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CHAPTER 1: INTRODUCTION 
Skyworks Inc. has sponsored a WPI Major Qualifying Project involving the design of a tunable filter for 
the radio-frequency (RF) section of a smartphone. In the RF section of a smartphone, there are several 
radios that are selected in order for the proper data to be transmitted and received by the RF front end. 
Each radio operates in a different frequency range and rejects any undesired data transfer. For example, 
3G cellular data uses 850 MHz, 1700 MHz, 1900 MHz, and 2100 MHz bands, depending on the cellular 
carrier, while GPS uses 1.2 GHz, and 1.5 GHz, and 4G cellular Long Term Evolution (LTE) operates at 
700 MHz. Bandpass filters with a center frequency and a bandwidth selection consistent with the 
particular cellular standard are used for this purpose. In general, the operation of bandpass filters is such 
that they ideally provide no attenuation in the pass band and total attenuation in the stop band. Figure 1 
shows the ideal and realistic magnitude response of a bandpass filter. 

 
Figure 1. Ideal bandpass filter response compared with a more realistic response 

Our project involves designing and analyzing a single bandpass filter that can be tuned to various center 
frequencies. This approach is in contrast to using one bandpass filter for each application and frequency 
range. A significant amount of research has been conducted on tunable components that can potentially be 
employed for our approach, such as capacitors. We first researched ways of tuning the bandpass filter’s 
center frequency by investigating the diverse technologies for the implementation of tunable capacitors, 
discussed in Chapter 2. In addition, we researched a plethora of filter configurations that could provide us 
with the filter response set by the project requirements. By changing the capacitance values of the 
components in the design, we will be able to choose the operating center frequency for our filter. The 
band of frequencies that will be considered for this project include frequencies in cellular band 25 (1850 
MHz – 1955 MHz). However, our challenge is not only to be able to tune the designed bandpass filter to 
the specified frequencies, but also to provide proper bandwidth and isolation from other frequency bands.  
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CHAPTER 2: BACKGROUND 
In this section, we discuss the theoretical research conducted to provide a basis of knowledge for this 
project. First, we introduce the current state-of-the-art handset architecture of a smartphone including the 
current interface between RF switches and bandpass filters. Then, we discuss filter classifications and 
design parameters of several different types of bandpass filters. Finally, we present several different types 
of tunable components that could be used in our ultimate design. 

2.1 Current State-of-the-Art Handset Architecture 
The current “state of the art” in the cellular phone industry is a “smartphone”. These phones are not only 
able to make phone calls, but also provide data links to the Internet using both cellular service and Wi-Fi, 
determine the phone’s exact location using GPS, and interface to other devices using Bluetooth. Each of 
these functions uses RF frequency bands to communicate with base stations and other devices. However, 
one single radio cannot operate all the bands and functions required. Therefore, multiple radios are 
implemented for each cellular function. Figure 2 shows the cellular RF section of a phone, depicting 
multiple radios, fixed filters, and RF switches. A received signal from the base station is picked up from 
the antenna, switched to the proper path in block A, filtered through a duplex filter where the desired 
signal is isolated from interference, and routed to the receiver module of the RF transceiver chip. A 
transmitted signal from the handset originates from the transmit module of the RF transceiver chip and 
can take one of two paths depending on the standard that it is being transmitted in. The first is through a 
power amplifier, connected to a bandpass filter to isolate the signal from interference, then directly to the 
switch in block A to be connected to the antenna. The second is through a power amplifier, then into a 
switch in block B to select the filtering frequency range, then through a duplex filter to isolate from 
interference, and then to the switch in block A to be connected to the antenna. 

 
Figure 2. Typical RF front end showing transmitters, receivers, fixed filters, RF switches, and antennas [27] 
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Most cellular transmissions and receptions use frequency division duplexing (FDD), where the transmitter 
and receiver portion of the radio are active at the same time. This requires significant isolation between 
the transmitter and receiver so that the handset transmitter does not desensitize the handset receiver 
causing the signal from the base station to be degraded. The simplest method of isolating transmit and 
receive signals is to move the transmitter antenna far away from the receiver antenna. However, in 
smartphone handsets, where space is minimal, filters can be implemented to achieve the required 
isolation. Currently, each receiver and transmitter pair is connected to a fixed bandpass filter that provides 
at least 50 dB of isolation to the receiver from the transmitter frequency range. The filter used, called a 
duplexer, combines the filtered signals into a single transmission line, so that the transmitter and receiver 
can share the same antenna. 

The filtered signals from the each duplexer are switched through an RF switch with the switching 
capacity to accommodate each radio pair in the phone, generally SP7T-SP10T in smartphones [27]. The 
RF switch is identified as “A” and “D” in Figure 2. A multi-band antenna, matched at all frequencies used 
through the RF switch, is connected to the output of the switch. 

Cellular “Band 25” encompasses frequencies from 1850 MHz – 1955 MHz, and is commonly used for 
both voice and data applications in the United States cellular system. The band of 1850 MHz – 1915 MHz 
is used for base station transmission to handset receivers, and 1930 MHz – 1995 MHz is used for handset 
transmission to base station receivers. The specification for this band defines a 20 MHz or less carrier 
bandwidth and 80 MHz offset between transmit and receive frequencies [1]. The transmitter and receiver 
frequencies are assigned in pairs, so the offset between the two will always be the same within this band.  

The potential implementation of tunable filters in a cellular handset is highly attractive as it could replace 
both the fixed bandpass filters and the RF switches, resulting in a reduction of components, saving space 
and cost, but at the disadvantage of reduced performance. Figure 3 highlights components that could be 
replaced with tunable filters. 

 
Figure 3. Showing the potential for tunable filters in the typical cellular RF front end. The RF switches and fixed filters 

are replaced with the tunable filter only [27]. 
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2.2 3GPP LTE Standard 
The Third Generation Partnership Project (3GPP) is a collaboration of telecommunications associations 
responsible for developing global standards for cellular communication. The latest standard developed for 
cellular telecommunication is called Long Term Evolution (LTE), and is mainly geared toward data 
communication. The infrastructure is fully IP based and designed to support voice communication over IP 
[26]. One physical requirement of the LTE standard is that the bandwidth of the carrier signal can be 
selectable to 1.4 MHz, 3 MHz, 5 MHz, 10 MHz, 15 MHz, and 20 MHz based on available frequency 
resources. Additionally, the supported antenna configuration is up to 4 transmitter antennas and 4 receiver 
antennas, using Multiple Input Multiple Output (MIMO) technology. According to the LTE technical 
standard, these different bandwidth and antenna configurations can be dynamically assigned by the base 
station sending a signal to the handset, selecting the appropriate configuration [25].  The peak data rate of 
the LTE standard with 20MHz bandwidth and the best antenna configuration is 300 Mb/s downlink (base 
station to handset), and 170 Mb/s uplink (handset to base station). LTE uses Orthogonal Frequency 
Division Multiple Access (OFDMA). This is in contrast to previous data transmission standards that used 
Time Division Multiple Access (TDMA), and Code Division Multiple Access (CDMA) such as 
GSM/EDGE (Global Standard for Mobile Communication/Enhanced Data for GSM Evolution), and 
UMTS/HSPA (Universal Standard Telecommunications System/High Speed Packet Access) [23, 24]. 
LTE has been implemented alongside these standards in handset devices, so that they can continue to use 
legacy infrastructure as LTE is rolled out.  

OFDMA is a method of multiplexing signals where a high speed data signal is modulated on multiple low 
speed carriers, the many signals are recollected and combined at the receiver to reform the high speed 
signal. This method of transmission minimizes multipath distortion [26]. TDMA is a method of 
multiplexing where multiple users share the same frequency, but transmit and receive at different times. 
The time is very short and is not noticeable to the end user. CDMA allows multiple users to share the 
same frequency and time, but are distinguished by codes encoded in the signal [31]. Newer cellular 
devices are capable of operating in all three of these transmission modes, and they should be kept in mind 
for the design relating to this project.  

2.3 RF Filter Classifications and Design Parameters 
There are many design parameters that must be taken into account when analyzing the performance of an 
RF filter. Not only do the values of the inductors and capacitors influence the filter characteristic, but the 
configuration of these components can also lead to different design parameters [2]. Bandpass filters are 
unique because they pass a specific range of frequencies centered about a center frequency. The 
frequencies between the upper and lower limit, referred to as the pass band, have very low attenuation 
compared to other frequencies in the transition band and stop band. Ideally, there would be no attenuation 
in the pass band and complete attenuation in the stop band; however, this is not a realistic expectation 
since no component is perfect [2]. Filters can be designed to comply with several requirements. In order 
for the filter to meet the different criteria, basic circuit configurations and values may differ. Four 
different filter topologies we considered are the Butterworth bandpass filter, Chebyshev I bandpass filter, 
Chebyshev II bandpass filter, and the Elliptic bandpass filter. Table 1 compares the typical behavior of 
each of these filters. 

Table 1. Comparison of Filter Classifications 

 Butterworth Chebyshev I Chebyshev II Elliptic 
Ripple No ripple in 

either band 
Ripple in pass 

band 
Ripple in stop 

band 
Ripple in both pass band 

and stop band 
Roll-off Low High Moderate Very high 
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The key design parameters in Table 1 review the band of frequencies where ripples occur as well as the 
roll-off, which is defined by the transition from pass band to stop band. Other design parameters that 
should be explored when designing a filter include insertion loss, quality factor, phase, and the filter order 
[3]. The filter order increases for each capacitor or inductor used in the design. Additionally, the roll-off 
from pass band to stop band increases with each additional energy storage component. Figure 4 shows the 
magnitude response of the considered filter topologies superimposed on the same plot. Each filter was 
designed to have the same center frequency, low cutoff frequency, and high cutoff frequency. 

 
Figure 4. Magnitude responses of different filter configurations, Butterworth, Chebyshev I, Chebyshev II, and Eliptic [32]  

As previously mentioned, a perfect filter would introduce no power loss in the pass band. This is another 
way of specifying that there would be no insertion loss; however, realistically, a power loss is expected. 
The insertion loss quantifies how much below the 0 dB line the power amplitude response drops [3]. The 
insertion loss (IL) is quantified by:  

 𝐼𝐿   𝑑𝐵 = 10 log
𝑃!
𝑃!

= −20𝑙𝑜𝑔 𝑆!"  (1) 

In Equation (1), PL is the power delivered to the load, PA is the available power from the source, and S21 is 
the scattering parameter expressing the forward voltage gain. Even ideal filters with ideal inductors and 
capacitors suffer from insertion losses [3]. The quality factor at the filter’s resonant frequency is 
quantified by: 

 𝑄 =   𝜔
𝑊!"#$%&

𝑃!"##
 (2) 

In Equation (2), Ploss is the power loss of the filter and Wstored is the energy stored in the filter. The quality 
factor is also the inverse of the loss tangent (tanΔ). Typically, capacitors have higher quality factors than 

Filter order: 
Butterworth – 7 
Chebyshev I&II – 5 
Elliptic – 4 
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inductors due to the equivalent series resistance (ESR) being much greater in inductors than capacitors 
[3]. 

2.4 Tunable Filter Solutions 
In this section, we examine a set of various technologies that have been utilized to design tunable filters 
throughout the history of engineering. The devices that we have researched include: Yttrium Iron Garnet 
ferrimagnet, Barium Strontium Titanate ferroelectric material, varactor diodes, MEMS capacitors and 
digitally tunable capacitors. For each implementation, there are many parameters regarding these 
technologies that can affect the performance of the circuit. Therefore, it is important to consider all these 
before making a choice on which technology to use for a specific application. We conclude the chapter 
with a review of some implementation of these technologies that have been patented. 

