

 

Figure 23.1. T0 Mode 0 Block Diagram
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23.1.2. Mode 1: 16-bit Counter/Timer
Mode 1 operation is the same as Mode 0, except that the counter/timer registers use all 16 bits. The
counter/timers are enabled and configured in Mode 1 in the same manner as for Mode 0. 

23.1.3. Mode 2: 8-bit Counter/Timer with Auto-Reload
Mode 2 configures Timer 0 or Timer 1 to operate as 8-bit counter/timers with automatic reload of the start
value. TL0 holds the count and TH0 holds the reload value. When the counter in TL0 overflows from 0xFF
to 0x00, the timer overflow flag TF0 (TCON.5) is set and the counter in TL0 is reloaded from TH0. If Timer
0 interrupts are enabled, an interrupt will occur when the TF0 flag is set. The reload value in TH0 is not
changed. TL0 must be initialized to the desired value before enabling the timer for the first count to be cor-
rect. When in Mode 2, Timer 1 operates identically to Timer 0.

Both counter/timers are enabled and configured in Mode 2 in the same manner as Mode 0. Setting the
TR0 bit (TCON.4) enables the timer when either GATE0 (TMOD.3) is logic 0 or when the input signal /INT0
is low

. 

Figure 23.2. T0 Mode 2 Block Diagram
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23.1.4. Mode 3: Two 8-bit Counter/Timers (Timer 0 Only)
In Mode 3, Timer 0 is configured as two separate 8-bit counter/timers held in TL0 and TH0. The counter/
timer in TL0 is controlled using the Timer 0 control/status bits in TCON and TMOD: TR0, C/T0, GATE0 and
TF0. TL0 can use either the system clock or an external input signal as its timebase. The TH0 register is
restricted to a timer function sourced by the system clock or prescaled clock. TH0 is enabled using the
Timer 1 run control bit TR1. TH0 sets the Timer 1 overflow flag TF1 on overflow and thus controls the
Timer 1 interrupt.

Timer 1 is inactive in Mode 3. When Timer 0 is operating in Mode 3, Timer 1 can be operated in Modes 0,
1 or 2, but cannot be clocked by external signals nor set the TF1 flag and generate an interrupt. However,
the Timer 1 overflow can be used to generate baud rates for the SMBus and/or UART, and/or initiate ADC
conversions. While Timer 0 is operating in Mode 3, Timer 1 run control is handled through its mode set-
tings. To run Timer 1 while Timer 0 is in Mode 3, set the Timer 1 Mode as 0, 1, or 2. To disable Timer 1,
configure it for Mode 3.

 

Figure 23.3. T0 Mode 3 Block Diagram
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SFR Definition 23.1. TCON: Timer Control

Bit7: TF1: Timer 1 Overflow Flag.
Set by hardware when Timer 1 overflows. This flag can be cleared by software but is auto-
matically cleared when the CPU vectors to the Timer 1 interrupt service routine.
0: No Timer 1 overflow detected.
1: Timer 1 has overflowed.

Bit6: TR1: Timer 1 Run Control. 
0: Timer 1 disabled.
1: Timer 1 enabled.

Bit5: TF0: Timer 0 Overflow Flag.
Set by hardware when Timer 0 overflows. This flag can be cleared by software but is auto-
matically cleared when the CPU vectors to the Timer 0 interrupt service routine.
0: No Timer 0 overflow detected.
1: Timer 0 has overflowed.

Bit4: TR0: Timer 0 Run Control. 
0: Timer 0 disabled.
1: Timer 0 enabled.

Bit3: IE1: External Interrupt 1. 
This flag is set by hardware when an edge/level of type defined by IT1 is detected. It can be 
cleared by software but is automatically cleared when the CPU vectors to the External Inter-
rupt 1 service routine if IT1 = 1. This flag is the inverse of the /INT1 signal.

Bit2: IT1: Interrupt 1 Type Select. 
This bit selects whether the configured /INT1 interrupt will be falling-edge sensitive or 
active-low.
0: /INT1 is level triggered, active-low.
1: /INT1 is edge triggered, falling-edge.

Bit1: IE0: External Interrupt 0. 
This flag is set by hardware when an edge/level of type defined by IT0 is detected. It can be 
cleared by software but is automatically cleared when the CPU vectors to the External Inter-
rupt 0 service routine if IT0 = 1. This flag is the inverse of the /INT0 signal.

Bit0: IT0: Interrupt 0 Type Select. 
This bit selects whether the configured /INT0 interrupt will be falling-edge sensitive or 
active-low.
0: /INT0 is level triggered, active logic-low.
1: /INT0 is edge triggered, falling-edge.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

TF1 TR1 TF0 TR0 IE1 IT1 IE0 IT0 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address:
SFR Page:

0x88
0
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SFR Definition 23.2. TMOD: Timer Mode

Bit7: GATE1: Timer 1 Gate Control.
0: Timer 1 enabled when TR1 = 1 irrespective of /INT1 logic level.
1: Timer 1 enabled only when TR1 = 1 AND /INT1 = logic 1.

Bit6: C/T1: Counter/Timer 1 Select. 
0: Timer Function: Timer 1 incremented by clock defined by T1M bit (CKCON.4).
1: Counter Function: Timer 1 incremented by high-to-low transitions on external input pin 
(T1).

Bits5–4: T1M1–T1M0: Timer 1 Mode Select. 
These bits select the Timer 1 operation mode.

Bit3: GATE0: Timer 0 Gate Control.
0: Timer 0 enabled when TR0 = 1 irrespective of /INT0 logic level.
1: Timer 0 enabled only when TR0 = 1 AND /INT0 = logic 1.

Bit2: C/T0: Counter/Timer Select. 
0: Timer Function: Timer 0 incremented by clock defined by T0M bit (CKCON.3).
1: Counter Function: Timer 0 incremented by high-to-low transitions on external input pin 
(T0).

Bits1–0: T0M1–T0M0: Timer 0 Mode Select. 
These bits select the Timer 0 operation mode.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

GATE1 C/T1 T1M1 T1M0 GATE0 C/T0 T0M1 T0M0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x89
0

T1M1 T1M0 Mode
0 0 Mode 0: 13-bit counter/timer
0 1 Mode 1: 16-bit counter/timer
1 0 Mode 2: 8-bit counter/timer with auto-reload
1 1 Mode 3: Timer 1 inactive

T0M1 T0M0 Mode
0 0 Mode 0: 13-bit counter/timer
0 1 Mode 1: 16-bit counter/timer
1 0 Mode 2: 8-bit counter/timer with auto-reload
1 1 Mode 3: Two 8-bit counter/timers
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SFR Definition 23.3. CKCON: Clock Control 

SFR Definition 23.4. TL0: Timer 0 Low Byte

Bits7–5: UNUSED. Read = 000b, Write = don’t care.
Bit4: T1M: Timer 1 Clock Select. 

This select the clock source supplied to Timer 1. T1M is ignored when C/T1 is set to logic 1.
0: Timer 1 uses the clock defined by the prescale bits, SCA1–SCA0.
1: Timer 1 uses the system clock.

Bit3: T0M: Timer 0 Clock Select. 
This bit selects the clock source supplied to Timer 0. T0M is ignored when C/T0 is set to 
logic 1.
0: Counter/Timer 0 uses the clock defined by the prescale bits, SCA1-SCA0.
1: Counter/Timer 0 uses the system clock.

Bit2: UNUSED. Read = 0b, Write = don’t care.
Bits1–0: SCA1–SCA0: Timer 0/1 Prescale Bits

These bits control the division of the clock supplied to Timer 0 and/or Timer 1 if configured 
to use prescaled clock inputs.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

- - - T1M T0M - SCA1 SCA0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8E
0

SCA1 SCA0 Prescaled Clock
0 0 System clock divided by 12
0 1 System clock divided by 4
1 0 System clock divided by 48
1 1 External clock divided by 8*

*Note:  External clock divided by 8 is synchronized with the system 
clock, and external clock must be less than or equal to the 
system clock frequency to operate the timer in this mode.

Bits 7–0: TL0: Timer 0 Low Byte. 
The TL0 register is the low byte of the 16-bit Timer 0.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8A
0
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SFR Definition 23.5. TL1: Timer 1 Low Byte

SFR Definition 23.6. TH0: Timer 0 High Byte

SFR Definition 23.7. TH1: Timer 1 High Byte

Bits 7–0: TL1: Timer 1 Low Byte. 
The TL1 register is the low byte of the 16-bit Timer 1.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8B
0

Bits 7–0: TH0: Timer 0 High Byte. 
The TH0 register is the high byte of the 16-bit Timer 0.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8C
0

Bits 7–0: TH1: Timer 1 High Byte. 
The TH1 register is the high byte of the 16-bit Timer 1.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0x8D
0
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23.2. Timer 2, Timer 3, and Timer 4
Timers 2, 3, and 4 are 16-bit counter/timers, each formed by two 8-bit SFR’s: TMRnL (low byte) and
TMRnH (high byte) where n = 2, 3, and 4 for timers 2, 3, and 4 respectively. Timers 2 and 4 feature auto-
reload, capture, and toggle output modes with the ability to count up or down. Timer 3 features auto-reload
and capture modes, with the ability to count up or down. Capture Mode and Auto-reload mode are selected
using bits in the Timer 2, 3, and 4 Control registers (TMRnCN). Toggle output mode is selected using the
Timer 2 or 4 Configuration registers (TMRnCF). These timers may also be used to generate a square-
wave at an external pin. As with Timers 0 and 1, Timers 2, 3, and 4 can use either the system clock
(divided by one, two, or twelve), external clock (divided by eight) or transitions on an external input pin as
its clock source. Timer 2 and 3 can be used to start an ADC Data Conversion and Timers 2, 3, and 4 can
schedule DAC outputs. Timers 1, 2, 3, or 4 may be used to generate baud rates for UART 0. Only Timer 1
can be used to generate baud rates for UART 1.

The Counter/Timer Select bit C/Tn bit (TMRnCN.1) configures the peripheral as a counter or timer. Clear-
ing C/Tn configures the Timer to be in a timer mode (i.e., the system clock or transitions on an external pin
as the input for the timer). When C/Tn is set to 1, the timer is configured as a counter (i.e., high-to-low tran-
sitions at the Tn input pin increment (or decrement) the counter/timer register. Timer 3 and Timer 2 share
the T2 input pin. Refer to Section “18.1. Ports 0 through 3 and the Priority Crossbar Decoder” on
page 238 for information on selecting and configuring external I/O pins for digital peripherals, such as the
Tn pin. 

Timer 2, 3, and 4 can use either SYSCLK, SYSCLK divided by 2, SYSCLK divided by 12, an external clock
divided by 8, or high-to-low transitions on the Tn input pin as its clock source when operating in Counter/
Timer with Capture mode. Clearing the C/Tn bit (TMRnCN.1) selects the system clock/external clock as
the input for the timer. The Timer Clock Select bits TnM0 and TnM1 in TMRnCF can be used to select the
system clock undivided, system clock divided by two, system clock divided by 12, or an external clock pro-
vided at the XTAL1/XTAL2 pins divided by 8 (see SFR Definition 23.13). When C/Tn is set to logic 1, a
high-to-low transition at the Tn input pin increments the counter/timer register (i.e., configured as a
counter).

23.2.1. Configuring Timer 2, 3, and 4 to Count Down
Timers 2, 3, and 4 have the ability to count down. When the timer’s Decrement Enable Bit (DCENn) in the
Timer Configuration Register (See SFR Definition 23.13) is set to ‘1’, the timer can then count up or down.
When DCENn = 1, the direction of the timer’s count is controlled by the TnEX pin’s logic level (Timer 3
shares the T2EX pin with Timer 2). When TnEX = 1, the counter/timer will count up; when TnEX = 0, the
counter/timer will count down. To use this feature, TnEX must be enabled in the digital crossbar and config-
ured as a digital input. 

Note: When DCENn = 1, other functions of the TnEX input (i.e., capture and auto-reload) are not
available. TnEX will only control the direction of the timer when DCENn = 1.
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23.2.2. Capture Mode
In Capture Mode, Timer 2, 3, and 4 will operate as a 16-bit counter/timer with capture facility. When the
Timer External Enable bit (found in the TMRnCN register) is set to ‘1’, a high-to-low transition on the TnEX
input pin (Timer 3 shares the T2EX pin with Timer 2) causes the 16-bit value in the associated timer (THn,
TLn) to be loaded into the capture registers (RCAPnH, RCAPnL). If a capture is triggered in the counter/
timer, the Timer External Flag (TMRnCN.6) will be set to ‘1’ and an interrupt will occur if the interrupt is
enabled. See Section “11.3. Interrupt Handler” on page 154 for further information concerning the con-
figuration of interrupt sources.

As the 16-bit timer register increments and overflows TMRnH:TMRnL, the TFn Timer Overflow/Underflow
Flag (TMRnCN.7) is set to ‘1’ and an interrupt will occur if the interrupt is enabled. The timer can be config-
ured to count down by setting the Decrement Enable Bit (TMRnCF.0) to ‘1’. This will cause the timer to
decrement with every timer clock/count event and underflow when the timer transitions from 0x0000 to
0xFFFF. Just as in overflows, the Overflow/Underflow Flag (TFn) will be set to ‘1’, and an interrupt will
occur if enabled.

Counter/Timer with Capture mode is selected by setting the Capture/Reload Select bit CP/RLn
(TMRnCN.0) and the Timer 2, 3, and 4 Run Control bit TRn (TMRnCN.2) to logic 1. The Timer 2, 3, and 4
respective External Enable EXENn (TMRnCN.3) must also be set to logic 1 to enable captures.   If EXENn
is cleared, transitions on TnEX will be ignored.