2.4.1 Yttrium Iron Garnet (YIG) Tunable Filters 
One of the oldest technologies for implementing filter tuning is the Yttrium Iron Garnet technology. 
Yttrium Iron Garnet is a ferrimagnetic material whose magnetic dipoles precess at a frequency of the 
external magnetic field applied to the material. Additionally, this technology exhibits extremely low 
losses, which attributes to YIG being a good candidate for tunable filter technology [8]. Phillip S. Carter 
began exploring this technology in the 1960s and was one of the first researchers to investigate and 
explain its concept of operation. In his article from 1961, “Magnetically-Tunable Microwave Filters 
Using Single-Crystal Yttrium-Iron-Garnet Resonators” he provides the illustration of concept shown in 
Figure 5. 

 
Figure 5. Magnetic resonance filter 

The two coils are perpendicular to each other and a small sample of YIG ferrite is placed at the center of 
their cross section, as shown in Figure 5. Once the DC magnetic field is applied along the z-axis and a RF 
driven current Ixejwt (note the frequency dependency) is provided at the terminals of the x coil, magnetic 
dipoles in the YIG ferrite precess around the x-axis. This induces an RF magnetic moment along the y-
axis and voltage in the y circuit. Therefore, the resonant frequency of the YIG filter is tuned by changing 
the magnetic field and the current that are externally applied to the ferrite [9]. 

However, there is a requirement that the unloaded Q value of the resonator be high in a low-insertion and 
narrow bandpass filter implementation. The unloaded Q value refers to the properties of the ferrite that 
includes the damping time and the gyromagnetic ratio. The second requirement for low insertion loss is 
that the narrow passpand requires the external Q value to be significantly lower than the unloaded Q 
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value. External Q value relates to the loops, strip-transmission lines and TE10 mode rectangular 
waveguide that are operating in conjunction with the YIG ferrite material. One of the disadvantages of the 
YIG ferromagnetic tunable filters is the low tuning speed, which is generally in range from tens of 
microseconds to a few milliseconds [10]. 

2.4.2 Barium Strontium Titanate Tunable Filters  
Barium Strontium Titanate (BST) is a ferroelectric material that is a promising candidate for the 
applications of tunable filters. A few ideal characteristics include its dependence on the dielectric 
permittivity of an applied electric field, high dielectric constant and low production costs. 
 
Ferroelectric materials are dielectric materials known for their ability to achieve spontaneous polarization 
that can be reversed in the presence of an external electric field.  When an external field is applied to a 
regular dielectric material, the electric dipole moments within the material will align themselves in 
accordance with the direction of the applied electric field. On the other hand, in materials such as 
ferroelectrics, this polarization can happen even without the external electric field. Once the electric field 
that does not exceed the breakdown limit of the crystal is applied to the ferroelectric, its dipole moments 
will reverse to align with the field. 
 
Another unique aspect of the ferroelectric materials is that they become paraelectric past the transition 
temperature, known as the Curie temperature [11]. At the Curie temperature they undergo a structural 
change while achieving the highest dielectric constant that decreases with further temperature increase, as 
shown in Figure 6. 
 

 
Figure 6. Ferroelectric material change of state at Tc [11] 

Above the Curie temperature, the material no longer has spontaneous polarization and it obtains 
paraelectric properties. Paraelectric materials become polarized in the presence of an external electric 
field just like the ferroelectric materials, but unlike ferroelectrics, polarization in paraelectrics can occur 
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even when there is no permanent electric dipole in the material. Additionally, polarization of paraelectric 
materials returns to zero in the absence of the external field.  
 
BST has been found as one of the most suitable ferroelectrics for the tunable filter application as it has a 
higher dielectric constant, lower losses and higher tunability. Moreover, its high capacitance density 
allows for construction of higher capacitor values within a smaller area [11]. Unlike conventional varactor 
diodes, BST varactors have no forward conduction region and perform well in applications involving high 
RF voltage swings over the full range of the DC tuning voltage [12]. 

2.4.3 Varactor diodes 
Varactor diodes, or varicap diodes, are semiconductor devices whose capacitance varies as a function of 
the voltage applied across its terminals. They are widely used in applications where voltage controlled 
variable capacitance is required [18]. Thus, a varactor diode is one of the candidates that can be integrated 
as part of a tunable filter design approach. 

Varactor diode is in essence a p-n junction exhibiting the characteristics of a variable capacitor. Under 
reverse bias condition, no current can flow and the diode’s reverse resistance is almost infinity. The 
depletion region at the p-n junction acts like an insulating dielectric sandwiched between conductive 
plates of a capacitor. The symbol for the varactor diode can be seen in Figure 7. 

 
Figure 7. Varactor diode symbol 

Generally, capacitance is a function of the plate surface area, the dielectric constant of the insulator and 
the distance between the two plates. In the case of a varactor diode, the distance between two plates 
depends on the width of the depletion region that also varies with the applied voltage. Therefore, the 
capacitance of the diode can be controlled by an applied voltage between the p-n junctions. The 
capacitance of the varactor diode is described by: 

 𝐶 =
𝐶!

𝑉
𝑉!"

+ 1
! (3) 

In Equation (3), C is the varactor diode capacitance, C0 is the zero bias capacitance, V is the reverse bias 
voltage, Vbi is the built-in voltage potential, and n represents the slope of the Log C vs. Log V curve. 
	  
As Equation (3) illustrates, when the magnitude of the reverse bias voltage increases, the capacitance 
decreases and vice versa. In addition, the varactor diode capacitance is also a function of the doping 
structure introduced within the semiconductor during the wafer fabrication process. In particular, the 
exponent n is 0.33 if the diode has a graded junction (linear variation), 0.5 for an abrupt junction (constant 
doping density). If the density jumps abruptly at the junction and then decreases (called hyper-abrupt), n 
can be as high as 2 [19, 20]. 

A varactor diode tends to be physically small, inexpensive and has a very high tuning speed, which makes 
its use advantageous in tunable filters. However, its disadvantages include low Q value, poor power 
handling capabilities and highly nonlinear characteristics at high frequencies [15]. 
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2.4.4 MEMS tunable capacitors 
Another important type of tunable components that can be used to implement a tunable filter is the 
MEMS or micro-electro-mechanical systems capacitor that is made through micro fabrication. Due to the 
unique capabilities enabled by micromechanical tuning and the low loss materials used in the 
construction, RF-MEMS has become a key technology in many RF applications [15]. 

Although there are many types of tunable MEMS capacitors, their operation is basically the same. MEMS 
technology operates using a DC voltage to control the mechanical structure of the capacitor such as the 
area of the two plates, or the distance between the two plates. An example of a MEMS capacitor is the 
metal membrane variable capacitor. It consists of two parallel plate electrodes, one of which is metallic 
[16]. The capacitance is tuned by varying the gap between the two plates by electrostatic actuation as 
shown in Figure 8. 

 
Figure 8. Cross section of an RF MEMS capacitor in the un-actuated (a) and actuated (b) position [16] 

In general, RF tunable MEMS capacitors are easily integrated, have excellent functionality, and perform 
well for RF applications. They have good linearity, low power consumption, small size and high Q value 
at high frequencies. However, a disadvantage of MEMS technology is its challenging fabrication and 
packaging process that requires the ability to deposit very thin films of material on the substrate [15]. 

2.4.5 Digitally Tunable Capacitors 
Digitally Tunable Capacitors (DTCs) are variable circuit components whose capacitance is controlled by 
a set of FET switches in a combination with a digital SPI interface. The DTCs are made up of several 
high Q-factor metal-insulator-metal (MIM) capacitors and an array of digitally controlled FET switches 
that determine the total value of the capacitor bank available at a certain control setting as can be seen in 
Figure 9. This control setting is a digital input that feeds in a binary value corresponding to a certain 
number of switches to be turned on and hence determining how many capacitors will contribute to the 
total capacitance value. All this is contained within a single die and there is no need for additional control 
components [13]. 
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Figure 9. Block diagram of DTC [13] 

MIM capacitors are generally connected in parallel to each other and each capacitor is connected to a FET 
switch in series. The maximum capacitance is achieved when all the switches are ON since the total 
capacitance of individually connected capacitors in parallel is additive. The minimum capacitance is 
achieved when all the switches are off. 

Shown in Figure 10 is the equivalent circuit for the DTC. It consists of three main parts: The tuning core 
(RS and CS), the parasitic package inductance (LS) and the shunt parasitic network (CP, RP1, RP2).  

 
Figure 10. Equivalent circuit for DTC [13] 

One advantage of the DTC is that it has a very linear response. Its capacitance is proportional to input 
from the digital control circuit in a discrete fashion. The resolution is dependent on the number of discrete 
steps between the minimum and maximum capacitance value. Additionally, there will be a difference in 
capacitance values between series and parallel configurations. More specifically, the capacitance values 
will be higher should the DTC be configured in parallel with the rest of the circuitry. This is due to the 
fact that when in parallel DTC’s RF- end is usually connected to ground which results in CS and CP 
essentially being in a parallel connection as well. Parallel connection between the tuning core capacitance 
CS and the parasitic capacitance CP results in addition of the two and hence creating capacitance values 
that are greater than those of the series connection. Figure 11 portrays the capacitance difference between 
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these two configurations. However and most importantly, both configurations still exhibit the desired 
linear behavior. 

 
Figure 11. Capacitance in series and shunt configurations [13] 

The Q value is dependent on the configuration the DTC is in. It is significantly more difficult to 
determine the dissipative losses in series connection as they depend on the source and load impedances. 
[13] The Q value behavior for the shunt configuration is dependent on the Q value of the tuning core and 
the parasitic network capacitance. The Q value of the DTC in shunt configuration decreases with 
frequency and the state it is in as can be observed in Figure 12. In State 31, which represents 31 capacitors 
on, and at 300MHz, the quality factor is in its 40s, whereas at 2GHz it drops to approximately 12. This is 
one of the downsides and potential design challenges of implementing the DTC for our project. 

 
Figure 12. Quality factor of the DTC in shunt configuration [13] 
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2.4.6 Comparison of Several Component Technologies 
Several of the aforementioned technologies available for tunable microwave applications are compared in 
Table 3. 

Table 2. Comparison of competing technologies with BST [9, 11, 13, 28, 29, 30]  

Properties Varactor Diode MEMS BST DTC YIG 
Tunability 
(High Q) Good Low Good High High 

RF loss Moderate  
(Q < 60 typically) 

Very Good 
(Q < 200) 

Moderate  
(Q < 100 
typically) 

Moderate (Q < 
50 typically) 

Very good 
(Q < 200) 

Control 
Voltage 

< 10V < 60V < 5-30V < 30V < 28V 

Tuning Speed Fast 
1-5 nanoseconds 

Slow 
> 5 

microseconds 

Fast 
< 30 nanoseconds 

Fast 
< 12 

nanoseconds 

Slow 
> 1 milliseconds 

Power 
Handling 

Capability 

Poor Excellent Trades with 
Control Voltage 

Excellent Excellent 

 
According to Table 2, varactor diodes have good tunability, fast tuning speed and small size. However, 
these components have junction noise, poor power handling capability and require a reverse bias 
condition to sustain a capacitive effect. MEMS based devices are linear in response as well as maintain 
very low RF loss high tunability properties. Nevertheless, these devices are relatively slow, can be 
unreliable and have high packaging cost. BST technology is advantageous over both semiconductor and 
MEMS devices due to low cost, higher break down voltages, higher power handling capability and low 
packaging cost. YIG materials excel in all factors except in the tuning speed as they exhibits speeds in the 
range of milliseconds. Finally, the DTCs have high tenability, moderate RF loss, operate as high speeds 
and have excellent power handling capability. 

2.4.7 Prior Art Patents 
Christopher Rice and Harry Worstell of Lucent Technologies Inc. hold a patent entitled “Filter having 
tunable center frequency and/or tunable bandwidth” [6]. They detail in their patent a basic bandpass filter 
topology and identify the elements needed to be tunable in order to change the center frequency as well as 
the passband of the filter response. As shown in the circuit diagram in Figure 13, they show that the shunt 
capacitances and inductances should be tunable, while the coupling capacitors remain of constant value. 
According to the schematic, both the shunt inductance and capacitance need to be variable to adjust the 
frequency and bandwidth of the filter response. The capacitance must change a ratio less than 1:9:1 and 
the inductance must change over 7:0:1. The inventors recommend the use of microstrip lines, and FET 
switches to vary the capacitances and inductances, but recognize that other tunable elements can be used 
[6]. This approach may not be practical for the application of tunable filters within a smartphone handset, 
because a tunable inductor is very difficult to implement. The method previously discussed of switching 
microstrip lines of appropriate length to provide different inductances could not be realized in the small 
space available in phone handsets. 
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Figure 13. Circuit diagram from Rice and Wortell’s patent showing elements required to be tunable and elements 

required to be fixed for the filter to be tuned [6] 

Michael Koechlin of Hittite Microwave Corporation holds a patent “Wideband analog bandpass filter.” 
The inventor provides a schematic of a bandpass filter that is tunable in both frequency and bandwidth 
using varactor diodes, but acknowledges the potential use of MEMS capacitors or discretely tunable 
elements. In his design he couples the varactor diodes anode to anode in shunt with an inductor, with the 
control voltage connected between the two diodes, changing the capacitance and tuning the response of 
the filter.  He also asserts that it is important to use the resistor, R1, as shown in Figure 14, to improve 
rejection of harmonics in the stopband [7]. This implementation could be realized for the purposes of this 
project, however as discussed earlier in this section, varactor diodes have drawbacks that can be 
overcome using other components.  

 
Figure 14. Circuit diagram showing the bandwidth and frequency controlled filter patented by Koechlin [7] 
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2.5 Acoustic Filter Technology  
Another filter technology that currently dominates in wireless communications is acoustic filtering. 
Surface-Acoustic-Wave (SAW) filters and Bulk-Acoustic-Wave (BAW) filters are two different types of 
acoustic filters that are available on the market [4]. Both of them are mechanical filters that exploit the 
piezoelectric properties of the substrate.  While SAW filters have been used in many applications since 
the early days of mobile phones, BAW filters were first introduced in 2001. This section concentrates on 
providing background information of these two filters including the operation, performances, as well as 
their strengths and weaknesses. 

2.5.1 SAW filter 
A SAW filter consists of three main elements that are two interdigital transducers and a piezoelectric 
substrate. The structure of a SAW filter is shown in Figure 15. 

 
Figure 15. SAW filter consists of two transducers and a piezoelectric crystal substrate [5]  

When an electromagnetic signal is transmitted to the input interdigital transducer, it is then converted to 
an acoustic wave. This acoustic wave propagates through a piezoelectric substrate before being detected 
and converted back to an electric signal by the output transducer. However, certain frequencies 
transmitted through the filter generate standing waves across the substrate. Other frequency components 
are diminished because of destructive interference. Thus, the system behaves exactly like a bandpass 
filter. The choice and cut of piezoelectric substrate material and the shape and spacing of the transducer 
electrodes play a crucial role in determining every signal characteristic of the filter including the resonant 
frequency, bandwidth and roll-off factor [5]. 

2.5.2 BAW filter 
Unlike SAW filters, the acoustic wave in a Bulk-Acoustic-Wave Filter (BAW) propagates vertically 
inside rather than on the surface of the substrate, as shown in Figure 16. Therefore, their structures are 
different. BAW resonators consist of a thin layer of a piezoelectric material and two metal transducers 
parched on the opposite faces of the substrate [21]. These electrodes then generate and detect acoustics 
waves bouncing from the top to bottom electrodes. Similar to the SAW filter, standing waves are formed 
between the two electrodes and the resonance frequencies are strictly controlled by the mechanical 
structure of the filter such as layer thickness, distance between the two electrodes [22]. 
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Figure 16. In a BAW filter, acoustic wave bouncing from the top to bottom of the electrodes rather than on the surface of 

the substrate [4]  

2.5.3 Performance 
The conversion between electrical and acoustic waves at the two transducers induces extremely low 
insertion loss. Not only are SAW and BAW filters highly selective for the pass band, but they also have 
high quality factors and fast roll-off.  Additionally, they are small in size and have low power 
consumption, which could conserve battery life in a mobile phone application. Although the BAW filter 
is more complicated to produce compared to the SAW filter, it performs better at microwave frequencies. 
Although these filter technologies are highly superior, they are also nonlinear and have a high process 
complexity [4, 5]. Due to their mechanical nature, these types of filters are unable to be tunable and will 
not be investigated for the purposes of design in this project. 
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CHAPTER 3: OBJECTIVES 
The objective of this project is to design and simulate a tunable filter that is suitable for cellular band 25 
(1850 - 2100 MHz) and which meets the requirements for the cellular 3GPP LTE standard. Band 25 
specification requires transmit and receive bandwidth of up to 20MHz. In addition, there is an 80 MHz 
offset between transmit and receive frequencies. The filter will be first designed using lumped element 
inductors and capacitors. In order to demonstrate the characteristics of the filter, the industry standard 
Advanced Design System (ADS) was used to simulate the filter and show its response.  Specifically, the 
requirements are: 

1. Design a tunable bandpass filter constrained by the specifications of cellular band 25 
a. Filter bandwidth of 20 MHz 
b. Isolation of -50 dB needs to be provided at an offset of 80 MHz between transmit and 

receive frequency 
2. Choose components within the constraints of available technology 

a. Use lumped elements 
b. Limit inductor and capacitor values to what is available to Skyworks 
c. Limit the tuning range of the components to what is available 
d. Limit Q values of components to those that are commonly available in production 

3. Use Agilent’s Advanced Design System to simulate this filter 
a. Provide frequency and phase response plots for all frequency bands that the filter will 

operate in 
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CHAPTER 4: APPROACH 
We have researched the current state-of-the-art of the RF section of cellular devices, filter types and 
topologies, and tunable elements that can be used to adjust the center frequency of the filter while keeping 
the bandwidth constant. The potential filter topologies were simulated in ADS using ideal lumped 
element components.  

The next step was to investigate the performance of different types of filters including Butterworth and 
Chebyshev. The amplitude and phase response of the filters were observed by plotting the magnitude and 
phase of the S21 parameter in ADS. The responses and the complexity of these filters were compared in 
order to determine the best solution that satisfies the desired specification.  

Once fully realized, the filter would not perform according to the ideal behavior of the virtual 
components. Therefore, we decided in our research to simulate the lumped elements with appropriate Q 
values. To determine the Q values of each component, we researched several available components on the 
market. It was expected that design modifications would become necessary in order for the filter to 
perform to specification with the lessened quality factor of the components. 

Determining component values that provided the desired response was a key consideration in designing 
our filter configuration. In this section, we used the ADS simulator as well as a mathematical model to 
determine values for the filter components. It was expected that the mathematical model would be more 
useful in the initial design phase. 

Once filter topologies were realized that meet the objectives of the project, we prepared and presented the 
design options and our recommendations for the design with the best performance.  

4.1 Fundamental Filter Theory 
The approach to RF filter design that is commonly used is based on a normalized low pass filter 
configuration, which can then be synthesized into a unique filter performance [2]. A normalized filter has 
a cut-off frequency of 1 radian per second, or 0.159 Hz, and is terminated with a 1 Ω resistance. Two 
equivalent realizations of the normalized lowpass filter are shown in Figure 17. 

 
Figure 17. Two equivalent realizations of a normalized low pass filter [3] 

In Figure 17, the values for the g’s involve inductors and capacitors in Henries and Farads, respectively, 
and can be found in many pre-calculated tables for different types of filters. In order to arrive at the 
realizable filters, these coefficients are de-normalized to meet realistic frequency and impedance 
requirements [3]. The transformation between normalized lowpass filter and actual bandpass filter is 
captured in Table 3. 
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Table 3. Bandpass filter transformation and de-normalization 

Lowpass filter prototype Bandpass filter realization 

 
𝐿 = 𝑔! 

 

𝐿𝑅!
2𝜋 𝑓! − 𝑓!

 

 
𝑓! − 𝑓!
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𝑅! 𝑓! − 𝑓!
2𝜋𝑓!𝑓!𝐶

 

 

In Table 3, f1 and f2 refer to the low and high cutoff frequencies, respectively, and RG denotes the serial 
impedance of the source which is usually mapped to the characteristic impedance of the transmission line. 
The final standard bandpass filter schematics are shown in Figure 18. The choice of inductors and 
capacitors is crucial to the performance characteristic of the filter. It is important to note that high quality 
components should be used when constructing these filters to ensure that the required performance is 
obtained [2]. 

 

 
Figure 18. General bandpass filter topologies [3] 

Applying the processes described above, we started our design with a third order bandpass filter. The 
center frequency is around 1.95 GHz and the filter has to meet a bandwidth of 20MHz. and match to a 
50Ω characteristic line impedance. The values for the g coefficients were determined using the existing 
literature. For example, we found that the coefficients for a third order maximally flat Butterworth 
lowpass filter prototype are 𝑔!   =   𝑔!   =   1 and 𝑔!   =   2 [2]. In this filter prototype the cutoff frequency 
is 1 rad/s and both generator and load impedances are equal to unity. In our specifications, we have the 
low and high cut off frequencies of 1.94 GHz and 1.96 GHz, respectively. Therefore, we must apply 
transformations described by Table 3 and calculate the component values: 
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𝐿! = 𝐿! =
!!!!

!! !!!!!
= 398  𝑛𝐻         (1a) 

𝐿! =   
!! !!!!!
!!!!!!!

= 20.9  𝑝𝐻         (1b) 

𝐶! = 𝐶! =
!!!!

!! !!!!!
= 16.7𝑓𝐹        (1c) 

𝐶! =
!

!! !!!!! !!
= 31.8  𝑝𝐹        (1d) 

This example shows the general process of designing a fixed bandpass filter structure that meets our 
specifications. The resulting schematic is shown in Figure 19. As the calculation indicates, for a very high 
frequency and narrow bandpass filter, the component values are very small and very difficult to realize 
since they are on the order of femtofarads and picohenries. The next section provides the frequency 
responses created by ADS simulation of four different bandpass filter topologies using the same method 
as described above. 

4.2 Ideal Fixed Filter Simulation 
Using Agilent’s Advance Design System (ADS) software, we investigated different ideal filter topologies 
including the maximally flat Butterworth, the linear phase Butterworth, and the Chebyshev 3dB and 0.5 
dB filters. We chose the T-network topology as our normalized lowpass filter, then we derived the third 
order bandpass filter shown in Figure 19. 

 
Figure 19. Third order bandpass filter schematic 

To achieve a filter response that passes frequencies between 1940MHz and 1960MHz, inductor and 
capacitor values were calculated using Table 3 for each filter topology, as discussed in Section 4.1. Note 
that the source and load impedances are matched to the characteristic impedance 𝑍! of 50Ω. Next, the 
response of each filter was investigated by plotting the S21 parameters in ADS. Among these filter types, 
we found that the maximally flat Butterworth filter provided the best response in the passband, while the 
3dB Chebyshev filter had the highest isolation at the rejection band. The detailed component values as 
well as the performance of each filter are discussed in the following subsections. 