Figure 23.4. T2, 3, and 4 Capture Mode Block Diagram
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23.2.3. Auto-Reload Mode
In Auto-Reload Mode, the counter/timer can be configured to count up or down and cause an interrupt/flag
to occur upon an overflow/underflow event. When counting up, the counter/timer will set its overflow/under-
flow flag (TFn) and cause an interrupt (if enabled) upon overflow/underflow, and the values in the Reload/
Capture Registers (RCAPnH and RCAPnL) are loaded into the timer and the timer is restarted. When the
Timer External Enable Bit (EXENn) bit is set to ‘1’ and the Decrement Enable Bit (DCENn) is ‘0’, a falling
edge (‘1’-to-‘0’ transition) on the TnEX pin will cause a timer reload. Note that timer overflows will also
cause auto-reloads. When DCENn is set to ‘1’, the state of the TnEX pin controls whether the counter/timer
counts up (increments) or down (decrements), and will not cause an auto-reload or interrupt event (Timer 3
shares the T2EX pin with Timer 2). See Section 23.2.1 for information concerning configuration of a timer
to count down.

When counting down, the counter/timer will set its overflow/underflow flag (TFn) and cause an interrupt (if
enabled) when the value in the TMRnH and TMRnL registers matches the 16-bit value in the Reload/Cap-
ture Registers (RCAPnH and RCAPnL). This is considered an underflow event, and will cause the timer to
load the value 0xFFFF. The timer is automatically restarted when an underflow occurs.

Counter/Timer with Auto-Reload mode is selected by clearing the CP/RLn bit. Setting TRn to logic 1
enables and starts the timer. 

In Auto-Reload Mode, the External Flag (EXFn) toggles upon every overflow or underflow and does not
cause an interrupt. The EXFn flag can be used as the most significant bit (MSB) of a 17-bit counter.

.

Figure 23.5. Tn Auto-reload (T2,3,4)  and Toggle Mode (T2,4) Block Diagram
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23.2.4. Toggle Output Mode (Timer 2 and Timer 4 Only)
Timers 2 and 4 have the capability to toggle the state of their respective output port pins (T2 or T4) to pro-
duce a 50% duty cycle waveform output. The port pin state will change upon the overflow or underflow of
the respective timer (depending on whether the timer is counting up or down). The toggle frequency is
determined by the clock source of the timer and the values loaded into RCAPnH and RCAPnL. When
counting DOWN, the auto-reload value for the timer is 0xFFFF, and underflow will occur when the value in
the timer matches the value stored in RCAPnH:RCAPnL. When counting UP, the auto-reload value for the
timer is RCAPnH:RCAPnL, and overflow will occur when the value in the timer transitions from 0xFFFF to
the reload value.

To output a square wave, the timer is placed in reload mode (the Capture/Reload Select Bit in TMRnCN
and the Timer/Counter Select Bit in TMRnCN are cleared to ‘0’). The timer output is enabled by setting the
Timer Output Enable Bit in TMRnCF to ‘1’. The timer should be configured via the timer clock source and
reload/underflow values such that the timer overflow/underflows at 1/2 the desired output frequency. The
port pin assigned by the crossbar as the timer’s output pin should be configured as a digital output (see
Section “18. Port Input/Output” on page 235). Setting the timer’s Run Bit (TRn) to ‘1’ will start the toggle
of the pin. A Read/Write of the Timer’s Toggle Output State Bit (TMRnCF.2) is used to read the state of the
toggle output, or to force a value of the output. This is useful when it is desired to start the toggle of a pin in
a known state, or to force the pin into a desired state when the toggle mode is halted.

Fsq
FTCLK

2 65536 RCAPn–( )×
------------------------------------------------------=

Equation 23.1. Square Wave Frequency (Timer 2 and Timer 4 Only)
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SFR Definition 23.8. TMRnCN: Timer 2, 3, and 4 Control 

Bit7: TFn: Timer 2, 3, and 4 Overflow/Underflow Flag.
Set by hardware when either the Timer overflows from 0xFFFF to 0x0000, underflows from 
the value placed in RCAPnH:RCAPnL to 0xFFFF (in Auto-reload Mode), or underflows from 
0x0000 to 0xFFFF (in Capture Mode). When the Timer interrupt is enabled, setting this bit 
causes the CPU to vector to the Timer interrupt service routine. This bit is not automatically 
cleared by hardware and must be cleared by software.

Bit6: EXFn: Timer 2, 3, or 4 External Flag. 
Set by hardware when either a capture or reload is caused by a high-to-low transition on the 
TnEX input pin and EXENn is logic 1. When the Timer interrupt is enabled, setting this bit 
causes the CPU to vector to the Timer Interrupt service routine. This bit is not automatically 
cleared by hardware and must be cleared by software. 

Bit5–4: Reserved.
Bit3: EXENn: Timer 2, 3, and 4 External Enable. 

Enables high-to-low transitions on TnEX to trigger captures, reloads, and control the direc-
tion of the timer/counter (up or down count). If DCENn = 1, TnEX will determine if the timer 
counts up or down when in Auto-reload Mode. If EXENn = 1, TnEX should be configured as 
a digital input.
0: Transitions on the TnEX pin are ignored.
1: Transitions on the TnEX pin cause capture, reload, or control the direction of timer count 
(up or down) as follows:
Capture Mode: ‘1’-to-’0’ Transition on TnEX pin causes RCAPnH:RCAPnL to capture timer 
value.
Auto-Reload Mode:

DCENn = 0: ‘1’-to-’0’ transition causes reload of timer and sets the EXFn Flag.
DCENn = 1: TnEX logic level controls direction of timer (up or down).

Bit2: TRn: Timer 2, 3, and 4 Run Control. 
This bit enables/disables the respective Timer. 
0: Timer disabled.
1: Timer enabled and running/counting.

Bit1: C/Tn: Counter/Timer Select. 
0: Timer Function: Timer incremented by clock defined by TnM1:TnM0 
(TMRnCF.4:TMRnCF.3).
1: Counter Function: Timer incremented by high-to-low transitions on external input pin.

Bit0: CP/RLn: Capture/Reload Select. 
This bit selects whether the Timer functions in capture or auto-reload mode.
0: Timer is in Auto-Reload Mode.
1: Timer is in Capture Mode.

Note: Timer 3 and Timer 2 share the T2 and T2EX pins.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

TFn EXFn - - EXENn TRn C/Tn CP/RLn 00000000

Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0 Bit 
Addressable

SFR Address: TMR2CN:0xC8;TMR3CN:0xC8;TMR4CN:0xC8
SFR Page: TMR2CN: page 0;TMR3CN: page 1;TMR4CN: page 2
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SFR Definition 23.9.  TMRnCF: Timer 2, 3, and 4 Configuration

Bit7–5: Reserved.
Bit4–3: TnM1 and TnM0: Timer Clock Mode Select Bits.

Bits used to select the Timer clock source. The sources can be the System Clock 
(SYSCLK), SYSCLK divided by 2 or 12, or the external clock divided by 8. Clock source is 
selected as follows:
00: SYSCLK/12
01: SYSCLK
10: EXTERNAL CLOCK/8 (Synchronized to the System Clock)
11: SYSCLK/2

Bit2: TOGn: Toggle output state bit.
When timer is used to toggle a port pin, this bit can be used to read the state of the output, or 
can be written to in order to force the state of the output (Timer 2 and Timer 4 Only).

Bit1: TnOE: Timer output enable bit.
This bit enables the timer to output a 50% duty cycle output to the timer’s assigned external 
port pin.
NOTE: A timer is configured for Square Wave Output as follows:
CP/RLn= 0
C/Tn = 0
TnOE = 1
Load RCAPnH:RCAPnL (See “Square Wave Frequency (Timer 2 and Timer 4 Only)” on 
page 320.)
Configure Port Pin to output squarewave (See Section “18. Port Input/Output” on 
page 235)
0: Output of toggle mode not available at Timers’s assigned port pin.
1: Output of toggle mode available at Timers’s assigned port pin.

Bit0: DCENn: Decrement Enable Bit.
This bit enables the timer to count up or down as determined by the state of TnEX.
0: Timer will count up, regardless of the state of TnEX.
1: Timer will count up or down depending on the state of TnEX as follows:

if TnEX = 0, the timer counts DOWN.
if TnEX = 1, the timer counts UP.

Note: Timer 3 and Timer 2 share the T2 and T2EX pins.

R/W R/W R/W R/W R/W Reset Value

- - - TnM1 TnM0 TOGn TnOE DCENn 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: TMR2CF:0xC9;TMR3CF:0xC9;TMR4CF:0xC9
SFR Page TMR2CF: page 0;TMR3CF: page 1;TMR4CF: Page 2
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SFR Definition 23.10. RCAPnL: Timer 2, 3, and 4 Capture Register Low Byte

SFR Definition 23.11. RCAPnH: Timer 2, 3, and 4 Capture Register High Byte

SFR Definition 23.12. TMRnL: Timer 2, 3, and 4 Low Byte

Bits 7–0: RCAP2, 3, and 4L: Timer 2, 3, and 4 Capture Register Low Byte. 
The RCAP2, 3, and 4L register captures the low byte of Timer 2, 3, and 4 when Timer 2, 3, 
and 4 is configured in capture mode. When Timer 2, 3, and 4 is configured in auto-reload 
mode, it holds the low byte of the reload value.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: RCAP2L: 0xCA; RCAP3L: 0xCA; RCAP4L: 0xCA
SFR Page: RCAP2L: page 0; RCAP3L: page 1; RCAP4L: page 2

Bits 7–0: RCAP2, 3, and 4H: Timer 2, 3, and 4 Capture Register High Byte. 
The RCAP2, 3, and 4H register captures the high byte of Timer 2, 3, and 4 when Timer 2, 3, 
and 4 is configured in capture mode. When Timer 2, 3, and 4 is configured in auto-reload 
mode, it holds the high byte of the reload value.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: RCAP2H: 0xCB; RCAP3H: 0xCB; RCAP4H: 0xCB
SFR Page: RCAP2H: page 0; RCAP3H: page 1; RCAP4H: page 2

Bits 7–0: TL2, 3, and 4: Timer 2, 3, and 4 Low Byte.
The TL2, 3, and 4 register contains the low byte of the 16-bit Timer 2, 3, and 4

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: TMR2L: 0xCC; TMR3L: 0xCC; TMR4L: 0xCC
SFR Page: TMR2L: page 0; TMR3L: page 1; TMR4L: page 2
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SFR Definition 23.13.   TMRnH Timer 2, 3, and 4 High Byte 

Bits 7–0: TH2, 3, and 4: Timer 2, 3, and 4 High Byte.
The TH2, 3, and 4 register contains the high byte of the 16-bit Timer 2, 3, and 4

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: TMR2H: 0xCD; TMR3H: 0xCD; TMR4H: 0xCD
SFR Page: TMR2H: page 0; TMR3H: page 1; TMR4H: page 2
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24. Programmable Counter Array
The Programmable Counter Array (PCA0) provides enhanced timer functionality while requiring less CPU
intervention than the standard 8051 counter/timers. PCA0 consists of a dedicated 16-bit counter/timer and
six 16-bit capture/compare modules. Each capture/compare module has its own associated I/O line
(CEXn) which is routed through the Crossbar to Port I/O when enabled (See Section “18.1. Ports 0
through 3 and the Priority Crossbar Decoder” on page 238). The counter/timer is driven by a program-
mable timebase that can select between six inputs as its source: system clock, system clock divided by
four, system clock divided by twelve, the external oscillator clock source divided by 8, Timer 0 overflow, or
an external clock signal on the ECI line. Each capture/compare module may be configured to operate inde-
pendently in one of six modes: Edge-Triggered Capture, Software Timer, High-Speed Output, Frequency
Output, 8-Bit PWM, or 16-Bit PWM (each is described in Section 24.2). The PCA is configured and con-
trolled through the system controller's Special Function Registers. The basic PCA block diagram is shown
in Figure 24.1.

Figure 24.1. PCA Block Diagram
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24.1. PCA Counter/Timer
The 16-bit PCA counter/timer consists of two 8-bit SFRs: PCA0L and PCA0H. PCA0H is the high byte
(MSB) of the 16-bit counter/timer and PCA0L is the low byte (LSB).   Reading PCA0L automatically latches
the value of PCA0H into a “snapshot” register; the following PCA0H read accesses this “snapshot” register.
Reading the PCA0L Register first guarantees an accurate reading of the entire 16-bit PCA0 counter. Read-
ing PCA0H or PCA0L does not disturb the counter operation. The CPS2–CPS0 bits in the PCA0MD regis-
ter select the timebase for the counter/timer as shown in Table 24.1.

When the counter/timer overflows from 0xFFFF to 0x0000, the Counter Overflow Flag (CF) in PCA0MD is
set to logic 1 and an interrupt request is generated if CF interrupts are enabled. Setting the ECF bit in
PCA0MD to logic 1 enables the CF flag to generate an interrupt request. The CF bit is not automatically
cleared by hardware when the CPU vectors to the interrupt service routine, and must be cleared by soft-
ware (Note: PCA0 interrupts must be globally enabled before CF interrupts are recognized. PCA0 inter-
rupts are globally enabled by setting the EA bit (IE.7) and the EPCA0 bit in EIE1 to logic 1). Clearing the
CIDL bit in the PCA0MD register allows the PCA to continue normal operation while the CPU is in Idle
mode.