4.2.1 Butterworth 
In this section, we present the magnitude and phase versus frequency responses using the g coefficients 
for the maximally flat Butterworth filter design. Table 4 reports the appropriate coefficients as well as the 
corresponding inductor and capacitor values. 
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Table 4. Calculating component values for a third order maximally flat Butterworth filters 

Coefficients 1 2 1 
Inductors  398 nH 20.9 pH 398 nH 
Capacitors 16.7 fF 318.4 pF 16.7 fF 

 

After constructing the suitable filter topology with these inductor and capacitor values, we observed the 
following response shown in Figure 20. 

 
Figure 20. Amplitude (in dB) and phase (in degree) responses of a third order maximally flat Butterworth filter 

The maximally flat Butterworth filter topology using ideal lumped element components provided a 
response adequate for what for the requirement of band 25. As can be seen in Figure 20, the passband of 
the filter is 20 MHz wide. Additionally, proper isolation was achieved at the offset of 80 MHz below the 
center frequency. We also observed that there is no ripple in the passband, and the phase response in the 
passband of the filter is as expected. 

4.2.2 Butterworth (Linear phase)  
In this section, we compare the magnitude and phase versus frequency responses of the linear phase 
Butterworth filter design and the maximally flat Butterworth filter design discussed in the previous 
section. Table 5 reports the coefficients as well as the inductor and capacitor values for this filter 
implementation, using the appropriate g coefficients. 

 Table 5. Calculating component values for a third order linear phase Butterworth filters 

Coefficients 1.255 0.5528 0.1922 
Inductors 499.4 nH 75.7 pH 76.5 nH 
Capacitors 13.34 fF 88 pF 87.12 fF 
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Figure 21 shows the simulated magnitude and phase responses for this Butterworth filter using the 
appropriate coefficients. 

 
Figure 21. Amplitude (in dB) and phase (in degree) responses of a third order linear phase Butterworth filter 

Compared to the maximally flat Butterworth type, the linear phase type filter has an amplitude response 
that does not provide the required -50dB rejection at the offset of 80 MHz below the center frequency. 
Additionally, there is also some attenuation in the passband, which prevents this design from being ideal. 
However, the phase response in the passband of the filter is significantly more linear than that of the 
maximally flat Butterworth filter, and spans a wider range of frequencies (80 MHz). It is possible to 
achieve a better roll-off by adding stages, and duplicating the circuitry shown in series.  

4.2.3 Chebyshev 3dB  
In this section, we present the magnitude and phase frequency responses using the g coefficients for the 
Chebyshev 3dB filter topology. Table 6 lists the coefficients as well as the inductor and capacitor values 
for this filter implementation. 

Table 6. Calculating component values for a third order Chebyshev 3dB filter 

Coefficients 3.3487 0.7117 3.3487 
Inductors 1.334 uH 58.8 pH 1.334 uH 
Capacitors 5 fF 113.3 pF 5 fF 

[d
B

] 



28 
 

After simulating this filter implementation with the appropriate inductor and capacitor values, we 
observed the following response shown in Figure 22. 

 
Figure 22. Amplitude (in dB) and phase (in degree) response of a third order 0.3dB Chebyshev filter 

The 3dB Chebyshev filter using ideal lumped element components also provided the desired response for 
band 25. Although there are 3dB ripples in the passband, the roll-off factor of this filter is much higher 
than that of either Butterworth filter. At -67dB, this configuration surpassed the desired isolation at an 
offset of 80MHz below the center frequency, and it also maintained a relatively linear phase response. 

4.2.4 Chebyshev 0.5dB  
In this section, we compare the magnitude and phase frequency responses of the Chebyshev 0.5dB filter 
and the Chebyshev 3dB filter design discussed in the previous section. Table 7 shows the coefficients as 
well as the inductor and capacitor values for this filter implementation. 

Table 7. Calculating component values for a third order Chebyshev 0.5dB filter 

Coefficients 1.5963 1.0967 1.5963 
Inductors 635 nH 38.2 pH 635 nH 
Capacitors 10.5 fF 175 pF 10.5 fF 

Figure 23 depicts the corresponding magnitude and phase response of this filter implementation. 

 
Figure 23. Amplitude (in dB) and phase (in degree) response of a third 0.5 dB Chebyshev filter 
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As discussed in Chapter 2, ripples in the passband of a Chebyshev filter are a tradeoff for a good roll-off 
factor. Therefore, a 0.5dB Chebyshev has fewer ripples in the passband but lower isolation in the 
stopband compared to the 3dB Chebyshev filter. The attenuation at the offset of 80MHz below the center 
frequency is -55dB which still meets the requirement of band 25. 

4.3 Potential Tunable Design Approaches 
Although three of the ideal lumped component bandpass filters above provided desired responses for band 
25, they all have one common problem. Capacitors C1 and C3 require very low values and are therefore 
not practical with the available process technology. As a result, we decided to investigate another filter 
topology using capacitive coupled resonators. The structure of this filter type is depicted in Figure 24. 
This topology not only uses more reasonable component values, but also allows for easier control of the 
characteristic response by tuning the capacitor values. 

 
Figure 24. Structure of a third order capacitive coupled shunt resonators 

All of the components values were calculated based on the maximally flat Butterworth filter model and 
then manually adjusted using ADS to achieve the desired characteristic. We investigated the 
performances of both a third order filter and a fourth order filter. The simulation results for each filter 
implementation are discussed in the following subsections. 

4.3.1 Third order tunable C-coupled shunt resonators  
In this section, we present the results of our simulations for the third order tunable C-coupled shunt 
resonators using two coupling capacitors. For this implementation, we needed to manually adjust the 
capacitor values to tune to several frequencies in band 25. Figure 25 captures the simulation setup and the 
schematic of the five stage (third order) tunable bandpass filter using C-coupled shunt resonators.  
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Figure 25. ADS Simulation of a third order capacitive coupled tunable bandpass filter 

After appropriately setting up the software, we were able to attain the frequency response of the filter 
shown in Figure 26. 

 
Figure 26. Frequency response (in dB) of the third order C-coupled tunable bandpass filter, showing the circuit can be 

tuned to the 4 sections of the cellular handset receive band 

To achieve the desired center frequencies we found that the tuning range of capacitors C3 and C4 were 
required to be 83pF to 99pF for a ratio of 1:1.3 and the tuning range of capacitor C2 was required to be 
270.8pF to 349.1pF for a ratio of 1:1.7. When tuning the center frequency of the filter by changing the 
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shunt capacitors of the resonators, the bandwidth also changes unintentionally. Therefore, in order to 
achieve a constant bandwidth of 20MHz, the coupling capacitors were required to change from 1.6pF to 
2pF. When examining the response of the filter at the 80MHz offset frequency where the transmitter 
frequency is located, the isolation is only 30 dB, which is not acceptable for this application. 

4.3.2 Fourth order tunable C-coupled shunt resonators  
To increase the isolation, we heuristically attempted adding another stage to the filter, as shown in Figure 
27.The frequency response of the filter, which exhibits greater isolation, is shown in Figure 28. 

 
Figure 27. ADS Simulation of a fourth order capacitive coupled shunt resonator filter 

Adding another stage to the filter required changing the tuning values to accommodate the additional 
stage. In this design, the tunable range of capacitors C3 and C5 is required to be 59.4 pF to 73 pF, and the 
tunable range of capacitor C2 and C4 is 243.4 pF to 299.1 pF. Without changing the coupling capacitors 
the bandwidth remains within acceptable limits between 20 MHz and 28 MHz. This filter design does 
provide the required -50 dB of isolation at the 80 MHz offset transmitter frequency. 

 
Figure 28. Frequency response (in dB) of the circuit shown in Figure 27, showing the circuit is able to be tuned to the 4 

sections of the cellular handset receive band required with additional isolation at the transmitting frequency 
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The component values that were determined in these simulations have been realized using the ADS 
simulation-tuning tool and cannot be generalized to all filters. Therefore we continue in the next section 
to derive a mathematical model for generating filter component values. 

4.4 Mathematical Derivation of C-coupled Filters 
In this section, we introduce the concept of impedance/admittance inverters and their realizations using 
lumped components. Next, we describe the modifications of the standard lowpass filter prototype, which 
incorporates inverters. Finally, we investigate the derivation of the C-coupled bandpass filter topologies, 
and then simulate the results to verify the responses. 

4.4.1 Impedance and Admittance Inverters 
An idealized impedance inverter or admittance inverter is a circuit which provides and input impedance 
or input admittance inversely proportional to the load impedance or admittance and is scaled by a factor 
of K or J respectively [34, 36]. Considering the circuit in Figure 29 the impedance and admittance seen 
from the left end can be expressed by Equation (4) and Equation (5). As implied by the two equations, an 
inverter will have an image phase shift of ±90 degrees if the load is complex. 

 𝑍!" =
𝐾!

𝑍!
 (4) 

 𝑌!" =
𝐽!

𝑌!
 (5) 

 
Figure 29. Impedance Inverter (a) and Admittance Inverter (b) 

One representation of these inverters is a quarter wave transformer with a characteristic impedance of Z0 
or a characteristic admittance of Y0. The input impedance/admittance looking into the transmission line 
can be calculated by Equation (6) and Equation (7) 

 𝑍!" =
𝑍!!

𝑍!
 

 
(6) 

 𝑌!" =
𝑌!!

𝑌!
 

 
(7) 

Since a quarter wave transformer is a transmission line that has length of λ/4 which is only true for a 
specific frequency, it would not be considered as an ideal inverter. In fact, an idealized impedance/ 
admittance inverter operates like a quarter wave transformer with a characteristic impedance/admittance 
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of K/J at all frequencies [33,34,36]. Although most of the existing inverters are frequency dependent, they 
are still widely used in various applications including filter design, especially for narrow bandpass filters.  

Besides a quarter wave transformer, there are other lumped element circuits that operate as inverters. 
Figure 30 shows two possible admittance inverter and two impedance inverter networks.  

  
 

Figure 30. Admittance Inverters (a, b), and Impedance Inverters (c,d) using lumped components [34] 

As demonstrated in the circuit diagram, all networks have components with negative values. Although it 
is not practical to realize such capacitors and inductors, they will be absorbed by adjunction of the 
components. In this project, we concentrate on developing capacitive coupling filters that incorporate the 
two Pi and T capacitor ladders in Figure 30 b and c. 

4.4.2 Normalized Lowpass Filter Prototype Using Impedance/Admittance Inverters 
Due to their inverting property, admittance and impedance inverters have the ability to convert a shunt 
inductor/capacitor to a serial capacitor/inductor and vice versa [36]. For example, a serial inductor that 
has an impedance of 𝑗𝜔𝐿 with two impedance inverters K on both sides can look like a shunt capacitance 
of !

!!
  as illustrated by Figure 31. 

 
Figure 31. A series inductor with K-inverters on both sides looks like a shunt capacitor 

Making use of this property, the conventional normalized lowpass filter prototype could be converted to 
equivalent prototypes, which either contains only serial inductors along with impedance inverters or shunt 
capacitors along with admittance inverters. Figure 32a shows a lowpass filter prototype circuit in which 
all of the serial inductors are replaced by shunt capacitors with appropriate admittance inverters in 
between. Similarly, Figure 32b is resulted by replacing all the shunt capacitors by serial inductors and 
impedance inverters. 

a) J = 1/(ωL) b) J = ωC 

c) K = ωL d) K = 1/(ωC) 
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Figure 32. (a) Lowpass filter prototype using shunt capacitors and admittance inverters [36].  

(b) Lowpass filter prototype using series inductor and impedance inverters [36]. 

As discussed in Section 4.1, the component values of the conventional lowpass filter are denoted by the g 
coefficients. Qualitatively, the inversion factors K and J are chosen such that the input impedance and 
output impedance at any stage of the circuits are the same as the corresponding impedance of the 
conventional prototype. Therefore, K and J parameters are strictly related to the g coefficients as well as 
the designed capacitor and inductor values of each stage. If the source and load are matched to an 
impedance of Z0 and all the capacitors and inductors are configured as shown in Figure 32, then the J and 
K factors can be calculated using Equation (8) and Equation (9) [36]. 