  

 

Figure 24.2. PCA Counter/Timer Block Diagram

Table 24.1. PCA Timebase Input Options
CPS2 CPS1 CPS0 Timebase

0 0 0 System clock divided by 12
0 0 1 System clock divided by 4
0 1 0 Timer 0 overflow
0 1 1 High-to-low transitions on ECI (max rate = system clock divided by 4)
1 0 0 System clock
1 0 1 External oscillator source divided by 8*

*Note:  External clock divided by 8 is synchronized with the system clock.

PCA0MD
C
I
D
L

W
D
T
E

E
C
F

C
P
S
1

C
P
S
0

W
D
L
C
K

C
P
S
2

IDLE

0

1
PCA0H PCA0L

Snapshot
Register

To SFR Bus

Overflow To PCA Interrupt System

CF

PCA0L
read

To PCA Modules

SYSCLK/12

SYSCLK/4

Timer 0 Overflow

ECI

000

001

010

011

100

101

SYSCLK

External Clock/8

PCA0CN
C
F

C
R

C
C
F
0

C
C
F
2

C
C
F
1

C
C
F
5

C
C
F
4

C
C
F
3

326 Rev. 1.4



C8051F120/1/2/3/4/5/6/7
C8051F130/1/2/3
Important Note About the PCA0CN Register: If the main PCA counter (PCA0H : PCA0L) overflows dur-
ing the execution phase of a read-modify-write instruction (bit-wise SETB or CLR, ANL, ORL, XRL) that
targets the PCA0CN register, the CF (Counter Overflow) bit will not be set. If the CF flag is used by soft-
ware to keep track of counter overflows, the following steps should be taken when performing a bit-wise
operation on the PCA0CN register:

Step 1. Disable global interrupts.
Step 2. Read PCA0L. This will latch the value of PCA0H.
Step 3. Read PCA0H, saving the value.
Step 4. Execute the bit-wise operation on CCFn (for example, CLR CCF0, or CCF0 = 0;).
Step 5. Read PCA0L.
Step 6. Read PCA0H, saving the value.
Step 7. If the value of PCA0H read in Step 3 is 0xFF and the value for PCA0H read in Step 6 is 

0x00, then manually set the CF bit in software (for example, SETB CF, or CF = 1;).
Step 8. Re-enable interrupts.
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24.2. Capture/Compare Modules
Each module can be configured to operate independently in one of six operation modes: Edge-triggered
Capture, Software Timer, High Speed Output, Frequency Output, 8-Bit Pulse Width Modulator, or 16-Bit
Pulse Width Modulator. Each module has Special Function Registers (SFRs) associated with it in the CIP-
51 system controller. These registers are used to exchange data with a module and configure the module's
mode of operation. 

Table 24.2 summarizes the bit settings in the PCA0CPMn registers used to select the PCA0 capture/com-
pare module’s operating modes. Setting the ECCFn bit in a PCA0CPMn register enables the module's
CCFn interrupt. Note: PCA0 interrupts must be globally enabled before individual CCFn interrupts are rec-
ognized. PCA0 interrupts are globally enabled by setting the EA bit (IE.7) and the EPCA0 bit (EIE1.3) to
logic 1. See Figure 24.3 for details on the PCA interrupt configuration.

Figure 24.3. PCA Interrupt Block Diagram
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24.2.1. Edge-triggered Capture Mode
In this mode, a valid transition on the CEXn pin causes PCA0 to capture the value of the PCA0 counter/
timer and load it into the corresponding module's 16-bit capture/compare register (PCA0CPLn and
PCA0CPHn). The CAPPn and CAPNn bits in the PCA0CPMn register are used to select the type of transi-
tion that triggers the capture: low-to-high transition (positive edge), high-to-low transition (negative edge),
or either transition (positive or negative edge). When a capture occurs, the Capture/Compare Flag (CCFn)
in PCA0CN is set to logic 1 and an interrupt request is generated if CCF interrupts are enabled. The CCFn
bit is not automatically cleared by hardware when the CPU vectors to the interrupt service routine, and
must be cleared by software.

Figure 24.4. PCA Capture Mode Diagram

Note: The signal at CEXn must be high or low for at least 2 system clock cycles in order to be valid.

Table 24.2. PCA0CPM Register Settings for PCA Capture/Compare Modules
PWM16 ECOM CAPP CAPN MAT TOG PWM ECCF Operation Mode

X X 1 0 0 0 0 X Capture triggered by positive edge 
on CEXn

X X 0 1 0 0 0 X Capture triggered by negative 
edge on CEXn

X X 1 1 0 0 0 X Capture triggered by transition on 
CEXn

X 1 0 0 1 0 0 X Software Timer
X 1 0 0 1 1 0 X High Speed Output
X 1 0 0 0 1 1 X Frequency Output
0 1 0 0 0 0 1 0 8-Bit Pulse Width Modulator
1 1 0 0 0 0 1 0 16-Bit Pulse Width Modulator
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24.2.2. Software Timer (Compare) Mode
In Software Timer mode, the PCA0 counter/timer is compared to the module's 16-bit capture/compare reg-
ister (PCA0CPHn and PCA0CPLn). When a match occurs, the Capture/Compare Flag (CCFn) in PCA0CN
is set to logic 1 and an interrupt request is generated if CCF interrupts are enabled. The CCFn bit is not
automatically cleared by hardware when the CPU vectors to the interrupt service routine, and must be
cleared by software. Setting the ECOMn and MATn bits in the PCA0CPMn register enables Software
Timer mode.

Important Note About Capture/Compare Registers:  When writing a 16-bit value to the PCA0 Capture/
Compare registers, the low byte should always be written first. Writing to PCA0CPLn clears the ECOMn bit
to ‘0’; writing to PCA0CPHn sets ECOMn to ‘1’.

 

Figure 24.5. PCA Software Timer Mode Diagram
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24.2.3. High Speed Output Mode
In High Speed Output mode, a module’s associated CEXn pin is toggled each time a match occurs
between the PCA Counter and the module's 16-bit capture/compare register (PCA0CPHn and
PCA0CPLn) Setting the TOGn, MATn, and ECOMn bits in the PCA0CPMn register enables the High-
Speed Output mode.

Important Note About Capture/Compare Registers:  When writing a 16-bit value to the PCA0 Capture/
Compare registers, the low byte should always be written first. Writing to PCA0CPLn clears the ECOMn bit
to ‘0’; writing to PCA0CPHn sets ECOMn to ‘1’.

Figure 24.6. PCA High Speed Output Mode Diagram
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24.2.4. Frequency Output Mode
Frequency Output Mode produces a programmable-frequency square wave on the module’s associated
CEXn pin. The capture/compare module high byte holds the number of PCA clocks to count before the out-
put is toggled. The frequency of the square wave is then defined by Equation 24.1. 

Where FPCA is the frequency of the clock selected by the CPS2–0 bits in the PCA mode register,
PCA0MD. The lower byte of the capture/compare module is compared to the PCA0 counter low byte; on a
match, CEXn is toggled and the offset held in the high byte is added to the matched value in PCA0CPLn.
Frequency Output Mode is enabled by setting the ECOMn, TOGn, and PWMn bits in the PCA0CPMn reg-
ister.

Important Note About Capture/Compare Registers:  When writing a 16-bit value to the PCA0 Capture/
Compare registers, the low byte should always be written first. Writing to PCA0CPLn clears the ECOMn bit
to ‘0’; writing to PCA0CPHn sets ECOMn to ‘1’.

Figure 24.7. PCA Frequency Output Mode

Equation 24.1. Square Wave Frequency Output
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24.2.5. 8-Bit Pulse Width Modulator Mode
Each module can be used independently to generate pulse width modulated (PWM) outputs on its associ-
ated CEXn pin. The frequency of the output is dependent on the timebase for the PCA0 counter/timer. The
duty cycle of the PWM output signal is varied using the module's PCA0CPLn capture/compare register.
When the value in the low byte of the PCA0 counter/timer (PCA0L) is equal to the value in PCA0CPLn, the
output on the CEXn pin will be high. When the count value in PCA0L overflows, the CEXn output will be
low (see Figure 24.8). Also, when the counter/timer low byte (PCA0L) overflows from 0xFF to 0x00,
PCA0CPLn is reloaded automatically with the value stored in the counter/timer's high byte (PCA0H) with-
out software intervention. Setting the ECOMn and PWMn bits in the PCA0CPMn register enables 8-Bit
Pulse Width Modulator mode. The duty cycle for 8-Bit PWM Mode is given by Equation 24.2.

Important Note About Capture/Compare Registers:  When writing a 16-bit value to the PCA0 Capture/
Compare registers, the low byte should always be written first. Writing to PCA0CPLn clears the ECOMn bit
to ‘0’; writing to PCA0CPHn sets ECOMn to ‘1’.

Figure 24.8. PCA 8-Bit PWM Mode Diagram
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24.2.6. 16-Bit Pulse Width Modulator Mode
Each PCA0 module may also be operated in 16-Bit PWM mode. In this mode, the 16-bit capture/compare
module defines the number of PCA0 clocks for the low time of the PWM signal. When the PCA0 counter
matches the module contents, the output on CEXn is asserted high; when the counter overflows, CEXn is
asserted low. To output a varying duty cycle, new value writes should be synchronized with PCA0 CCFn
match interrupts. 16-Bit PWM Mode is enabled by setting the ECOMn, PWMn, and PWM16n bits in the
PCA0CPMn register. For a varying duty cycle, CCFn should also be set to logic 1 to enable match inter-
rupts. The duty cycle for 16-Bit PWM Mode is given by Equation 24.3.

Important Note About Capture/Compare Registers:  When writing a 16-bit value to the PCA0 Capture/
Compare registers, the low byte should always be written first. Writing to PCA0CPLn clears the ECOMn bit
to ‘0’; writing to PCA0CPHn sets ECOMn to ‘1’.

 

Figure 24.9. PCA 16-Bit PWM Mode

Equation 24.3. 16-Bit PWM Duty Cycle
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24.3. Register Descriptions for PCA0
Following are detailed descriptions of the special function registers related to the operation of PCA0.

SFR Definition 24.1. PCA0CN: PCA Control

Bit7: CF: PCA Counter/Timer Overflow Flag.
Set by hardware when the PCA0 Counter/Timer overflows from 0xFFFF to 0x0000. When 
the Counter/Timer Overflow (CF) interrupt is enabled, setting this bit causes the CPU to vec-
tor to the CF interrupt service routine. This bit is not automatically cleared by hardware and 
must be cleared by software.

Bit6: CR: PCA0 Counter/Timer Run Control. 
This bit enables/disables the PCA0 Counter/Timer. 
0: PCA0 Counter/Timer disabled.
1: PCA0 Counter/Timer enabled.

Bit5: CCF5: PCA0 Module 5 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

Bit4: CCF4: PCA0 Module 4 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

Bit3: CCF3: PCA0 Module 3 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

Bit2: CCF2: PCA0 Module 2 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

Bit1: CCF1: PCA0 Module 1 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

Bit0: CCF0: PCA0 Module 0 Capture/Compare Flag. 
This bit is set by hardware when a match or capture occurs. When the CCF interrupt is 
enabled, setting this bit causes the CPU to vector to the CCF interrupt service routine. This 
bit is not automatically cleared by hardware and must be cleared by software.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CF CR CCF5 CCF4 CCF3 CCF2 CCF1 CCF0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD8
0
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SFR Definition 24.2. PCA0MD: PCA0 Mode

Bit7: CIDL: PCA0 Counter/Timer Idle Control.
 Specifies PCA0 behavior when CPU is in Idle Mode.

0: PCA0 continues to function normally while the system controller is in Idle Mode.
1: PCA0 operation is suspended while the system controller is in Idle Mode.

Bits6–4: UNUSED. Read = 000b, Write = don't care.
Bits3–1: CPS2-CPS0: PCA0 Counter/Timer Pulse Select. 

These bits select the timebase source for the PCA0 counter

Bit0: ECF: PCA Counter/Timer Overflow Interrupt Enable. 
This bit sets the masking of the PCA0 Counter/Timer Overflow (CF) interrupt. 
0: Disable the CF interrupt.
1: Enable a PCA0 Counter/Timer Overflow interrupt request when CF (PCA0CN.7) is set.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

CIDL - - - CPS2 CPS1 CPS0 ECF 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xD9
0

CPS2 CPS1 CPS0 Timebase
0 0 0 System clock divided by 12
0 0 1 System clock divided by 4
0 1 0 Timer 0 overflow

0 1 1 High-to-low transitions on ECI (max rate = system clock 
divided by 4)

1 0 0 System clock
1 0 1 External clock divided by 8 (synchronized with system clock)
1 1 0 Reserved
1 1 1 Reserved
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SFR Definition 24.3. PCA0CPMn: PCA0 Capture/Compare Mode

Bit7: PWM16n: 16-bit Pulse Width Modulation Enable
This bit selects 16-bit mode when Pulse Width Modulation mode is enabled (PWMn = 1).
0: 8-bit PWM selected.
1: 16-bit PWM selected. 

Bit6: ECOMn: Comparator Function Enable. 
This bit enables/disables the comparator function for PCA0 module n. 
0: Disabled.
1: Enabled.

Bit5: CAPPn: Capture Positive Function Enable. 
This bit enables/disables the positive edge capture for PCA0 module n. 
0: Disabled.
1: Enabled.

Bit4: CAPNn: Capture Negative Function Enable. 
This bit enables/disables the negative edge capture for PCA0 module n. 
0: Disabled.
1: Enabled.

Bit3: MATn: Match Function Enable. 
This bit enables/disables the match function for PCA0 module n. When enabled, matches of 
the PCA0 counter with a module's capture/compare register cause the CCFn bit in PCA0MD 
register to be set to logic 1. 
0: Disabled.
1: Enabled.

Bit2: TOGn: Toggle Function Enable. 
This bit enables/disables the toggle function for PCA0 module n. When enabled, matches of 
the PCA0 counter with a module's capture/compare register cause the logic level on the 
CEXn pin to toggle. If the PWMn bit is also set to logic 1, the module operates in Frequency 
Output Mode.
0: Disabled.
1: Enabled.

Bit1: PWMn: Pulse Width Modulation Mode Enable. 
This bit enables/disables the PWM function for PCA0 module n. When enabled, a pulse 
width modulated signal is output on the CEXn pin. 8-bit PWM is used if PWM16n is logic 0; 
16-bit mode is used if PWM16n logic 1. If the TOGn bit is also set, the module operates in 
Frequency Output Mode.
0: Disabled.
1: Enabled.

Bit0: ECCFn: Capture/Compare Flag Interrupt Enable. 
This bit sets the masking of the Capture/Compare Flag (CCFn) interrupt. 
0: Disable CCFn interrupts.
1: Enable a Capture/Compare Flag interrupt request when CCFn is set.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

PWM16n ECOMn CAPPn CAPNn MATn TOGn PWMn ECCFn 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR
Address:

PCA0CPM0: 0xDA, PCA0CPM1: 0xDB, PCA0CPM2: 0xDC, PCA0CPM3: 0xDD, PCA0CPM4: 0xDE, 
PCA0CPM5: 0xDF

SFR Page: PCA0CPM0: page 0, PCA0CPM1: page 0, PCA0CPM2: page 0, PCA0CPM3: 0, PCA0CPM4: page 0, 
PCA0CPM5: page 0
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SFR Definition 24.4. PCA0L: PCA0 Counter/Timer Low Byte

SFR Definition 24.5. PCA0H: PCA0 Counter/Timer High Byte

SFR Definition 24.6. PCA0CPLn: PCA0 Capture Module Low Byte

Bits 7–0: PCA0L: PCA0 Counter/Timer Low Byte. 
The PCA0L register holds the low byte (LSB) of the 16-bit PCA0 Counter/Timer.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xF9
0

Bits 7–0: PCA0H: PCA0 Counter/Timer High Byte. 
The PCA0H register holds the high byte (MSB) of the 16-bit PCA0 Counter/Timer.

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address:
SFR Page:

0xFA
0

Bits7–0: PCA0CPLn: PCA0 Capture Module Low Byte.
 The PCA0CPLn register holds the low byte (LSB) of the 16-bit capture module n. 

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: PCA0CPL0: 0xFB, PCA0CPL1: 0xFD, PCA0CPL2: 0xE9, PCA0CPL3: 0xEB, PCA0CPL4: 0xED, PCA0CPL5: 
0xE1

SFR Page: PCA0CPL0: page 0, PCA0CPL1: page 0, PCA0CPL2: page 0, PCA0CPL3: page 0, PCA0CPL4: page 0, 
PCA0CPL5: page 0
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SFR Definition 24.7. PCA0CPHn: PCA0 Capture Module High Byte 

Bits7–0: PCA0CPHn: PCA0 Capture Module High Byte.
 The PCA0CPHn register holds the high byte (MSB) of the 16-bit capture module n. 

R/W R/W R/W R/W R/W R/W R/W R/W Reset Value

00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0

SFR Address: PCA0CPH0: 0xFC, PCA0CPH1: 0xFD, PCA0CPH2: 0xEA, PCA0CPH3: 0xEC, PCA0CPH4: 0xEE, PCA0CPH5: 
0xE2

SFR Page: PCA0CPH0: page 0, PCA0CPH1: page 0, PCA0CPH2: page 0, PCA0CPH3: page 0, PCA0CPH4: page 0, 
PCA0CPH5: page 0
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25. JTAG (IEEE 1149.1)
Each MCU has an on-chip JTAG interface and logic to support boundary scan for production and in-sys-
tem testing, Flash read/write operations, and non-intrusive in-circuit debug. The JTAG interface is fully
compliant with the IEEE 1149.1 specification. Refer to this specification for detailed descriptions of the Test
Interface and Boundary-Scan Architecture. Access of the JTAG Instruction Register (IR) and Data Regis-
ters (DR) are as described in the Test Access Port and Operation of the IEEE 1149.1 specification. 

The JTAG interface is accessed via four dedicated pins on the MCU: TCK, TMS, TDI, and TDO.

Through the 16-bit JTAG Instruction Register (IR), any of the eight instructions shown in Figure 25.1 can
be commanded. There are three DR’s associated with JTAG Boundary-Scan, and four associated with
Flash read/write operations on the MCU.

JTAG Register Definition 25.1. IR: JTAG Instruction Register 

Reset Value

0x0000
Bit15 Bit0

IR Value Instruction Description

0x0000 EXTEST Selects the Boundary Data Register for control and observability of all 
device pins

0x0002 SAMPLE/ 
PRELOAD

Selects the Boundary Data Register for observability and presetting the 
scan-path latches

0x0004 IDCODE Selects device ID Register
0xFFFF BYPASS Selects Bypass Data Register

0x0082 Flash Control Selects FLASHCON Register to control how the interface logic responds 
to reads and writes to the FLASHDAT Register

0x0083 Flash Data Selects FLASHDAT Register for reads and writes to the Flash memory

0x0084 Flash Address Selects FLASHADR Register which holds the address of all Flash read, 
write, and erase operations

0x0085 Flash Scale Selects FLASHSCL Register which controls the Flash one-shot timer and 
read-always enable
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25.1. Boundary Scan
The DR in the Boundary Scan path is an 134-bit shift register. The Boundary DR provides control and
observability of all the device pins as well as the SFR bus and Weak Pullup feature via the EXTEST and
SAMPLE commands.

Table 25.1. Boundary Data Register Bit Definitions
EXTEST provides access to both capture and update actions, while Sample only performs a capture.

Bit Action Target
0 Capture Reset Enable from MCU (64-pin TQFP devices)

Update Reset Enable to RST pin (64-pin TQFP devices)
1 Capture Reset input from RST pin (64-pin TQFP devices)

Update Reset output to RST pin (64-pin TQFP devices)
2 Capture Reset Enable from MCU (100-pin TQFP devices)

Update Reset Enable to RST pin (100-pin TQFP devices)
3 Capture Reset input from RST pin (100-pin TQFP devices)

Update Reset output to RST pin (100-pin TQFP devices)
4 Capture External Clock from XTAL1 pin

Update Not used
5 Capture Weak pullup enable from MCU

Update Weak pullup enable to Port Pins
6, 8, 10, 12, 14, 

16, 18, 20
Capture P0.n output enable from MCU (e.g. Bit6=P0.0, Bit8=P0.1, etc.)
Update P0.n output enable to pin (e.g. Bit6=P0.0oe, Bit8=P0.1oe, etc.)

7, 9, 11, 13, 15, 
17, 19, 21

Capture P0.n input from pin (e.g. Bit7=P0.0, Bit9=P0.1, etc.)
Update P0.n output to pin (e.g. Bit7=P0.0, Bit9=P0.1, etc.)

22, 24, 26, 28, 30, 
32, 34, 36

Capture P1.n output enable from MCU
Update P1.n output enable to pin

23, 25, 27, 29, 31, 
33, 35, 37

Capture P1.n input from pin
Update P1.n output to pin

38, 40, 42, 44, 46, 
48, 50, 52

Capture P2.n output enable from MCU 
Update P2.n output enable to pin 

39, 41, 43, 45, 47, 
49, 51, 53

Capture P2.n input from pin 
Update P2.n output to pin

54, 56, 58, 60, 62, 
64, 66, 68

Capture P3.n output enable from MCU
Update P3.n output enable to pin 

55, 57, 59, 61, 63, 
65, 67, 69

Capture P3.n input from pin
Update P3.n output to pin

70, 72, 74, 76, 78, 
80, 82, 84

Capture P4.n output enable from MCU
Update P4.n output enable to pin 

71, 73, 75, 77, 79, 
81, 83, 85

Capture P4.n input from pin
Update P4.n output to pin

86, 88, 90, 92, 94, 
96, 98, 100

Capture P5.n output enable from MCU
Update P5.n output enable to pin 

87, 89, 91, 93, 95, 
97, 99, 101

Capture P5.n input from pin
Update P5.n output to pin

102, 104, 106, 
108, 110, 112, 114, 

116

Capture P6.n output enable from MCU
Update P6.n output enable to pin 
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25.1.1. EXTEST Instruction
The EXTEST instruction is accessed via the IR. The Boundary DR provides control and observability of all
the device pins as well as the Weak Pullup feature. All inputs to on-chip logic are set to logic 1.

25.1.2. SAMPLE Instruction
The SAMPLE instruction is accessed via the IR. The Boundary DR provides observability and presetting of
the scan-path latches.

25.1.3. BYPASS Instruction
The BYPASS instruction is accessed via the IR. It provides access to the standard JTAG Bypass data reg-
ister.

25.1.4. IDCODE Instruction
The IDCODE instruction is accessed via the IR. It provides access to the 32-bit Device ID register.

JTAG Register Definition 25.2. DEVICEID: JTAG Device ID

Bit Action Target
103, 105, 107, 

109, 111, 113, 115, 
117

Capture P6.n input from pin
Update P6.n output to pin

118, 120, 122, 
124, 126, 128, 

130, 132

Capture P7.n output enable from MCU
Update P7.n output enable to pin 

119, 121, 123, 
125, 127, 129, 

131, 133

Capture P7.n input from pin
Update P7.n output to pin

Table 25.1. Boundary Data Register Bit Definitions (Continued)

Version = 0000b 

Part Number = 0000 0000 0000 0111b (C8051F120/1/2/3/4/5/6/7 or C8051F130/1/2/3)

Manufacturer ID = 0010 0100 001b (Silicon Labs)

Reset Value

Version Part Number Manufacturer ID 1 0xn0003243
Bit31 Bit28 Bit27 Bit12 Bit11 Bit1 Bit0
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25.2. Flash Programming Commands
The Flash memory can be programmed directly over the JTAG interface using the Flash Control, Flash
Data, Flash Address, and Flash Scale registers. These Indirect Data Registers are accessed via the JTAG
Instruction Register. Read and write operations on indirect data registers are performed by first setting the
appropriate DR address in the IR register. Each read or write is then initiated by writing the appropriate
Indirect Operation Code (IndOpCode) to the selected data register. Incoming commands to this register
have the following format:

IndOpCode: These bit set the operation to perform according to the following table:

The Poll operation is used to check the Busy bit as described below. Although a Capture-DR is performed,
no Update-DR is allowed for the Poll operation. Since updates are disabled, polling can be accomplished
by shifting in/out a single bit.

The Read operation initiates a read from the register addressed by the DRAddress. Reads can be initiated
by shifting only 2 bits into the indirect register. After the read operation is initiated, polling of the Busy bit
must be performed to determine when the operation is complete.

The write operation initiates a write of WriteData to the register addressed by DRAddress. Registers of any
width up to 18 bits can be written. If the register to be written contains fewer than 18 bits, the data in Write-
Data should be left-justified, i.e. its MSB should occupy bit 17 above. This allows shorter registers to be
written in fewer JTAG clock cycles. For example, an 8-bit register could be written by shifting only 10 bits.
After a Write is initiated, the Busy bit should be polled to determine when the next operation can be initi-
ated. The contents of the Instruction Register should not be altered while either a read or write operation is
busy.

Outgoing data from the indirect Data Register has the following format:

The Busy bit indicates that the current operation is not complete. It goes high when an operation is initiated
and returns low when complete. Read and Write commands are ignored while Busy is high. In fact, if poll-
ing for Busy to be low will be followed by another read or write operation, JTAG writes of the next operation
can be made while checking for Busy to be low. They will be ignored until Busy is read low, at which time
the new operation will initiate. This bit is placed ate bit 0 to allow polling by single-bit shifts. When waiting
for a Read to complete and Busy is 0, the following 18 bits can be shifted out to obtain the resulting data.
ReadData is always right-justified. This allows registers shorter than 18 bits to be read using a reduced
number of shifts. For example, the results from a byte-read requires 9 bit shifts (Busy + 8 bits).

19:18 17:0
IndOpCode WriteData

IndOpCode Operation
0x Poll
10 Read
11 Write

19 18:1 0
0 ReadData Busy
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JTAG Register Definition 25.3. FLASHCON: JTAG Flash Control

This register determines how the Flash interface logic will respond to reads and writes to the FLASH-
DAT Register. 

Bit7: SFLE: Scratchpad Flash Memory Access Enable
When this bit is set, Flash  reads and writes are directed to the two 128-byte Scratchpad 
Flash sectors. When SFLE is set to logic 1, Flash accesses out of the address range 0x00-
0xFF should not be attempted (with the exception of address 0x400, which can be used to 
simultaneously erase both Scratchpad areas). Reads/Writes out of this range will yield 
undefined results.
0: Flash access directed to the Program/Data Flash sector.
1: Flash access directed to the two 128 byte Scratchpad sectors.

Bits6–4: WRMD2–0: Write Mode Select Bits. 
The Write Mode Select Bits control how the interface logic responds to writes to the FLASH-
DAT Register per the following values:
000: A FLASHDAT write replaces the data in the FLASHDAT register, but is otherwise 
ignored.
001: A FLASHDAT write initiates a write of FLASHDAT into the memory address by the 

FLASHADR register. FLASHADR is incremented by one when complete.
010: A FLASHDAT write initiates an erasure (sets all bytes to 0xFF) of the Flash page 

containing the address in FLASHADR. The data written must be 0xA5 for the erase
to occur. FLASHADR is not affected. If FLASHADR = 0x1FBFE – 0x1FBFF, the
entire user space will be erased (i.e. entire Flash memory except for Reserved area
0x1FC00 – 0x1FFFF).