Admittance inverters of the lowpass filter prototype shown in Figure 32a: 

 a) 𝐽!,! =
!!

!!!!!!
       b) 𝐽!,!!! =

!!!!!!
!!!!!!

       c) 𝐽!,!!! =
!!

!!!!!!!!
 (8) 

Impedance inverters of the lowpass filter prototype shown in Figure 32b: 

 a) 𝐾!,! =
!!!!
!!!!

       b)𝐾!,!!! =
!!!!!!
!!!!!!

        c) 𝐾!,!!! =
!!!!

!!!!!!
 (9) 

In Equation (8a, 8b, 8c) and Equations (9a, 9b, 9c), gi signifies the coefficient of the standard bandpass 
filter, and Z0 represents the characteristic impedance of the source and the load. In Equation (8b), Ji,i+1 

constitutes the admittance inverter between the ith and (i+1)th resonators. In Equation (9b), Ki,i+1 

characterizes the impedance inverter between the ith and (i+1)th resonators. 

4.4.3 Capacitive Coupled Filters 
The conventional bandpass filter structure consists of series resonators alternating with shunt resonators 
in an arrangement that is difficult to achieve in practical implementation. In addition, the component 
values of the structure are fixed and often unrealizable for a very high frequency narrow bandpass filter. 
Therefore, this section will provide an alternative structure that resulted from the modified lowpass filter 
prototype discussed in Section 4.4.2. Applying the lowpass to bandpass transformation processed shown 
in Table 3 yields the bandpass circuits in Figure 33. It should be noted that, since the lowpass filter 
prototype only consists of either all shunt capacitors or all serial inductors, the two consequent bandpass 
topologies have either all shunt resonators or series resonators. In addition, by choosing appropriate 
inverter factors we can set the desired component values for the design.  



35 
 

 
Figure 33. High order bandpass filters using serial resonators and impedance inverters [33, 34, 35, 36] 

As Figure 33 shows, resonators are mutually coupled within the resonators using J and K inverters. In 
filter design, it is often desirable to use the same resonators in each section of the filter, and have the same 
characteristic impedance at the source and load, in this case, 50Ω. If all resonators are tuned to the same 
frequency with inductance of L0 and capacitance of C0; the load and source impedance of Z0 is matched, 
the admittance and impedance parameters of the bandpass prototype can be transformed from Equation 
(8) and Equation (9) yielding Equation (10) and Equation (11) [34]. 

Admittance inverters: 

 a) 𝐽!,! =
!!!"
!!!!!!

       b) 𝐽!,!!! =
!"!!
!!!!!!

        c)𝐽!,!!! =
!!!"

!!!!!!!!
 (10) 

Impedance inverters: 

 a) 𝐾!,! =
!!!!!"
!!!!

       b) 𝐾!,!!! =
!"!!
!!!!!!

       c)𝐾!,!!! =
!!!!!"
!!!!!!

 (11) 

The coupling inverters between resonators can be realized by inductive coupling, capacitive coupling, or 
magnetic coupling. Using capacitive coupled resonators in filter design is beneficial because it occupies a 
smaller area and has a higher quality factor compared to inductors. Since the admittance and impedance 
inverters can be replaced by any of the equivalent circuits shown in Figure 30, it is possible to use the T 
and Pi capacitive networks as inverters to couple the resonators. It is important to note that the negative 
capacitances of the inverters should be absorbed into the positive capacitances in the resonators. 
However, the negative capacitances adjacent to the source and the load cannot be absorbed this way. 
Therefore, another equivalent circuit needs to be explored in order to deal with the J-inverter at the two 
ends. The details of these derivations can be found in Appendix A. These realized coupling networks 
result in the C-coupled filter structures shown in Figure 34. As the figure illustrates, the structure of the 
inverters at each end is different from that of the inverters in the middle. 
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Figure 34. The J inverters in serial resonator filters (a) and K inverters in shunt resonator filters (b) are replaced by 

equivalent capacitor networks  

By definition of the inverters depicted in Figure 30, we can derive the formula for the coupling capacitors 
in both the shunt and the serial configurations. 

C-Coupled shunt topology: 

 𝐶!,! =
𝐽!"

2𝜋𝑓! 1 − 𝐽!"𝑍! !
 (12a) 

 𝐶!,!!! =
𝐽!,!!!
2𝜋𝑓!

   (12b) 

 𝐶!,!!! =
𝐽!,!!!

2𝜋𝑓! 1 − 𝐽!"𝑍! !
 (12c) 

C-coupled serial topology 

 𝐶!,! =
1 − 𝐾!"/𝑍!   !

2𝜋𝑓!𝐾!"
 (13a) 

 𝐶!,!!! =
1

2𝜋𝑓!𝐾!,!!!
   (13b) 

 𝐶!,!!! =
1 − 𝐾!,!!!/𝑍!  

!

2𝜋𝑓!𝐾!,!!!
 (13c) 

In Equations (12a, 12b, 12c) and Equations (13a, 13b, 13c), C0,1 and CN,N+1 represent the coupling 
capacitors at the two ends, f0 characterizes the center frequency and is calculated using !

!! !!!!
. The 

coupling capacitor between the ith and (i+1)th  resonators is represented by Ci, i+1. The admittance and 
impedance inverter parameters are represented by J nd K, respectively. 
 
After determining the coupling capacitor values for the desired filter characteristics as discussed above, 
the next step was to calculate the corresponding capacitance of the resonators, taking into account the 
absorbed negative coupling capacitances. If C0 denotes the original resonator capacitance, the equivalent 
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effective capacitance can be calculated by Equation (14) and (15) for the shunt and serial topology, 
respectively. The final resulted design of the C-coupled bandpass filter topology is captured in Figure 35.  

Resonator capacitance of the C-coupled shunt topology 

 𝐶! = 𝐶! − 𝐶!!!,! − 𝐶!,!!! (14) 

Resonator capacitance of the C-coupled serial topology 

 
1
𝐶!
  =

1
𝐶!
−

1
𝐶!!!,!

−
1

𝐶!,!!!
 (15) 

 
Figure 35. Final structure of a C-coupled serial resonator (a) and C-coupled shunt resonator (b) tunable filter [33] 

There are three main advantages associating with C-coupled resonators. The first advantage is that the 
values of the inductors can be chosen in order to get reasonable capacitor values. Thus, this approach is 
much more flexible compared to the standard bandpass filter topology with fixed component values 
corresponding to filter specifications. In addition, all the inductors are the same for each resonator making 
the design more realizable. Finally, the center frequency of the filter is easily tunable by changing the 
value of the resonant capacitors while keeping the inductor unchanged; and the bandwidth of the response 
can be controlled by the coupling capacitors. Although those coupling lumped element inverters are 
frequency dependent, these C-coupled filter topologies still perform well within the specifications for this 
project since the desired bandwidth is narrow compared to the center frequency. 

4.4.4 Simulation of mathematically derived C-coupled topologies  
Using the mathematical processes described in the previous section, we developed two MATLAB 
functions that can calculate the component values corresponding to filter specifications and topologies. 
The inputs of those functions are the coefficients g’s of the normalized lowpass filter prototype, the 
bandwidth, center frequency and a desired inductor value. The functions output all the coupling 
capacitances and the resonator capacitances of the C-coupled shunt and serial topologies, respectively. 
The detailed code of those functions is found in Appendix B. Following the numerical computation of the 
component values, we entered the component values into a schematic in ADS for both serial and parallel 
resonator configurations. We then simulated the circuits using all ideal components and created plots of 
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the magnitude and phase responses. The circuit diagrams and response plots are presented in the 
following sections. 

Third order tunable C-coupled shunt resonators 
Using the appropriate g coefficients for a third order maximally flat Butterworth filter and a 4nH inductor, 
we calculated the capacitor values for the center frequency of 1.93GHz and bandwidth of 20MHz as 
presented in Table 6. 

Table 6. Calculating component values for the 3rd order C-coupled shunt topology 

Inductor 4nH 
Coupling caps C01, C34 0.1714 pF 
Coupling caps C12, C23 12.5 fF 
Resonator caps C1, C3 1.516 pF 

Resonator caps C2 1.675 pF 
 

Using these values, we simulated the capacitive coupled shunt resonator topology, the schematic for this 
filter can be seen in Figure 36.  

 
Figure 36. Third Order Shunt Resonator C-Coupled Filter Schematic (based on topology of Figure 35a) 

It is clear from Figure 36 that the capacitors C12 and C23 have very low values, and are not realizable as a 
component due to existing process technology. In fact, for a narrow bandwidth of about 5% and below, 
the coupling capacitors are in order of femtofarads. To verify the design approach, we simulated the 
circuit using ADS and the frequency response is depiceted in Figure 37. 
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Figure 37. Frequency response (in dB) of an ideal tunable C-coupled shunt resonator 

The ideal third order shunt maximally flat Butterworth produced a roll-off of about 55dB at 80 MHz 
offset from the center frequency. The capacitor’s tuning ranges are within 1:1.2 which is acceptable in 
order to cover the entire band 25, while keeping the bandwidth reasonably constant. However, as 
previously mentioned, the main disadvantage of the C-coupled shunt resonator topology is that the 
coupling capacitances are too small for a narrow band filter. Therefore, the next simulation concentrates 
on exploring the serial resonator topology which uses more reasonable values of all capacitors. 

Third order tunable C-coupled serial resonators 
The second simulated filter structure is the C-coupled serial resonator. The same filter specifications are 
plugged in to the MATLAB function to calculate the components values. For a third order maximally flat 
Butterworth bandpass filter with the inductor value of 4nH, the calculated capacitances are reported in 
Table 7. 

Table 7. Calculating component values for the 3rd order C-coupled serial topology 

Inductor 4nH 
Coupling caps C01, C34 16.37 pF 
Coupling caps C12, C23 232 pF 
Resonator caps C1, C3 1.913 pF 

Resonator caps C2 1.725 pF 
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We used the values from Table 7 to create an ADS schematic for simulation; this schematic is shown in 
Figure 38. 

 
Figure 38. Third Order Serial Resonator C-Coupled Filter Schematic (based on topology of Figure 35b) 

As shown in Table 7, the coupling capacitors of the “series-trap” filter are much larger than those of the 
shunt topology. In fact, they are on the order of hundreds picofarads, which is slightly larger than the 
range of a typical realizable capacitor values. However, if we use a larger inductor of about 10nH, the 
coupling capacitors decrease on the order of less than 100 pF.  

 
Figure 39. Frequency response (in dB) of a tunable C-coupled serial resonator filter 

Figure 39 shows the simulated frequency response of the third order Butterworth serial resonator filter 
using the ADS software. We have again investigated tuning capabilities of both the center frequency and 
the bandwidth of the filter and they exhibit similar results compared to those of the shunt topology. The 
design provided desired roll off of about 55dB at 80MHz offset from center frequency and bandwidth of 
about 20MHz. Therefore, due to more reasonable component values, the serial topology is more 
applicable to our project. We decided to concentrate on exploring and optimizing this topology as the 
final approach of our project.   

4.5 Non-ideality investigation 
In this section, we explore the filter’s behavior when real components are added to the C-coupled serial 
resonator filter design. We expected that changing the quality factor of the components would introduce 
additional losses as well as potentially influence other aspects of the response. Additionally, we 
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investigate a prior-art design, where a real tunable element is used to adjust the center frequency of the 
filter. We also discuss and comment on adding this type of tunable element to our filter design. 