(All other values for WRMD2-0 are reserved.)
Bits3–0: RDMD3–0: Read Mode Select Bits. 

The Read Mode Select Bits control how the interface logic responds to reads from the 
FLASHDAT Register per the following values:
0000: A FLASHDAT read provides the data in the FLASHDAT register, but is otherwise

ignored.
0001: A FLASHDAT read initiates a read of the byte addressed by the FLASHADR register 

if no operation is currently active. This mode is used for block reads.
0010: A FLASHDAT read initiates a read of the byte addressed by FLASHADR only if no 

operation is active and any data from a previous read has already been read from 
FLASHDAT. This mode allows single bytes to be read (or the last byte of a block)
without initiating an extra read.

(All other values for RDMD3–0 are reserved.)

Reset Value

SFLE WRMD2 WRMD1 WRMD0 RDMD3 RDMD2 RDMD1 RDMD0 00000000
Bit7 Bit6 Bit5 Bit4 Bit3 Bit2 Bit1 Bit0
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JTAG Register Definition 25.4. FLASHDAT: JTAG Flash Data

JTAG Register Definition 25.5. FLASHADR: JTAG Flash Address

This register is used to read or write data to the Flash memory across the JTAG interface.

Bits9–2: DATA7–0: Flash Data Byte. 
Bit1: FAIL: Flash Fail Bit.

0: Previous Flash memory operation was successful.
1: Previous Flash memory operation failed. Usually indicates the associated memory loca-
tion was locked. 

Bit0: BUSY: Flash Busy Bit.
0: Flash interface logic is not busy.
1: Flash interface logic is processing a request. Reads or writes while BUSY = 1 will not ini-
tiate another operation.

Reset Value

0000000000
Bit9 Bit0

This register holds the address for all JTAG Flash read, write, and erase operations. This register
autoincrements after each read or write, regardless of whether the operation succeeded or failed.

Bits15–0: Flash Operation 17-bit Address.

Reset Value

0x00000
Bit16 Bit0
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25.3. Debug Support
Each MCU has on-chip JTAG and debug logic that provides non-intrusive, full speed, in-circuit debug sup-
port using the production part installed in the end application, via the four pin JTAG I/F. Silicon Labs' debug
system supports inspection and modification of memory and registers, breakpoints, and single stepping.
No additional target RAM, program memory, or communications channels are required. All the digital and
analog peripherals are functional and work correctly (remain synchronized) while debugging. The Watch-
dog Timer (WDT) is disabled when the MCU is halted during single stepping or at a breakpoint. 

The C8051F120DK is a development kit with all the hardware and software necessary to develop applica-
tion code and perform in-circuit debug with each MCU in the C8051F12x and C8051F13x device families.
Each kit includes development software for the PC, a Serial Adapter (for connection to JTAG) and a target
application board with a C8051F120 installed. Serial cables and wall-mount power supply are also
included.
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DOCUMENT CHANGE LIST

Revision 1.3 to Revision 1.4
• Added new paragraph tags: SFR Definition and JTAG Register Definition.
• Product Selection Guide Table 1.1: Added RoHS-compliant ordering information.
• Overview Chapter, Figure 1.8, “On-Chip Memory Map”: Corrected on-chip XRAM size to “8192 Bytes”.
• SAR8 Chapter: Table 7.1, “ADC2 Electrical Characteristics”: Track/Hold minimum spec corrected to 

“300 ns”.
• SAR8 Chapter: Table 7.1, “ADC2 Electrical Characteristics”: Total Harmonic Distortion typical spec 

corrected to “-51 dB”.
• Oscillators Chapter, Figure 14.1, “Oscillator Diagram”: Corrected location of IOSCEN arrow.
• CIP51 Chapter, Section 11.3: Added note describing EA change behavior when followed by single-

cycle instruction.
• CIP51 Chapter, Interrupt Summary Table: Added “SFRPAGE” column and SFRPAGE value for each 

interrupt source.
• CIP-51 Chapter, Figure 11.2, “Memory Map”: Corrected on-chip XRAM size to “8192 Bytes”.
• Port I/O Chapter, Crossbar Priority Figures: Character formatting problem corrected.
• Port I/O Chapter, P7MDOUT Register Description: Removed references to UART and SMBus periph-

erals.
• Port I/O Chapter, P3MDOUT Register Description: Corrected text to read “P3MDOUT.[7:0]”.
• Timers Chapter: References to “TnCON” corrected to read “TMRnCN”.
• PCA0 Chapter, Section 24.1: Added note about PCA0CN Register and effects of read-modify-write 

instructions on the CF bit.
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resulting from the use of information included herein. Additionally, Silicon Laboratories assumes no responsibility for the function-
ing of undescribed features or parameters. Silicon Laboratories reserves the right to make changes without further notice. Silicon 
Laboratories makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, 
nor does Silicon Laboratories assume any liability arising out of the application or use of any product or circuit, and specifically 
disclaims any and all liability, including without limitation consequential or incidental damages. Silicon Laboratories products are 
not designed, intended, or authorized for use in applications intended to support or sustain life, or for any other application in which 
the failure of the Silicon Laboratories product could create a situation where personal injury or death may occur. Should Buyer 
purchase or use Silicon Laboratories products for any such unintended or unauthorized application, Buyer shall indemnify and 
hold Silicon Laboratories harmless against all claims and damages. 
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2.4 GHZ ZIGBEE™ NETWORK API PROGRAMMING EXAMPLE GUIDE

1.  Introduction
The 802.15.4/ZigBee™ Development Board can be used for demo purposes or as a platform for firmware
development. This document describes a code example using the ZigBee Network layer Application Programming
Interface (API). The code example is a simple example that demonstrates ZigBee network formation. This code
example may be used as a starting point to develop a ZigBee network application.
The 802.15.4/ZigBee Development Board comes with firmware installed for a ZigBee or 802.15.4 demo, as
specified in the kit contents. To use the 802.15.4/ZigBee Development Board for code development, you will have
to erase the existing firmware. If desired, the demo code can later be restored by downloading the appropriate hex
file.
The Network Blinky example requires three or more boards to demonstrate network address allocation. The
ZigBee Development Kit includes six boards. Using all six boards provides a very effective demo.

1.1.  Connecting to the IDE
The 802.15.4/ZigBee development board can be used with the Silicon Laboratories Integrated Development
Environment (IDE) and the universal serial bus (USB) debug adapter as shown in Figure 1.

Connect the USB Debug adapter to the PC. 
Connect the ten pin ribbon cable to the 802.15.4/ZigBee development board (J2). 
Connect the 9 V universal ac/dc Adapter to the 2.1 mm power supply jack (J1) on the 802.15.4/ZigBee 
Development Board.

Figure 1. Programming Setup
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2.  Downloading the Firmware
Launch the Silicon Laboratories IDE. From the Options menu select the connection options sub-menu. Select the
radio button for USB Debug Adapter. If the USB Debug Adapter is greyed out, make sure that the USB Debug
Adapter is connected to an active USB port. Select the JTAG radio button for the Debug interface. Click OK to
close the dialog box.
From the Debug menu, select Connect or click on the connect icon in the toolbar. The status bar on the bottom of
the IDE window should display the connection status “Target:C8051F121”. This indicates that the debug adapter
has successfully connected to the C8051F121 and is ready to download code.
The Intel hex file for the demo firmware is located in the following directory:
\SiLabs\MCU\Examples\ZigBee\NWK_Blinky\output\
To download the firmware, select “download object file...” from the debug menu. Do not erase the entire code
space. This will erase the 64-bit Extended Unique Identifier stored in Flash memory.
Click on “Browse…” In the browse dialog box, find the “Files to List” pull-down menu and select “Intel - Hex”, then
browse to the location of the NWK_Blinky.hex file. The demo file will be downloaded into Flash. 

Figure 2. Downloading Firmware
Select “Go” from the debug menu or click on the green Go button in the toolbar to run the program. Three of the
color LEDs on the board should blink. This indicates the code has been downloaded and is functional. Click on the
red stop button to halt execution.
Select “Disconnect” from the Debug menu. Now unplug the power connection 10-pin header. Repeat this
procedure for each board you wish to reprogram.
If you inadvertently erase the EUI you can modify the EUI directly from the IDE. Connect to the 802.15.4/ZigBee
Development Board. Select “Code Memory” from the View>Debug Windows menu. Type “1FBF6” in the code
address box. Click in the code memory window just left of the first byte of address FBF6. Enter the EUI from the
sticker on the back of the board in little endian format. The least significant byte of the EUI should be in location
0x1FBF6 and the most significant byte should be in location 0x1FBFF.
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3.  NWK Blinky Demo Description
Once all of the boards have been programmed with the Network Blinky firmware, it is possible to demonstrate the
function of the blinky code. The demo consists of two to eight 802.14.5/ZigBee Development Boards operating in
standalone mode with no connection to the PC. 
One of the boards is designated as the ZigBee Coordinator (ZC). The firmware is the same for the ZigBee
Coordinator and the other devices. The first step is to configure the ZigBee Coordinator for one of three network
topologies- Rangy, Bushy, or Kempt. The network parameters for these three network topologies are defined in
Table 1. These three topologies are test cases from the ZigBee Level 2 inter-operability test procedure. A detailed
explanation of the network parameters can be found in the ZigBee Network specification. The Cardinality column
describes the maximum network configuration using six nodes. A ZigBee network will consist of a ZigBee
Coordinator (ZC) and some combination of ZigBee Routers (ZR) and ZigBee End Devices (ZED).

The topology is selected by pressing SW6 on the ZigBee development board. Pressing the button once will cause
the Green LED D6 to blink. This will select a Rangy network. Pressing a second time will cause the Yellow LED D7
to blink. This will select the Kempt network. Pressing a third time will cause the Amber LED to blink. This will select
the Bushy network topology.
Pressing SW5 will cause the ZigBee coordinator to form a ZigBee network of the chosen topology. The color LED
previously selected will stop blinking and illuminate continuously.
Pressing SW4 on any of the five remaining boards will cause it to join the ZigBee network as a router. Once the join
process has completed the board will display the least significant byte of the network address in binary on D11–
D14.The binary addresses are illustrated in Table 2.

Table 1. Topology Network Parameters

Max Routers Max Children Max Depth Color Cardinality

Rangy 1 1 7 Green ZC, 5xZR

Kempt 3 5 7 Yellow ZC,2xZR,3xZED

Bushy 7 14 3 Amber ZC,5xZED
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Pressing SW3 on any of the five remaining boards will cause it to join the ZigBee network as an end device. Once
the join process has completed, the board will display the least significant byte of the network address in binary on
D11–D14. Joining as an end device will terminate one branch of the tree and effect the network addresses of
subsequent join operations. If a ZigBee router or end device fails to join a network it will blink red LED D9.
Once the board has been configured the push buttons can be used for a secondary function. The secondary
function of push button SW6 is to send data. Pushing SW5 on the ZigBee coordinator will send broadcast data to
all of the ZigBee boards. Pushing SW5 on a router or end device will send data to the ZigBee coordinator.
Once the network has been formed SW6 can be used to leave the network. Pushing SW6 on a router or end
device will cause the device to leave the network. Pushing SW6 on the ZigBee coordinator will dissolve the
network. 
The function of the buttons are summarized in Table 3.

Table 2. Binary Network Addresses

Decimal Hex Binary LEDs

D13 D12 D11 D10

0 0x00 0000

1 0x01 0001

2 0x02 0010

3 0x03 0011

4 0x04 0100

5 0x05 0101

6 0x06 0110

7 0x07 0111

8 0x08 1000

9 0x09 1001

10 0x0A 1010

11 0x0B 1011

12 0x0C 1100

13 0x0D 1101

14 0x0E 1110

15 0x0F 1111
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4.  Rebuilding the Project
The source code for the Network Blinky demo is included with the development kit. The project folder includes
source files for the essential main and NWK_Blinky modules, a library file which contains the ZigBee networking
code, and all of the header files required to rebuild the project. The project also contains a Silicon Laboratories IDE
workspace file that can be used to edit and build the file.
The library file is a special library to facilitate building the project with the demo tools. The project can be rebuilt
using the included demonstration tools with a 4 kB linker limit. The library itself does not count against the 4 kB
linker limit. Thus, it is possible to rebuild the project using the demo tools. The demo tools are for evaluation
purposes only. The user is limited to non-commercial use only as specified in the license agreement. The user will
have to purchase a full set of development tools for commercial development.

Connect the 802.15.4/ZigBee Development Board as shown in Figure 1.
Connect the USB debug adapter or the serial adapter or to the PC. 
Connect the ten pin ribbon cable to the 802.15.4/ZigBee development board. 
Connect the 9 V ac/dc adapter to the 2.1 mm power supply jack on the 802.15.4 Development Board.
Launch the Silicon Laboratories IDE. 
From the “Project” menu select “Open Project...”. 
Browse to the NWK__Blinky folder: 
SiLabs\MCU\Examples\Zigbee\NWK_Blinky\apps\NWK_Blinky\
Open the workspace file, “NWK_Blinky.wsp”. 
From the File View tab, double-click on the source file. NWK_Blinky.c.
This will open the application source window in the editor pane. Expand this window to fill the middle pane.
From the Debug menu, select “Rebuild Project”. 

The IDE will compile and link all files in the project. The IDE should display the linker status as shown in Figure 3.
LINK/LOCATE RUN COMPLETE. 0 WARNINGS, 0 ERRORS.