4.5.1 Inductors and Capacitors 
Using the filter design shown in Figure 38 above, we replaced the ideal components shown with models 
of real components, where we define a quality factor. We then simulated the circuit at different quality 
factors to demonstrate the loss factor introduced by adding non-ideal circuit components into our design. 
A plot showing the results can be seen in Figure 40.  

 
Figure 40. Third order C-coupled serial resonators with Q-values 

As can be seen in Figure 40, as the quality factor increased, the amount of loss experienced by the filter 
decreased. With the quality factor set to 100,000 the response is very close to ideal, and when it is set to 
50-100, the filter does not retain its shape or bandwidth and the loss is between 25dB and 20dB. 

4.5.2 Adding a Real Tunable Element 
K. Jeganathan from the University at Singapore presents a journal article suggesting a potential approach 
to tuning the center frequency of a bandpass filter [14]. Jeganathan used varactor diodes as tunable 
elements, and chose component values to tune the filter from 100 MHz to 230 MHz. The control circuitry 
changes the bias voltage of the varactor diode to adjust the capacitance that changes the frequency 
response of the filter [14]. The control circuitry consists of a variable DC source that is connected to a 
voltage divider built from three resistors. The DC voltage is connected between the cathode of the diode 
and a capacitor (C3 and C8). The capacitors C3 and C8 block the DC control voltage so that it does not 
interfere with the RF signal path. Jeganathan’s circuit is shown in Figure 41. 
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Figure 41. Jeganathan’s tunable filter design using varactor diodes as tunable elements [14] 

To experiment with this potential filter topology, we simulated the circuit in ADS. The varactor diodes 
used by Jeganathan were not simulated by ADS, and were replaced them with ideal capacitors. The values 
of these capacitors were varied using the tune function of the software. The equivalent circuit we 
developed and simulated is shown in Figure 42.  

 
Figure 42. Replacement of varactor diodes with capacitors of varying value 

In order to change the value of the capacitors replacing the varactor diodes, we defined their value to be a 
variable “X” and simulated the circuit behavior while changing the values. Changing the capacitance X 
from a value of 1 pF to 100 pF resulted in a change of the center frequency of the bandpass filter from 
240 MHz to 170 MHz. This response is shown in Figure 43. Assuming a similar filter topology can be 
used at the higher frequencies required for the objective of this project, we should be able to adjust 
component values to achieve a similar response. 
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Figure 43. Frequency response (in dB) of filter schematic shown in Figure 42. 

Seeing this as a feasible approach to tuning the center frequency of our filter design, we downloaded 
some libraries of “varicap” diodes from NXP semiconductor. After simulating various models, we 
selected the BB208-03 because of its characteristic low loss and high capacitance to voltage linearity. 
Varying the control voltage across the NXP BB208-03 diode produces the change in capacitance from 
4.9pF at 7.5V to 21.5pF at 1V. This ratio is more than enough to provide the desired range of capacitance 
in a serial resonator configuration. More information about the NXP BB208-03, can be found in its data 
sheet included in the report in Appendix C. In the next section we implement this component into our 
filter circuit, and simulate at the frequencies required for band 25.  

4.6 Summary 
This section discusses the basic approach of designing a filter that meets the specifications of the project 
objectives. First, we reviewed the fundamental lowpass filter structure and demonstrated how to convert it 
into a bandpass filter. Four fixed filter topologies were simulated in ADS; those included the third order 
maximally flat Butterworth, the third order 3dB Chebyshev and the third order 0.5dB Chebyshev. Each of 
these topologies provide responses that satisfy a desired bandwidth of 20MHz and an isolation of at least -
50dB between the transmit and receive frequencies. However, all of them experience a problem of 
unrealizable capacitor and inductor values. Therefore, in the next simulations, we replaced these serial 
resonators with coupling capacitors. This capacitive coupled LC resonator topology not only used 
reasonable component values, but also facilitated the ability to tune the filter by only changing the 
capacitance.  

In previous simulations, the values used for the components in the filter were realized using the 
simulation-tuning tool in ADS. Subsequently, we investigated and derived a mathematical model to 
determine the capacitor values of both the C-coupled shunt and C-coupled serial resonator configurations 
with a defined inductance. For a very high frequency narrow bandpass filter, the coupling capacitors of 
the shunt topology are very small and difficult to realize. Contrarily, those of the serial topology have 
more reasonable values. We then simulated each of these filters using the mathematically calculated 
values and tested the range of the component values needed to tune the band required. As the simulation 
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of the fourth order C-coupled filter confirmed (Figure 39), the capacitive coupled serial resonator is the 
best solution to achieve the objectives of this project.  

Finally, we investigated the non-ideal behavior of the C-coupled topology by firstly added quality factors 
to the capacitors and inductors. Once finite quality factors of the components were added into the circuit, 
the system experienced losses and mismatches. The simulation showed that if the components’ quality 
factors decreased to less than 500, the loss exceeded -5dB. When the quality factor decreased to less than 
100, which is the typical value of real components, the loss increased to more than -20dB and the shape of 
the pass-band was no longer preserved. Additionally, to explore the non-ideality of tunable components 
we introduced a potential tunable filter design approach using varactor diodes. We found that it would be 
feasible to incorporate a varactor diode into our C-coupled filter design. Therefore, we investigated 
component models from NXP semiconductor to apply to simulations in ADS. It is expected that the 
design approach including filter topology, filter order, and component values will need to be adjusted in 
order to optimize the frequency response of the non-ideal filter. 
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CHAPTER 5: RESULTS 
This chapter discusses the results that we obtained by optimizing the approach defined in Chapter 4. As 
determined, the series resonator topology is the best solution to achieve the objectives of this project. 
Therefore, this is the topology further investigated in this Chapter. 

5.1 Series Resonator Simulations 
We incorporated the NXP BB208 varactor diode into the simulations of the serial topology to show the 
non-idealities of using a real tunable element in the filter. In this section, we investigate and compare 
Butterworth and Chebyshev topologies using the values calculated using the model detailed in section 
4.4. Finally, we use the ADS simulation tool to optimize the circuit for a maximally flat frequency 
response. 

5.1.1 Butterworth 4th Order, 25 MHz Bandwidth, Serial Resonator 
We first calculated values for a Butterworth, 4th order, 25MHz bandwidth filter.  Using the coefficients 
defined Table 12 in Appendix F [9], we calculated the capacitor values using a fixed inductance of 10nH, 
a source/load impedance of 50Ω, a bandwidth of 25MHz, and a center frequency of 1930MHz. The 
values were calculated using the procedure defined in Section 4.3 and are tabulated in Table 8 below: 

Table 8. Calculated Component Values for 25MHz Butterworth Filter 

Coupling Capacitor 1/5 7.97 pF 
Resonator Capacitor 1/4 0.761 pF 
Coupling Capacitor 2/4 62.4 pF 
Resonator Capacitor 2/3 0.701 pF 

Coupling Capacitor 3 97 pF 
 

The schematic shown in Figure 44 demonstrates a Butterworth filter with serial resonators.  

 

Figure 44. 25 MHz Butterworth Serial Resonator Schematic 

The varactor diode is added in series with the resonator capacitor in order to tune the center frequency of 
the filter. The control voltage is adjusted from 0V to 4.2V to achieve the desired response. In reference to 
Table 8 above the coupling capacitors are pictured vertically, and the resonator capacitors are pictured 
horizontally. The numbers refer to the schematic from left to right. Figure 45 captures the response of the 
filter shown in the schematic shown in Figure 44. 
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Figure 45. Frequency response (in dB) of 25 MHz Butterworth Serial Resonator  

Figure 45 demonstrates that with ideal components the filter is able to tune across the desired range of 
frequencies with the desired isolation using the varactor diode. However, when adding non-ideal 
inductors and capacitors, the isolation is no longer acceptable (40dB). Therefore, we look to a Chebyshev 
filter topology in the next section. 

5.1.2 Chebyshev 4th Order, 25 MHz Bandwidth, Serial Resonator 
Similar to the procedure outlined in the previous section, we used coefficients from Table 14 in Appendix 
F [9] to calculate the capacitor values for a Chebyshev 25MHz filter. Using the procedure outlined in 
Section 4.3, we came to realize the following capacitor values for this circuit with a fixed inductor value 
of 10nH, a source/load impedance of 50Ω, a bandwidth of 25MHz, and a center frequency of 1930 MHz. 
The values are tabulated in Table 9. 

Table 9. Calculated Component Values for 25MHz Chebyshev Filter 

Coupling Capacitor 1/5 17.16 pF 
Resonator Capacitor 1/4 0.722 pF 
Coupling Capacitor 2/4 84.2 pF 
Resonator Capacitor 2/3 0.699 pF 
Coupling Capacitor 3 94.7 pF 
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The schematic shown in Figure 46 demonstrates this Chebyshev filter with serial resonators.  

  
Figure 46. 25MHz Chebyshev Serial Resonator Schematic 

The varactor diode is added in series with the resonator capacitor in order to tune the center frequency of 
the filter. The control voltage is adjusted from 0V to 4.2V to achieve the desired response. In reference to 
Table 9 above the coupling capacitors are pictured vertically, and the resonator capacitors are pictured 
horizontally. The numbers refer to the schematic from left to right. Figure 47 shows the response of the 
Chebyshev serial resonator filter. 

 
Figure 47. Frequency response (in dB) of 25 MHz Chebyshev Serial Resonator  

In Figure 47, the isolation is much better with the same order (60dB), however the in-band response is not 
nearly as flat. Therefore, we looked to modify the circuit to achieve a flatter in-band response. 

5.1.3 Modified Chebyshev 4th Order, 20 MHz, Serial Resonator 
In attempting to achieve a flatter in-band response of the Chebyshev filter, we took the values calculated 
from the previous section and used the non-ideal properties of the components to our advantage. Since 
our non-ideal response is curved concave down, if we make the change that causes a concave up curve it 
will turn the overall response to flatten. Therefore, this motivates us to look at the weakly coupled serial 
resonators. This filter topology is the same as the one discussed above except that the coupling 
coefficients between the resonators are smaller. If the circuit is weakly coupled the typical simulated 
response is as shown in Figure 48. 
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Figure 48. Typical response of a weakly coupled resonator has a concave up passband which can compensate for the 

undesired downward concavity of the passband due to non-ideal components [34].  

Since the coupling coefficients are proportional to the coupling capacitances, we can control the 
concavity of the response by changing those coupling capacitances. Particularly, the two capacitors 2 and 
4 are modified in order to get a flatter response in the non-ideal case. Using the tuning feature of ADS, we 
experimented with the weakly coupled capacitor concept and found it to be a proper modification to our 
design.  

Because of the undesired decrease in the bandwidth due to non-ideal components, we used the specified 
bandwidth of 20 MHz to recalculate and modify the component values. The resonator capacitors were 
unchanged and this did not have an effect of the isolation. The values that were used are tabulated in 
Table 10. It should be noted that the original calculated value for coupling capacitor 2 and 4 are 105pF. 
These capacitors are modified to be 64 pF in order to achieve a better response.  

Table 10. Modified Component Values for 20MHz Chebyshev Filter 

Coupling Capacitor 1/5 19.22 pF 
Resonator Capacitor 1/4 0.722 pF 
Coupling Capacitor 2/4 64 pF 
Resonator Capacitor 2/3 0.700 pF 
Coupling Capacitor 3 118.4 pF 

 

  
Figure 49. 25MHz Modified Chebyshev Serial Resonator Schematic. 
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The schematic shown in Figure 49 demonstrates our modified 20MHz Chebyshev filter with serial 
resonators. The varactor diode is added in series with the resonator capacitor in order to tune the center 
frequency of the filter. The control voltage is adjusted from 0V to 4.2V to achieve the desired response. In 
reference to Table 10, the coupling capacitors are pictured vertically, and the resonator capacitors are 
pictured horizontally. The numbers refer to the schematic from left to right. 

 
Figure 50. Frequency response (in dB) of 25 MHz Chebyshev Serial Resonator 

Figure 50 shows the response of the chebyshev serial resonator filter that has been modified to flatten the 
in-band response. The shape of the curve is desirable due to its flat in-band response and high isolation 
(60dB at 80 MHz). However, the problem of loss is still evident which we aim to address in the next 
section. 

5.2 Filter Augmentation 
In order to account for the signal loss of greater than 20dB in the lumped element components and 
varactor diode, we investigated the potential of adding a low noise amplifier (LNA) to the input of the 
filter. 

5.2.1 Adding an Ideal LNA 
To determine the effect of adding an active element to the filter, we began using the ideal LNA 
component in ADS. This component has the ability for the user to manually enter the S-parameters of the 
amplifier. In order to compensate for the loss, we calculated that 21 dB of amplification was needed. 
Therefore we set the S21 parameter to be (21,0)dBpolar, the S11 parameter to be (0,0)polar for the ideal 
case, S12 to be (0)polar and S22 to be (0,180)polar. The circuit diagram for this active filter is shown in 
Figure 51.  
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Figure 51. Schematic of the modified Chebyshev C-coupled serial resonator with an ideal LNA 

After running the simulation, we observed the following frequency response for the magnitude of S21 
shown in Figure 52. Additionally, we added a zoomed in plot to convey the loss within the passband. 

 
Figure 52. Frequency response (in dB) of the modified Chebyshev with ideal LNA 

In Figure 52, we observed that the loss in the passband increases with frequency; however, it does not 
exceed 3dB at any required frequency. In addition, the isolation remains within our specification of -60dB 
at 80MHz. 

In order to investigate the phase behavior of the final designed topology shown in Figure 51, we 
simulated the circuit and plotted the phase of S21 parameter. Figure 53 shows the phase response of the 
topology with an ideal LNA at two center frequencies of the upper and lower frequency limit of band 25. 
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Figure 53. Phase response (in degrees) of the modified Chebyshev filter with ideal LNA at center frequencies of 1.935GHz 

(a) and 1.98GHz (b). The filter experiences linear phase behavior at the pass-band. 

As Figure 53 shows, the phase response starts at about -100 degree, decreases linearly in the pass-band 
after remaining constant at the high frequency stop band. Since the phase could only be plotted from -180 
degree to 180 degree, the graph exhibits wraps when the phase exceeds these two limits. 

5.2.2 Adding a Real LNA Model 
Due to the ideal LNA compensating for the losses induced by the filtering elements, we investigated the 
potential of adding a real model of an LNA to our design. We selected and simulated many LNA models 
from Hittite Microwave and NXP Semiconductor. Each model was contained in a 2 port S-parameter file, 
which allowed us to replace the ideal LNA from the schematic shown in Figure 51. These models all 
preserved the shape of the frequency response. The difficulty was in finding a model that had the 
appropriate amount of gain to compensate for the losses without driving the gain above 0dB. To show an 
example, the frequency response of our filter design from Section 5.2.1 with a Hittite Microwave 
HMC548LP3 LNA added is shown in Figure 54.  

 

a)  Low frequency end b)  High frequency end 
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Figure 54. Frequency response (in dB) of design from Figure 51 with real LNA model (HMC548LP3) 

As can be seen in Figure 53, although this LNA component preserves the desired response, the highest 
level of signal is approximately +5dB. The phase response of the filter was investigated and captured in 
Figure 55. 

 
Figure 55. Phase response (in degrees) of the modified Chebyshev filter with ideal LNA at center frequencies of 1.935GHz 

(a) and 1.98GHz (b). The filter experiences linear phase behavior at the passband. 

As the simulations show, similar to the topology using the ideal LNA, the one using the real LNA also 
exhibits linear phase performances at the passband excluding the wraps at ±1800. Therefore, a relatively 
constant group delay can be achieved using the modified Chebyshev topology, which results in the 
elimination of signal distortion due to time delay within the passband.  
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CHAPTER 6: DISCUSSION 
This chapter examines the various aspects of feasibility when considering the practical implementation of 
our design. We begin discussing the pros and cons of the design approach, and then compare it to the 
currently used acoustic filter technology. Finally, we discuss the cost and size implications of the design 
using currently available components.   

6.1 General Observations 
The filter design that we propose to accomplish the goal of this project involves first the use of lumped 
element components (capacitors and inductors). Using lumped elements provides for a simple method of 
tuning the center frequency of the filter. However, from our background research into prior art, we found 
that these components are not commonly used at the high frequencies we are working with (1.8GHz-
2.1GHz) due to the high amount of signal loss compared to other non-tunable technologies. Additionally, 
in traditional filter topologies at these frequencies, the values of the capacitors are too small to be 
realizable in manufacturing. Through investigating alternative filter designs we found that removing the 
inductor from the coupling circuitry and using a purely capacitive coupling approach, the same response 
can be achieved with more reasonable values. In Appendix D, we discuss using models of capacitors that 
are currently commercially available and simulated them in our design. We found that the values 
determined from our analysis and simulation must be very close to exactly the real value of the 
component. When we chose the closest value from the libraries downloaded, the response was not up to 
specification. Therefore it is likely that custom components will need to be manufactured for the design to 
operate properly.  

From researching components and discussing with Skyworks, we determined that an obtainable high 
quality capacitor could have a quality factor of 500 and an obtainable high quality inductor could have a 
quality factor of 170. Using these quality factors in models of capacitors and inductors built in ADS, we 
still experience about 15dB of insertion loss in our design. To account for the loss, we determined that a 
potential solution was to add a low noise amplifier. Using active filtering technology in addition to 
determining the feasibility of using this type of filter in mobile handsets were not in the original scope of 
this project. However, the research has proved that using an active filter with lumped elements is the best 
approach to achieving the desired goal and should be further investigated. In order to achieve a filter 
structure with a tunable center frequency, we deployed a varactor diode in series with the resonator 
capacitor. When controlled by a variable DC source from 0V-3V, the filter is able to be tuned through the 
required frequency range of 75MHz. We chose the varactor diode because it is a simple method of 
changing the capacitance of the resonators, without adding switching arms. These elements do, however, 
introduce some additional loss into the circuit. After investigating multiple libraries of these components 
to determine which had the least amount of loss, we found that the NXP BB802 was superior to the rest. 
As a result of using four of these varactor diodes, our design suffered 5dB of signal loss. Through 
background research we found that there are many theoretical tunable capacitor designs that have higher 
quality factors and lower loss, such as MEMS capacitors. However, we were unable to find a model of 
this type of component to be used in simulation. 
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6.2 Performance comparison 
Currently, the smartphone industry generally employs the BAW and SAW acoustic technology to 
perform bandpass filtering for each device radio and antenna. These filters have generally been widely 
accepted; however, their major drawback is that they are not tunable due to their complex mechanical 
nature. An example of the magnitude response of a SAW filter is given in Figure 56. As shown in the 
figure, the passband of the filter spans approximately 1.92GHz to 2.02GHz. The maximum loss measured 
at the passband is -3dB. Additionally, the roll-off is extremely steep compared to traditional lumped 
element filter technology. These characteristics make this filter technology highly attractive in the 
smartphone industry. 

 
Figure 56. Frequency response (in dB) of the SAW filter (current technology) 

When compared to the magnitude response of our proposed filter design (Figure 57), it is evident that our 
filter implementation with an ideal LNA achieves a slightly improved passband loss (the maximum loss 
of the SAW filter is 3dB, whereas the maximum drop of the proposed design is 1dB). Both successfully 
cover the desired frequency range. However, the roll-off of our tunable bandpass filter is not nearly as 
steep, although still within the specifications. 

 
Figure 57. Frequency response (in dB) of proposed filter design 

Therefore, this comparison allows us to systematize a set of tradeoffs between the two filter 
implementations. Both filters achieve relatively small passband loss. However, while the SAW filter has 
an incomparably sharp out-of-band roll-off, the design we propose achieves tunability for the desired 
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band 25 frequency range with a roll-off that is still within the spec. The only major issue is that the 
addition of the LNA to the design will increase the power consumption of the circuitry, which is not 
desirable in the battery driven smartphone industry. 

6.3 Cost and Board Size Analysis 
In order to provide cost and board size analysis, we performed extensive market research that focused on 
locating components that will satisfy several requirements. Although minimizing cost and size were the 
two prevalent requirements for all of the design components, some components needed to be investigated 
further. Specifically, high quality factors were desired for the capacitors and inductors, as well as low 
value tolerances. DigiKey was the main resource for this market research, with the set of prospective 
design components reported in Table 11. 

Table 11. Cost and Board Size Analysis 

Ideal 
component 

Quantity Real component Price Size Q 

L = 10nH 4 Wurth Electronics Inc (10nH, 5% 
tolerance) 
http://www.digikey.com/product-
detail/en/744762110A/732-1808-1-
ND/1994388  

1 unit = 
$0.6200 
1000 
units = 
$206.00 

0.102" L x 
0.083" W 
(2.60mm x 
2.10mm) 
AREA = 
5.46mm2 

50 @ 
1GHz 

Murata 
http://www.digikey.com/product-
detail/en/LQW2BAS10NJ00L/490-5648-
1-ND/2625469  

1 unit = 
$0.48 
1000 
units = 
$222.87 

0.082" L x 
0.060" W 
(2.09mm x 
1.53mm) 
AREA =  
3.2mm2 

60 @ 
500MH
z 

C = 
0.722pF 

2 AVX Corporation (0.7pF, +/- 0.05pF) 
http://www.digikey.com/product-
detail/en/ML03510R7AAT2A/478-6729-
1-ND/2694243  

1 unit =  
$0.900 
1000 
units 
= 
$288.00 

0.063" L x 
0.033" W 
(1.60mm x 
0.84mm) 
AREA =  
1.344mm2 

 

C = 
0.699pF 

2 Same as above. 1 unit =  
$0.900 
1000 
units 
= 
$288.00 

0.063" L x 
0.033" W 
(1.60mm x 
0.84mm) 
AREA =  
1.344mm2 

 

C = 
17.18pF 

2 Kemet (18pF, +/- 1%) 
http://www.digikey.com/product-
detail/en/CBR02C180F3GAC/399-8608-
6-ND/3479270  

1 unit = 
$0.370 
1000 
units = 
$90.71 

0.024" L x 
0.012" W 
(0.60mm x 
0.30mm) 
AREA =  
0.18mm2 

 

C = 84.2pF 2 Murata (82pF, +/- 2%) 
http://www.digikey.com/product-
detail/en/GQM1875C2E820GB12D/490-
7178-1-ND/3900440 
 

1 unit = 
$1.060 
1000 
units = 
$386.02 

0.063" L x 
0.031" W 
(1.60mm x 
0.80mm) 
AREA =  
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 1.28mm2 
C = 94.7pF 1 American Technical Ceramics (91pF, +/- 

1%) 
http://www.digikey.com/product-
detail/en/600S910FT/1284-1251-1-
ND/3905560  

1 unit =  
$2.270 
1000 
units = 
$1,052.6
0 

0.063" L x 
0.032" W 
(1.60mm x 
0.81mm) 
AREA =  
1.296mm2 

 

R = 
20kOhms 

5 Stackpole Electronics (20kOhm, +/- 
0.01%) 
http://www.digikey.com/product-
detail/en/RNCF0805TKT20K0/RNCF080
5TKT20K0CT-ND/2687088  

1 unit = 
$1.440 
1000 
units = 
$840.0 

0.079" L x 
0.049" W 
(2.00mm x 
1.25mm) 
AREA =  
2.5mm2 

 

Varactor 
diode 

4 NXP BB208 
http://www.digikey.com/product-
detail/en/BB208-03,115/568-1955-1-
ND/807551  

1 unit = 
$0.640 
1000 
units = 
$227.50 

(1.25mm x 
0.85mm) 
AREA =  
1.0625mm2 

 

LNA 1     
  TOTAL 1 unit 

=$20.97 
1 unit 
= 48.2 
mm2 

 

 

As shown in Table 11, the approximate price for the entire tunable filter is $21. This price could 
potentially be reduced depending on the amount of components ordered as well as the potential for in-
house component usage. Additionally, a rough estimation of the board size was calculated using the given 
component sizes and was determined to be 48.2 mm2. Note that this is an estimate for the board size and 
accounts for neither the design layout nor the wiring and that would most likely increase the board size by 
a certain percentage. 
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CHAPTER 7: CONCLUSION 
The primary goal of this project was to research, design, and simulate a tunable filter topology capable of 
operating within cellular band 25. We have conducted extensive background research into cellular 
standards, tunable components, and general design issues with current smartphone filter technology. Our 
work had to comply with the project goals and objectives based on the specifications from Skyworks.  