Table 3. Push Button Functions

Primary Function Secondary Function

SW6 Select Network Profile ZC Dissolve Network

Rangy, Kempt, or Bushy ZR or ZED Leave Network

SW5 Start as ZigBee Coordinator ZC Broadcast Data

Form Network ZR or ZED Send Data to ZC

SW4 Start as ZigBee Router

Join Network

SW3 Start as End Device,

Join Network



AN242

6 Rev. 0.1

Figure 3. Build Complete, No Errors
Select “Connect” from the “Debug” menu. 
Then select “Download” also from the debug menu. 

The IDE will download the code to the target board. From the File View tab, double-click on the source file.
main.c. This will open the main.c source window in the editor pane. Scroll down in the main.c window to locate
the main() function. Locate the first line of code in the main function. Right click on this line and chose Insert-
Breakpoint from the pop-up menu. Click on the green Go button or select Go from the debug window. Code
execution will stop at the breakpoint as shown in Figure 4
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Figure 4. Run to Main
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5.  Using the Library
The project file includes special provisions to include the ZigBee stack library file in the list of files to be linked. The
library file is located in the following directory:
Silabs\MCU\Examples\ZigBee\NWK_Blinky\lib\

Three external obj/lib files have been added to the build. To view or alter the files to be linked:
Select Target Build Configuration” from the Project menu.
Click on the “Customize” button.
Select the “Files to Link Tab”.

Any source files added to the project will automatically add the corresponding object file. Any object or library file
not associated with a source file must be added manually. In the NWK_Blinky example you should see three
additional files added to the build:
ZigbeeNWK.LIB

hal_int0_isr.obj

hal_pca0_isr.obj

In addition to the library file there are two object files for essential interrupt service routines that have been added
to the project. This ensures that all interrupt driven code will be included from the library.
If you would like to add the library file to another project follow these steps:

Select “Target Build Configuration” from the Project menu
Click on the “Customize” button
Select the “Files to Link Tab” 
Click on the Add External OBJ
Select “All Files” from the “List files of Type” pull-down menu
Browse to the library file location
Select the ZigbeeNWK.lib file
Repeat for the two interrupt service routine OBJ files

The process for adding the ZigBee library to a project is illustrated in Figure 5.
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Figure 5. Including an External Library File



AN242

10 Rev. 0.1

6.  Library Limitations
The ZigBee NWK library is restricted to products using Silicon Laboratories MCUs. 
Source code is not provided for the ZigBee Stack. 
Direct Access to the lower layers is not supported. 
The ZigBee NWK library currently only supports the C8051F121. 
The ZigBee NWK library currently does not support code banking. 
The NWK Blinky example uses most of the available code size for the evaluation tools.

The Keil evaluation tools are for evaluation purposes only. The user is limited to non-commercial use only as
specified in the license agreement. The user will have to purchase a full set of development tools for commercial
development. 
Because the ZigBee stack is distributed as a library file, there are certain restrictions associated with the nature of
library files. The library itself is a collection of compiled modules. The modules have been compiled specifically for
the C8051F121 and the ZigBee development kit hardware. Due to licensing restrictions, source code is not
distributed.
Because the NWK Blinky example code uses most of the code size available for the evaluation tools, it may be
impractical to make substantial changes without a full version of the Keil tools. Many ZigBee NWK level
applications may require more that 4 kB of code. In any case, the user is obligated under the license agreement to
purchase a full license for commercial distribution. The purpose of the evaluation tools and this example code is for
evaluation purposes only. 
Only the NWK function calls are supported. Access to the internal functions and the lower MAC and PHY layers
are not supported. An 802.15.4 MAC will be available in a separate 802.15.4 development kit.
Please refer to the ZigBee NWK specification for a functional description of the ZigBee Network layer and NWK
primitives. Please refer to "AN241: NWK API Users Guide" for additional information on using the library NWK
function calls. 
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NOTES:
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2.4 GHZ ZIGBEE™NETWORK APPLICATION INTERFACE PROGRAMMER'S GUIDE

1.  Introduction
This document describes the Silicon Laboratories ZigBee Network Layer interface. It contains implementation
details specific to the Network-layer interface software library included as part of the Silicon Laboratories ZigBee
Development Kit.

This document should be used in conjunction with the ZigBee Alliance's Network Specification. 

Current firmware releases do not support beacon-based networks or security.

2.  Overview of Primitive Implementation
Messaging between the application layer and the network layer is implemented either by direct function calls or by
using a shared buffer. Primitives transmitted from the application layer to the network layer are implemented using
direct function calls. 

In contrast, primitives sent from the network layer to the application layer are implemented differently. Indication
primitives notifying an event to the application layer will be stored in a shared buffer. The application layer needs to
poll this buffer for an incoming event.

Some confirmation primitives carry only one parameter, normally a status indicator corresponding to a request. The
parameter is conveyed as a return value of the requesting function call. Thus, there is no explicit implementation of
these primitives.

Other confirmation primitives contain more than one parameter. When a request is called, the function call of the
request will store the confirmation data to the shared buffer. The caller of the request shall check the buffer for
confirmation when the request returns.

Table 1. Primitive Implementation

Primitive Implementation

Request Direct function call

Confirm (one parameter) Return value of the request function call

Confirm (multiple parameters) Globally shared buffer

Indication Globally shared buffer
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3.  Creating User Applications
The Application layer must start the ZigBee network in a specified sequence. This section describes initialization,
network startup, and joining procedures.

3.1.  System Initialization
These functions should be called in order as the node is initially powered up.

Disable Global Interrupts:

DISABLE_GLOBAL_INT();  

Initialize System Hardware:

SystemInit();

Initialize Transceiver:

CC2420Init();

Initialize Transceiver Interrupt:

EINT_Init ();

Initialize MAC Internal Variables and Default PIB settings:

MAC_Init();
macInitEnv();
mlmeResetRequest(FALSE);

Initialize NWK layer:

netInit();

Enable Global Interrupts:

ENABLE_GLOBAL_INT();



AN241

Rev. 0.1 3

3.2.  Network-level Procedures
This section describes the processes of establishing, expanding, and dismantling a ZigBee network. Sections 4
and 5 describe each command primitive in detail.

A ZigBee network is established by the steps shown in Figure 1. 

1. Reset and initialize each device as it is powered up. 
2. Establish a ZigBee network by designating a Coordinator. The Coordinator calls specific primitives to form the network then 

permits other nodes to join. Refer to section 3.2.2.
3. Once a network is formed, other devices may join the network and transfer data to other nodes within the network. Refer to 

sections 3.2.3 and 3.2.4.
4. Devices may request removal from a network or a parent may force a node from the network. Refer to section 3.2.5.

Figure 1. ZigBee Network Formation
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3.2.1. Initialization

Each device must be reset via the NLME-RESET primitive immediately on powerup. 

3.2.2. Starting a ZigBee Coordinator

A network is established by designating a node as the ZigBee Coordinator. The Application layer must first instruct
the Coordinator to form a network then must permit other ZigBee devices to join the network. This is illustrated in
Figure 2.

For a more robust design, the Coordinator's nlmeNetworkFormationRequest()will usually include an active
scan to detect its neighboring environment. One possible SCAN outcome will be PAN ID conflict. This is a very
important exception that programmers should be aware of so any problem can be handled and detected before the
Coordinator starts.

"Permit Join" can be used creatively. Many examples have been discussed suggesting that "Permit Join" is toggled
on and off by a simple push button. This is one idea how the Coordinator can fend off unsolicited JOIN requests
and protect the integrity of the subject network.

Figure 2. Establishing a Network and Enabling Nodes to Join

ZigBee Coordinator
Application Layer Network Layer

nlmeResetRequest(...)

nlmeNetworkFormationRequest(...)

confirmation by return value of
nlmeResetRequest(...)

confirmation by return value of 
nlmeNetworkFormationRequest(...)

nlmePermitJoiningRequest(...)

confirmation by return value of 
nlmePermitJoiningRequest(...)
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3.2.3. Constructing the Network

Remote devices may join once a core network has been established. New devices (children) can connect to
existing devices (parents) through either association or direct connection.

3.2.3.1.  Joining Through Association

In association, the child proactively discovers the network. Once discovered, the child requests a connection as
shown in Figure 3.

Figure 3. Child Joins Network Through Discovery and Association 
(Optional Configuration as a Routing Node After Association)
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Authetification 
(if security enabled)

nlmeStartRouterRequest(...)
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Parent
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Parent
ZigBee Application Layer

nlmeResetRequest(...)

confirmation by return value of
nlmeResetRequest(...)

confirmation written to nlmeConfirm global

confirmation written to nlmeConfirm global

confirmation by return value of 
nlmeStartRouterRequest(...)

indication written to nlmeConfirm global



AN241

6 Rev. 0.1

3.2.3.2.  Direct Joining

Direct joining is used to reestablish a previous connection. The parent device first adds the child device back into
its network. The child must then attempt reconnection. This is most commonly used when a child device is
temporarily disconnected ("orphaned") from the network. This is illustrated in Figure 4.

Figure 4. Rejoining a Network
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ZigBee Application Layer

Parent
Network Layer

nlmeDirectJoinRequest(...)

Confirmation returns PAN ID’s of 
available networks.

Child
Network Layer

Child
ZigBee Application Layer

Check to ensure 
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nlmeJoinRequest(rejoinNetwork=TRUE)

confirmation written to nlmeConfirm global

confirmation written to nlmeConfirm global
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3.2.4. Data Transfer

ZigBee networks can be categorized into two basic operating types, beacon-enabled networks and non-beacon
networks. The network type is determined when the PAN Coordinator forms the network. The data transfer
operation is different for the two types.

3.2.4.1.  Uploading Data

In non-beacon networks, the Coordinator's receiver is always enabled. Thus, devices can send data to the
Coordinator at any time*.

In beacon-enabled networks, devices need to synchronize with a beacon first, locate the appropriate timeslot, then
send data in the designated periods of a superframe.

3.2.4.2.  Downloading Data

When the Coordinator wants to send data to its Child devices, it needs to follow different procedures depending
upon the receiver state of the destination device. Normally, if the receiver of the destination device is always
enabled while idle, data will be sent out during the active periods of a superframe. Indirect transmission may also
be used.

If the end device disables its receiver when idle, the Coordinator needs to use indirect data transmission. The
firmware will put the data in an indirect queue for devices to poll.

3.2.4.3.  Synchronizing and Polling for Data

It is the Application layer's responsibility to call nlmeSyncRequest() periodically to sync with its parent for
pending data. The calling period is dependent upon specific applications.

In non-beacon networks, the sync request will trigger the lower layer to send a command requesting pending data
from the Coordinator. In beacon-enabled networks, this request will enable a search for the next beacon and
automatically request pending data if pending data are indicated in the beacon.

*Note:  It is possible that in non-beacon networks the whole system goes to sleep for a period in which devices cannot send 
data to Coordinators. Nevertheless, devices should normally be in a sleep state in that time too.
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3.2.5. Dissolving the Network

Devices may be disconnected from the network one-by-one. A child may proactively disconnect from its parent, or
the parent may break the network connection to a child, shown in Figure 5 and Figure 6, respectively.

3.2.5.1.  Disconnection Initiated by Child

Figure 5. Child Initiates Disconnection from Network

3.2.5.2.  Disconnection Initiated by Parent

Figure 6. Parent Initiates Disconnection of Child
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4.  Network Layer Data Entity (NLDE-) Commands

4.1.  NLDE-DATA 
4.1.1. Description

Applicability: All devices.

Prerequisites: Device must be associated.

4.1.2. Request
Description: This primitive requests the transfer of a data PDU (NSDU) from the local APS sub-layer

entity to a single or multiple peer APS sub-layer entity.

Function Prototype void nldeDataRequest(NLDE_DATA_REQUEST 
*pNldeDataRequest);

Parameters: typedef struct{
WORD  dstAddr;
BYTE  nsduHandle;
BYTE  broadcastRadius;
BOOL  discoverRoute;
BOOL  securityEnable;
BYTE  nsduLength;
BYTE  *pNsdu;

}NLDE_DATA_REQUEST; (defined in HS_NET.h)

NLDE_DATA_REQUEST *pNldeDataRequest
A pointer to the data structure of NLDE_DATA_REQUEST where all the arguments are
available for the function.

WORD dstAddr
The network address of the entity or entities to which the NSDU is being transferred. 

BYTE nsduHandle
The handle associated with the NSDU to be transmitted by the NWK layer entity. 

BYTE broadcastRadius
The distance, in hops, that a broadcast frame will be allowed to travel through the network. 

BOOL discoverRoute
The DiscoverRoute parameter may be used to enable route discovery operations for
the transit of this frame. 

BOOL securityEnable
The SecurityEnable parameter may be used to enable NWK layer security processing
for the current frame. 

BYTE nsduLength
The number of octets comprising the NSDU to be transferred. 

BYTE * pNsdu
A pointer to the packet payload. 

Name Request Indication Response Confirm

NLDE-DATA 4.1.2 4.1.3 4.1.4
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4.1.3. Indication

Description: Indication written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_DATA_IND;
nlmeConfirm.buffer structure:

typedef struct 
{

WORD    srcAddress;    
BYTE    linkQuality;
BYTE    nsduLength;
BYTE    *pNsdu;

}NLDE_DATA_INDICATION; (defined in HS_NET.h)

WORD srcAddress
The individual device address from which the NSDU originated. 

BYTE linkQuality
The link quality indication delivered by the MAC on receipt of this frame as a parameter of
the MCPS-DATA.indication primitive. 

BYTE nsduLength
The number of octets comprising the NSDU being indicated. 

BYTE* pNsdu
The pointer to the set of octets comprising the NSDU being indicated. 

4.1.4. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_DATA_CFM;
nlmeConfirm.buffer structure:

typedef struct
{

NWK_ENUM   status;
BYTE       nsduHandle;

}NLDE_DATA_CONFIRM;  (defined in HS_NET.h)

NWK_ENUM status
INVALID_REQUEST or any status values returned from security suite or the 
MCPSDATA.confirm primitive (SUCCESS | TRANSACTION_OVERFLOW | 
TRANSACTION_EXPIRED | CHANNEL_ACCESS_FAILURE | INVALID_GTS | 
NO_ACK | UNAVAILABLE_KEY | FRAME_TOO_LONG | FAILED_SECURITY_CHECK)

BYTE nsduHandle
A handle to this packet from the mcpsDataRequest() function.
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5.  Network Layer Management Entity (NLME-) Commands

Name Request Indication Response Confirm

NLME-NETWORK-DISCOVERY 5.1.2 5.1.3

NLME-NETWORK-FORMATION 5.2.2 5.2.3

NLME-PERMIT-JOINING 5.3.2 5.3.3

NLME-START-ROUTER 5.4.2 5.4.3

NLME-JOIN 5.5.2 5.5.3 5.5.4

NLME-DIRECT-JOIN 5.6.2 5.6.3

NLME-LEAVE 5.7.2 5.7.3 5.7.4

NLME-RESET 5.8.2 5.8.3

NLME-SYNC 5.9.2 5.9.3 5.9.4

NLME-GET 5.10.2 5.10.3

NLME-SET 5.11.2 5.11.3
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5.1.  NLME-NETWORK-DISCOVERY
5.1.1. Description

This primitive instructs the device's network layer to search for networks within connection range. The search
operation will populate a list of available networks along with the characteristics of each.

Applicability: All device types.

Prerequisite: NLME-RESET

5.1.2. Request

Description: This function is called to request that the NWK layer discover networks currently operating
within range.

Function Prototype: void nlmeNetworkDiscoveryRequest(UINT32 scanChannels, 
UINT8 scanDuration)

Parameters: UINT32 scanChannels
32 bit long value. The five most significant bits (b27, ... ,b31) are reserved. The 27 least
significant bits (b0, b1, ... b26) indicate which channels are to be scanned (1 = scan, 0 =
do not scan) for each of the 27 valid channels.

UINT8 scanDuration
8 bit long unsigned character. Valid between 0 and 0x0E. A value used to calculate the
length of time to spend scanning each channel. The time spent scanning each channel is
(aBaseSuperframeDuration * (2n + 1)) symbols, where n is the value of the ScanDuration
parameter. Constant aBaseSuperframeDuration is defined in the IEEE 802.15.4 Standard.

5.1.3. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_DISC_CFM;
nlmeConfirm.buffer structure:

typedef struct{
BYTE NetworkCount;
NETWORK_DESCRIPTOR nwkDescriptor[

MAX_USE_CHANNEL_COUNT];
MAC_ENUM Status;

}NLME_NETWORK_DISCOVERY_CONFIRM; (defined in HS_NET.h)

typedef struct {
WORD panID;
BYTE logicalChannel;
BYTE stackProfile;
BYTE zigBeeVersion;
BYTE beaconOrder;
BYTE superFrameOrder;  
BOOL permitJoining;
BYTE securityLevel;

}NETWORK_DESCRIPTOR; (defined in HS_NET.h)

BYTE NetworkCount
Number of networks discovered during the search.
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nwkDescriptor 
List of descriptors for each of the NetworkCount networks. One entry of type
NETWORK_DESCRIPTOR for each network found.

MAC_ENUM Status
Status after the search.  

SUCCESS:  successful search (minimum 1 network found)
NO_BEACON:  no beacons detected during active scan 
INVALID_PARAMETER:  unsupported parameter or parameter out of range.

List entry, one per discovered network:

WORD panID
The 16-bit PAN identifier of the discovered network. The 2 highest-order bits of this
parameter are reserved and shall be set to 0.

BYTE logicalChannel
The current logical channel occupied by the network

BYTE stackProfile
A ZigBee stack profile identifier indicating the stack profile in use in the discovered
network.

BYTE zigBeeVersion
The version of the ZigBee protocol in use in the discovered network.

BYTE beaconOrder
This specifies how often the MAC sub-layer beacon is to be transmitted by a given device
on the network.

BYTE superFrameOrder
For beacon-enabled networks, i.e. beacon order < 15, this specifies the length of the
active period of the superframe.

BOOL permitJoining
Value of TRUE indicates that at least one ZigBee router on the network currently permits
joining, i.e. its NWK has been issued an NLME-PERMIT-JOINING primitive and the time
limit, if given, has not yet expired.

BYTE securityLevel
The security level used in a security-enabled PAN. This parameter is not specified in the
ZigBee v1.0 specification.
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5.2.  NLME-NETWORK-FORMATION 
5.2.1. Description

This primitive instructs a device to initialize itself as the coordinator of a new ZigBee network. 

Applicability: Applies to Coordinator only.

Prerequisite: Device is Coordinator-capable (FFD) and not already established in a network.
NLME-RESET should be issued beforehand.

5.2.2. Request

Description: This primitive allows the next higher layer to request that the device start a new ZigBee
network with itself as the coordinator.

Function Prototype: NWK_ENUM nlmeNetworkFormationRequest(UINT32 scanChannels, BYTE 
scanDuration, BYTE beaconOrder, BYTE superframeOrder, WORD panID, 
BOOL batteryLifeExtension) large

Parameters: UINT32 scanChannels
The five most significant bits (b27, ... ,b31) are reserved.
The 27 least significant bits (b0, b1, ... b26) indicate which channels are to be scanned
(1 = scan, 0 = do not scan) for each of the 27 valid channels.

UINT8 scanDuration
A value used to calculate the length of time to spend scanning each channel.

BYTE beaconOrder
In star mode or tree mode this specifies the beacon order of the network that the higher
layers wish to form. In MESH_MODE there are no beacons and this parameter should be
set equal to 0x0F. 

BYTE superframeOrder
In star mode or tree mode this specifies the superframe order of the network that the
higher layers wish to form.
In MESH_MODE there are no beacons and this parameter may be omitted. If the
parameter is supplied, it will be ignored.

WORD panID
An optional PAN identifier that may be supplied if higher layers wish to establish this
network with a predetermined identifier. (0x0000 - 0x3FFF)
If PANId is not specified (i.e. panID = NULL ) the NWK layer will choose a PAN ID.

BOOL batteryLifeExtension
If this value is TRUE, the NLME will request that the ZigBee coordinator is started
supporting battery life extension mode.
If this value is FALSE, the NLME will request that the ZigBee coordinator is started without
supporting battery life extension mode.
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5.2.3. Confirm

Description: Confirmation by return value of nlmeNetworkFormationRequest, type NWK_ENUM (See
Section “6.1.1. NWK_ENUM” on page 28).

Returned Values: SUCCESS:

INVALID_REQUEST:  Selected device is unable to start as a coordinator.

STARTUP_FAILURE:  Device is unable to start as coordinator without conflicting with
another existing Pan ID or channel assignment.

NO_SHORT_ADDRESS:

UNAVAILABLE_KEY:  Key not found (secure mode)

FRAME_TOO_LONG:

FAILED_SECURITY_CHECK:

INVALID_PARAMETER:  Unsupported parameter or parameter out of range.
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5.3.  NLME-PERMIT-JOINING 
5.3.1. Description

This primitive opens a Coordinator or Router to accept other devices to its network.

Applicability: Applies to Coordinator or Routers only.

Prerequisite: Device already started as Coordinator or Router.
NLME-NETWORK-FORMATION (Coordinator), or
NLME-START-ROUTER (Router)

5.3.2. Request

Description: This function allows the next higher layer of a ZigBee coordinator or router to set its MAC
sub-layer association permit flag for a fixed period during which it may accept devices
onto its network.

Function Prototype: NWK_ENUM nlmePermitJoiningRequest(BYTE permitDuration)

Parameters: BYTE permitDuration
The length of time in seconds during which the ZigBee coordinator or router will allow
associations. 
The values 0x00 and 0xff indicate that permission is disabled or enabled, respectively,
without a specified time limit. 

5.3.3. Confirm

Description: Confirmation by return value of nmlePermitJoiningRequest, type NWK_ENUM (See
Section “6.1.1. NWK_ENUM” on page 28).

Returned Values: SUCCESS: 

INVALID_REQUEST:  Occurs if issued to a ZigBee end device.

UNSUPPORTED_ATTRIBUTE:

INVALID_PARAMETER:
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5.4.  NLME-START-ROUTER 
5.4.1. Description
5.4.2. Request

Description: This function allows the next higher layer of a ZigBee router to initialize or change its
superframe configuration. It also allows the next higher layer of a ZigBee coordinator to
change its superframe configuration.

Function Prototype: NWK_ENUM nlmeStartRouterRequest(BYTE beaconOrder, BYTE 
superframeOrder, BOOL BatteryLifeExtension)

Parameters: BYTE beaconOrder
In star mode or tree mode this specifies the beacon order of the network that the higher
layers wish to form. (0x00–0x0F)
In MESH_MODE there are no beacons and this parameter will be set equal to 0x0F. 

BYTE superframeOrder
In star mode or tree mode this specifies the superframe order of the network that the
higher layers wish to form.    (0x00–0x0F)
In MESH_MODE there are no beacons and this parameter may be omitted. If the
parameter is supplied, it will be ignored.

BOOL BatteryLifeExtension
If this value is TRUE, the NLME will request that the ZigBee coordinator is started
supporting battery life extension mode.
If this value is FALSE, the NLME will request that the ZigBee coordinator is started without
supporting battery life extension mode.

5.4.3. Confirm

Description: Confirmation by return value of nlmeStartRouterRequest, type NWK_ENUM (See
Section “6.1.1. NWK_ENUM” on page 28).

Returned Values: INVALID_REQUEST or any status value (SUCCESS, NO_SHORT_ADDRESS, 
UNAVAILABLE_KEY,FRAME_TOO_LONG, FAILED_SECURITY_CHECK or 
INVALID_PARAMETER) returned from the mlmeStartRequest function.
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5.5.  NLME-JOIN 
5.5.1. Description

Applicability: Allows Child to join network.

Prerequisites: NLME-RESET must occur before NLME-JOIN

5.5.2. Request

Description: This primitive allows the next higher layer to request to join a network either through
association or directly or to re-join a network if orphaned. 

Function Prototype: void nlmeJoinRequest(WORD panId, BOOL joinAsRouter, BOOL
rejoinNetwork, UINT32 scanChannels, BYTE scanDuration, BYTE
powerSource, BYTE rxOnWhenIdle, BYTE macSecurity) large

Parameters: WORD panId
The PAN identifier of the network to attempt to join or re-join. (0x0000–0x3FFF). Select
from available networks shown in nwkDescriptor list from NLME-NETWORK-
DISCOVERY request/confirmation.

BOOL joinAsRouter
The parameter is TRUE if the device is attempting to join the network in the capacity of a
ZigBee router. It is FALSE otherwise.
The parameter is valid in requests to join through association and ignored in requests to
join directly or to re-join through orphaning.

BOOL rejoinNetwork
TRUE:  the device is joining directly or rejoining the network using the orphaning
procedure.
FALSE:  the device is requesting to join a network through association.

UINT32 scanChannels
The five most significant bits (b27, ... ,b31) are reserved. The 27 least significant bits (b0,
b1, ... b26) indicate which channels are to be scanned (1 = scan, 0 = do not scan) for each
of the 27 valid channels.

BYTE scanDuration
A value used to calculate the length of time to spend scanning each channel. 

BYTE powerSource
This parameter becomes a part of the CapabilityInformation parameter passed to
the mlmeAssociateRequest function that is generated as the result of a successful
executing of a NWK join.

0x01: Mains-powered device,   
0x00: other power source.

BYTE rxOnWhenIdle
This parameter indicates whether the device can be expected to receive packets over the
air during idle portions of the active portion of its superframe.

0x01: The receiver is enabled when the device is idle.
0x00: The receiver may be disabled when the device is idle.

This parameter shall have a value of 0x01 for ZigBee coordinators and ZigBee routers
operating in a nonbeacon-oriented network.
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BYTE macSecurity
This parameter becomes a part of the capabilityInformation parameter passed to
the mlmeAssociateRequest function that is generated as the result of a successful
executing of a NWK join.

0x01: MAC security enabled.
0x00: MAC security disabled.

5.5.3. Indication

Description: This function allows the next higher layer of a ZigBee coordinator or ZigBee router to be
notified when a new device has successfully joined its network by association. Indication
written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_JOIN_IND;
nlmeConfirm.buffer structure: 

typedef struct {
  WORD      shortAddress;         
  ADDRESS   extendedAddress;
  BYTE      capabilityInformation;
}NLME_JOIN_INDICATION; (defined in HS_NET.h)

Parameters: WORD shortAddress;
The network address of an entity that has been added to the network.

ADDRESS extendedAddress;
The EUI of the an entity that has been added to the network.

BYTE capabilityInformation
Bitwise description of the device.

b0:  Alternate PAN coordinator:Always 0 in ZigBee v1.0
b1:  Device Type:

 1: Joining device is a router, and joining
 with joinAsRouter=TRUE.
0: End device or router joining as an end device.

b2:  Power Source:  Set to the lowest order bit of the powerSource parameter
passed to the nlmeJoinRequest primitive.  

1: mains powered
0: other

b3:  Receiver on when idle.  Set to the lowest order bit of the rxOnWhenIdle
parameter passed to the nlmeJoinRequest primitive. 

1: receiver enabled when device in idle.
0: receiver may be disabled when device is idle.

b4:  Reserved.  Always 0.
b5:  Reserved.  Always 0
b6:  Security Capability. This field shall be set to the value of lowest-order bit of the
macSecurity parameter passed to the NLME-JOIN-request primitive.  

1: MAC security enabled
0: MAC security disabled

b7:  Allocate address:  Always 1 in ZigBee v1.0.  Always allocate the joining device 
a 16-bit short address.
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5.5.4. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_JOIN_CFM;
nlmeConfirm.buffer structure: 

typedef struct{
WORD PANId;
NWK_ENUM Status;

}NLME_JOIN_CONFIRM; (defined in HS_NET.h)

Parameters: WORD PANId;
The PAN identifier from the NLME-JOIN.request to which this is a confirmation. The 2
highest-order bits of this parameter are reserved and should be set to 0.

NWK_ENUM Status
INVALID_REQUEST, NOT_PERMITTED or any status value returned from the MLME-
ASSOCIATE.confirm primitive or the MLME-SCAN.confirm primitive (SUCCESS, 
CHANNEL_ACCESS_FAILURE, NO_ACK,_NO_DATA, UNAVAILABLE_KEY, 
FAILED_SECURITY_CHECK).
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5.6.  NLME-DIRECT-JOIN 
5.6.1. Description

This primitive manually adds a child device to its neighbor table. It does not communicate or handshake with the
added child device.

Applicability: Ability to request applies only to Coordinator or Router-type devices.
All end devices are able to accept a direct join request from a parent.

Prerequisites: Device must be a Coordinator or Router to initiate.
Requesting device must know 64-bit address of device to add.
Child device must proactively initiate an nlmeJoinRequest(rejoinNetwork=TRUE)
to complete re-join.

5.6.2. Request

Function Prototype: void nlmeDirectJoinRequest(ADDRESS deviceAddress,
CAPABILITY_INFORMATION_FIELD capabilityInformation)

Parameters: ADDRESS deviceAddress
The IEEE address of the device to be directly joined. 

BYTE capabilityInformation
The operating capabilities of the device being directly joined. Refer to sections 5.5.3 and
6.2.1.

5.6.3. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_DJOIN_CFM;
nlmeConfirm.buffer structure: 
typedef struct{

ADDRESS deviceAddress;
NWK_ENUM status;

}NLME_DIRECT_JOIN_CONFIRM; (defined in HS_NET.h)

Parameters: ADDRESS deviceAddress;
IEEE address of the device joined.

NWK_ENUM status;

SUCCESS:

ALREADY_PRESENT:  Device already exists in table.

TABLE_FULL:  No capacity available for additional devices.
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5.7.  NLME-LEAVE 
5.7.1. Description

This set of primitives defines how the next higher layer of a device can request to leave or request that another
device leaves a network. This set of primitives also defines how the next higher layer of a ZigBee coordinator
device can be notified of a successful attempt by a device to leave its network.

Applicability: Both child and parent-type devices.

Prerequisites: Device to be disconnected is currently connected to network.

5.7.2. Request

Description: The Function is used to request that it or another device leaves the network.

Function Prototype: void nlmeLeaveRequest(ADDRESS deviceAddress)

Parameters: ADDRESS deviceAddress
Parent:  64-bit IEEE address of child device to remove from network.
Child:  NULL to remove itself from network.

5.7.3. Indication

Description: If the device is a child, a leave indication with a null address argument that the device has
been forced to disconnect by its parent.  
If the devices is a parent, a leave indication shows that a child has proactively removed
itself from the network.

Results: Indication written to nlmeConfirm global.
nlmeConfirm.confirmId = N_LEAVE_IND;
nlmeConfirm.buffer structure: 

typedef struct {
ADDRESS   extendedAddress;

}NLME_LEAVE_INDICATION; 

Parameters: ADDRESS extendedAddress

NULL if this device was removed by a parent device.

<IEEE address> if a child device has proactively disassociated itself from this parental

device.
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5.7.4. Confirm

Description: Confirmation written to nlmeConfirm global.
Results: nlmeConfirm.confirmId = N_LEAVE_CFM;

nlmeConfirm.buffer structure: 
typedef struct{

ADDRESS deviceAddress;
NWK_ENUM status;

}NLME_LEAVE_CONFIRM; (defined in HS_NET.h)

Parameters: ADDRESS deviceAddress

NULL if device removed itself from a parent.

<IEEE address> if device is a parent and has removed a child.

NWK_ENUM status
SUCCESS:

INVALID_REQUEST: Device is not in a network.

UNKNOWN_DEVICE: Issued if leave request made to a coordinator or router to
remove an unknown device.
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5.8.  NLME-RESET
5.8.1. Description

The function is called to request that the NWK layer performs a reset operation. This operation sets NIB values to
defaults, resets the MAC layer, and clears network-level parameters such as discovered routes.

NLME-RESET must be called immediately on power-up.

5.8.2. Request

Function Prototype: NWK_ENUM nlmeResetRequest(void)

Parameters: None.

5.8.3. Confirm

Description: Confirmation by return value of mlmeResetRequest, type NWK_ENUM (See Section
“6.1.1. NWK_ENUM” on page 28).

Returned Values: Status value returned from the mlmeResetRequest function. 
SUCCESS:

DISABLE_TRX_FAILURE:



AN241

Rev. 0.1 25

5.9.  NLME-SYNC
5.9.1. Description

The NLME-SYNC primitive is used by devices in a network to synchronize to a parent node and to request data
from the Coordinator or Router.

In a non-beacon network, this primitive is simply used by a device to request pending data from the PAN
coordinator. The track parameter should always be set to FALSE in non-beacon mode.

In a beacon-based network, this primitive serves multiple functions. First, it directs the device's MAC layer to
synchronize to the beacon from its parent. The node will continuously track beacons if the track parameter is set
to TRUE.   Second, it instructs the device to automatically send a data request to the PAN coordinator each time a
beacon frame is received indicating that data are waiting for the device. 

Applicability: Applies to both beacon-based and non-beacon-based networks.
Applies to all devices other than Coordinators.

Prerequisites: Device associated with a network.

5.9.2. Request

Description: The function is called to synchronize or extract data from its ZigBee coordinator or router.

Function Prototype: NWK_ENUM nlmeSyncRequest(BOOL track)

Parameters: BOOL track
Whether the synchronization should be maintained for future beacons or not.

5.9.3. Indication

Description: This function allows the next higher layer to be notified of the loss of synchronization at the
MAC sub-layer.

Indication written to nlmeConfirm global. According to the NWK specification, this
primitive will be generated only when nlmeSyncRequest is called. This primitive will be
generated when beacon can not be detected after several beacon periods.

Results: nlmeConfirm.confirmId = N_SYNC_IND

5.9.4. Confirm

Description: Confirmation by return value of mlmeSyncRequest, type NWK_ENUM (See Section “6.1.1.
NWK_ENUM” on page 28).

Returned Values: SUCCESS:

SYNC_FAILURE: If unable to synchronize to a parent's beacon.

INVALID_PARAMETER:  Occurs when track = TRUE on a nonbeacon network.
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5.10.  NLME-GET
5.10.1. Description

This function allows the application layer to read the value of an attribute from the NIB. Attributes are listed in
Section "6.1.2. NWK_NIB_ATTR" on page 28.

5.10.2. Request

Function Prototype: void nlmeGetRequest(NWK_NIB_ATTR NIBAttribute)

Parameters: NWK_NIB_ATTR NIBAttribute
The identifier of the NIB attribute to read.

5.10.3. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_GET_CFM;
nlmeConfirm.buffer structure: 
typedef struct{

NWK_ENUM      status;
NWK_NIB_ATTR  NIBAttribute;
WORD          NIBAttributeLength;
BYTE          *pNIBAttributeValue;

}NLME_GET_CONFIRM; (defined in HS_NET.h)

Parameters: NWK_ENUM status
SUCCESS:
UNSUPPORTED_ATTRIBUTE:

NWK_NIB_ATTR  NIBAttribute
See attributes, Section 6.1.2.

WORD NIBAttributeLength
Length in octets (0x0000 - 0xFFFF)

BYTE *pNIBAttributeValue
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5.11.  NLME-SET
5.11.1. Description

This function allows the application layer to write the value of an attribute from the NIB. Attributes are listed in
Section "6.1.2. NWK_NIB_ATTR" on page 28.

5.11.2. Request

Description: This function allows the next higher layer to write the value of an attribute into the NIB.

Function Prototype: void nlmeSetRequest(NWK_NIB_ATTR NIBAttribute, BYTE 
NIBAttributeLength, void *pNIBAttributeValue)

Parameters: NWK_ENUM NIBAttribute
The identifier of the NIB attribute to be written.

WORD NIBAttributeLength
The length, in octets, of the attribute value being set.

void *pNIBAttributeValue
Pointer to the value of the NIB attribute that should be written.

5.11.3. Confirm

Description: Confirmation written to nlmeConfirm global.

Results: nlmeConfirm.confirmId = N_SET_CFM;
nlmeConfirm.buffer structure: 
typedef struct{

NWK_ENUM        status;
NWK_NIB_ATTR    NIBAttribute;

}NLME_SET_CONFIRM; (defined in HS_NET.h)
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6.  Shared Type Definitions, Structures and Defines

6.1.  HS_Net.h
6.1.1. NWK_ENUM
BYTE NWK_ENUM;

#define SUCCESS                          0x00
#define NWK_INVALID_PARAMETER            0xc1
#define INVALID_REQUEST                  0xc2
#define NOT_PERMITTED                    0xc3
#define STARTUP_FAILURE                  0xc4
#define ALREADY_PRESENT                  0xc5
#define SYNC_FAILURE                     0xc6
#define TABLE_FULL                       0xc7
#define UNKNOWN_DEVICE                   0xc8
#define NWK_UNSUPPORTED_ATTRIBUTE        0xc9

6.1.2. NWK_NIB_ATTR
typedef enum {
    NWK_BSCN = 0x81,
    NWK_PASSIVE_ACK_TIMEOUT,
    NWK_MAX_BROADCAST_RETRIES,
    NWK_MAX_CHILDREN,
    NWK_MAX_DEPTH,
    NWK_MAX_ROUTERS,
    NWK_NEIGHBOR_TABLE,
    NWK_NETWORK_BROADCAST_DELIVERY_TIME,
    NWK_REPORT_CONSTANT_COST,
    NWK_ROUTE_DISCOVERY_RETRIES_PERMITTED,
    NWK_ROUTE_TABLE,
    NWK_SECURE_ALL_FRAMES,
    NWK_SECURITY_LEVEL,
    NWK_SYM_LINK,
    NWK_CAPABILITY_INFORMATION
} NWK_NIB_ATTR;

6.2.  mac.h
6.2.1. CAPABILITY_INFORMATION_FIELD
typedef struct tag_CAPABILITY_INFORMATION_FIELD
{
  unsigned char   AlternatePANcoordiantor    :1;
  unsigned char   DeviceType                 :1;
  unsigned char   PowerSource                :1;
  unsigned char   ReceiverOnWhenIdle         :1;
  unsigned char   Reserved                   :2;
  unsigned char   SecurityCapability         :1;
  unsigned char   AllocateAddress            :1;
}CAPABILITY_INFORMATION_FIELD;
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6.2.2. MAC_ENUM
typedef BYTE MAC_ENUM;

#define SUCCESS                 0
#define BEACON_LOSS             0xE0
#define CHANNEL_ACCESS_FAILURE  0xE1
#define DENIED                  0xE2
#define DISABLE_TRX_FAILURE     0xE3
#define FAILED_SECURITY_CHECK   0xE4
#define FRAME_TOO_LONG          0xE5
#define INVALID_GTS             0xE6
#define INVALID_HANDLE          0xE7
#define INVALID_PARAMETER       0xE8
#define NO_ACK                  0xE9
#define NO_BEACON               0xEA
#define NO_DATA                 0xEB
#define NO_SHORT_ADDRESS        0xEC
#define OUT_OF_CAP              0xED
#define PAN_ID_CONFLICT         0xEE
#define REALIGNMENT             0xEF
#define TRANSACTION_EXPIRED     0xF0
#define TRANSACTION_OVERFLOW    0xF1
#define TX_ACTIVE               0xF2
#define UNAVAILABLE_KEY         0xF3
#define UNSUPPORTED_ATTRIBUTE   0xF4
#define RX_DEFERRED             0xF5

6.3.  mac_headers.h
6.3.1. ADDRESS
typedef union {
  BYTE Extended[8];
  WORD Short[4];
  }ADDRESS;



AN241

30 Rev. 0.1

CONTACT INFORMATION
Silicon Laboratories Inc.
4635 Boston Lane
Austin, TX 78735

Internet: www.silabs.com

Silicon Laboratories and Silicon Labs are trademarks of Silicon Laboratories Inc.
Other products or brandnames mentioned herein are trademarks or registered trademarks of their respective holders.

The information in this document is believed to be accurate in all respects at the time of publication but is subject to change without notice. 
Silicon Laboratories assumes no responsibility for errors and omissions, and disclaims responsibility for any consequences resulting from 
the use of information included herein. Additionally, Silicon Laboratories assumes no responsibility for the functioning of undescribed features 
or parameters. Silicon Laboratories reserves the right to make changes without further notice. Silicon Laboratories makes no warranty, rep-
resentation or guarantee regarding the suitability of its products for any particular purpose, nor does Silicon Laboratories assume any liability 
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation conse-
quential or incidental damages. Silicon Laboratories products are not designed, intended, or authorized for use in applications intended to 
support or sustain life, or for any other application in which the failure of the Silicon Laboratories product could create a situation where per-
sonal injury or death may occur. Should Buyer purchase or use Silicon Laboratories products for any such unintended or unauthorized ap-
plication, Buyer shall indemnify and hold Silicon Laboratories harmless against all claims and damages. 
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