After investigating the theoretical fundamentals of several types of filter topologies and verifying the 
responses against our specifications, we realized a new design approach using capacitive coupled 
resonators was required. We developed a mathematical model capable of calculating component values 
for this approach, and subsequently developed a MATLAB program to automate the process. We then 
added a varactor diode to the filter structure to achieve a tunable frequency response by changing a 
control voltage. The design was optimized and modified to best suit the specifications of the project.  
However, due to losses in the non-ideal capacitors, inductors, and varactor diodes, we added a Low Noise 
Amplifier (LNA) in order to compensate for the insertion loss.  

Our final design recommendation is detailed in Section 5.2; it includes a 20 MHz Chebyshev filter 
topology with two modified coupling capacitor values to achieve a flatter passband. Furthermore, varactor 
diodes in series with the resonator capacitors were deployed to implement the tunable frequency response. 
Finally, an LNA compensates for the losses introduced by the non-idealities.  

Although we succeeded in implementing the desired response, there are several areas where more 
research is warranted. One future improvement that should be pursued involves exploring additional 
technologies to replace the varactor diodes as tunable elements. Also, the ability of manufacturing the 
individual capacitors and inductors to the quality and accuracy required will need to be investigated. 
Moreover, research should be directed toward the feasibility of implementing the control circuitry for the 
varactor diodes, or other tunable elements within mobile handsets. The requirements of using an LNA in a 
mobile device should be investigated in terms of added power, noise, and size. Specifically, using tunable 
elements and an LNA to create an active filter may require significant power, which is a concern in 
battery powered devices. Finally, the ability to increase the frequency range of the filter to accommodate 
other cellular bands, Wi-Fi, Bluetooth, and GPS should be investigated. Our research addressed the 
design of a lumped element tunable filter for cellular band 25. However, other standards may require 
extra design considerations.  
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CHAPTER 8: DELIVERABLES 
Our research has generated a range of filter topologies and design procedures, both theoretical and 
numerical, of interest to our sponsor. We plan to deliver the following items to Skyworks: 

• A detailed report which includes 
o Background research  of current designs 

§ Current state of the art and cellular standards 
§ General RF filter classifications and designs 
§ Tunable filter solutions 

o Our filter design approaches that will meet the objectives specified in Chapter 3 
§ A detailed schematic and analysis of each design approach 

o Our results based on ADS simulations of the proposed filter designs 
o Best recommendations for filter topology and tunable elements 

• ADS simulation files used to achieve the simulation results 
• MATLAB programs used to theoretically determine the component values 

 

  



59 
 

APPENDIX A: Derivation of the inverter networks at two ends of C-
coupled filters 
The admittance and impedance inverters can be realized using so-called Pi and T capacitive ladders as 
shown in Figure 30. However, since the negative capacitance cannot be combined by both generator and 
load ends to yield positive values, another equivalent circuit must be investigated. In fact, we can realize 
an inverter by using only two capacitors as shown in Figure 58. 

 
Figure 58. Realization of admittance inverters at the ends of C-coupled filters 

If the generators in the two circuits are matched to the characteristic impedance of Z0 we can calculate the 
two admittances Y1 and Y2 as follows: 

𝑌! =
𝐽!"!

𝑌!
= 𝐽!"! 𝑍! 𝑌! = 𝑗𝜔!𝐶! +

1
1

𝑗𝜔!𝐶!
+ 𝑍!

 

          = 𝑗𝜔!𝐶! +
𝑗𝜔!𝐶!

1 + 𝑗𝑍!𝜔!𝐶!
 

          =   𝑗𝜔!𝐶! +
𝑗𝜔!𝐶! + 𝑍! 𝜔!𝐶! !

1 + 𝑍!𝜔!𝐶! !  

          =
𝑍! 𝜔!𝐶! !

1 + 𝑍!𝜔!𝐶! ! + 𝑗(  𝜔!𝐶! +
𝜔!𝐶!

1 + 𝑍!𝜔!𝐶! !)   

 
In order for the two circuits to be equivalent, Y1 has to be equal to Y2 for every frequency. By equating 
the real and imaginary parts of Y1 and Y2, we obtain the results for Cx and Cy: 

 𝐶! =
𝐽!"

𝜔! 1 − 𝐽!"𝑍! !
 (16) 

 𝐶! = −
𝐶!

1 + 𝑍!𝜔!𝐶! ! (17) 

It should be noted that if 𝜔!𝐶! ≪ 1the shunt capacitor Cy has approximately the same amplitude as the 
serial capacitor Cx but with opposite sign. 

Similar to the admittance inverter, the impedance inverters at two ends of the serial topology are realized 
using the equivalent circuit show in Figure 59. 
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Figure 59. Realization of impedance inverters at the ends of C-coupled filters 

Using the same method as demonstrated above, if the generator impedance is Z0 we can calculate the two 
impedances looking into the inverters as: 

𝑍! =
𝐾!"!

𝑍!
 𝑍! =

1
𝑗𝜔!𝐶!

+
1

𝑗𝜔!𝐶! +
1
𝑍!

 

          =
−𝑗
𝜔!𝐶!

+
𝑍!

1 + 𝑗𝑍!𝜔!𝐶!
 

          =   
−𝑗
𝜔!𝐶!

+
𝑍! − 𝑗𝑍!!𝜔!𝐶!
1 + 𝑍!𝜔!𝐶! ! 

          =
𝑍!

1 + 𝑍!𝜔!𝐶! ! − 𝑗(  
1

𝜔!𝐶!
+

𝑍!!𝜔!𝐶!
1 + 𝑍!𝜔!𝐶! !)   

 
By equating the real parts of Z1 and Z2 and setting the imaginary part of Z2 to be 0, we can calculate the 
capacitors Cx and Cy as: 

 
𝐶! =

1 − 𝐾
𝑍!

!

𝐾!"𝜔!
 

(16) 

 𝐶! = −𝐶! −
1

𝑍!𝜔! !𝐶!
 (17) 

Unlike the admittance inverters, for impedance inverters it usually turns out that 𝑍!𝜔! !𝐶! ≫ 1. 
Therefore, serial capacitors have approximately the same amplitude as the shunt ones but with a negative 
sign.  
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APPENDIX B: MATLAB Code 
We investigated the C-coupled filter theoretically and discussed the derivations of the component values 
in Section 4.4. Based on those derivations, we created two MATLAB functions that can calculate the 
capacitor values when given the g coefficients of the filter topology, the center frequency, the bandwidth 
and the specified inductor. The two function prototypes are: 

function y = C_couple_shunt(g,f0,BW,L) 

function y = C_couple_series(g,f0,BW,L) 

In the prototypes above, g is the array of the filter coefficients as captured in the tables in Appendix F; f0 
is the center frequency in Hertz, BW is the bandwidth in Hertz, and L is the inductor value in Henries. 
Figure 60 below shows sample executions of the two functions to calculate the capacitor values of a third 
order Butterworth C-coupled bandpass filter topologies. From Table 12, the g coefficients for the third 
order maximally flat Butterworth filter are 1, 2, 1 and 1. The center frequency is 1.95GHz; bandwidth is 
20MHz and the inductor is 10 nH. 

 
Figure 60: Sample executions of the two MATLAB functions and results  

As Figure 60 demonstrates, the functions can calculate both the coupling capacitor and the resonant 
capacitor values in picofarads. The next subsections provide the detailed code for these two functions. 

C-coupled Shunt Resonator 
function y = C_couple_shunt(g,f0,BW,L) 
%Filter order, impedance 
    n = length(g);          %order = n-1 
    Z0 = 50; 
%Calculate critical frequencies 
    w0 = 2*pi*f0;           %Center freq 
    w1 = w0 - 2*pi*BW/2;    %Lower cut-off  
    w2 = w0 + 2*pi*BW/2;    %Higher cut-off 
    delta = BW/f0;          %Inverse of Loaded quality factor 
%Capcitor of the shunt resonator 
    C = 1/(L*w0^2); 
    display(C); 
%Calculate coupling coefficents based on Equation 10a,b,c 
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    J=zeros(size(g)); 
    J(1)= sqrt(w0*C*delta/(Z0*1*g(1))); 
    J(n)= sqrt(w0*C*delta/(Z0*g(n-1)*g(n))); 
    for i = 2:1:n-1 
       J(i) = w0*C*delta/(sqrt(g(i-1)*g(i))); 
    end 
     
%Calculate coupling capacitor values based on Equation 12a,b,c 
    C_coupled = J/w0;     
    C_coupled(1) = J(1)/w0/sqrt(1-(J(1)*Z0)^2); 
    C_coupled(n) = J(n)/w0/sqrt(1-(J(n)*Z0)^2); 
 
%Calculate coupling capacitor values based on Equation 14 
    C_resonator = zeros(1,n-1); 
    for i=1:n-1 
        C_resonator(i)=C-C_coupled(i)-C_coupled(i+1); 
    end     
%Display result 
    disp('The coupling capacitor values in PicoFara are: '); 
    disp(C_coupled*10^12); 
    disp('The shunt resonant capacitor values in PicoFara are: '); 
    disp(C_resonator*10^12); 
end 

C-coupled Serial Resonator 
         
function y = C_couple_series(g,f0,BW,L) 
%Filter order, impedance 
    n = length(g);          %order = n-1 
    Z0 = 50; 
%Calculate critical frequencies 
    w0 = 2*pi*f0;           %Center freq 
    w1 = w0 - 2*pi*BW/2;    %Lower cut-off  
    w2 = w0 + 2*pi*BW/2;    %Higher cut-off 
    delta = BW/f0;          %Inverse of Loaded quality factor 
%Capcitor of the shunt resonator 
    C = 1/(L*w0^2); 
    display(C); 
%Calculate coupling coefficients based on Equation 11a,b,c  
    K=zeros(size(g)); 
    K(1)= sqrt(w0*L*delta*Z0/(1*g(1))); 
    K(n)= sqrt(w0*L*delta*Z0/(g(n-1)*g(n))); 
    for i = 2:1:n-1 
       K(i) = w0*L*delta/(sqrt(g(i-1)*g(i))); 
    end 
%Calculate coupling capacitor values based on Equation 13a,b,c 
    C_coupled = 1./(K*w0); 
    C_coupled(1) = sqrt(Z0^2-K(1)^2)/K(1)/w0/Z0; 
    C_coupled(n) = sqrt(Z0^2-K(n)^2)/K(n)/w0/Z0; 
%Calculate coupling capacitor values based on Equation 15 
    C_resonator = zeros(1,n-1); 
    for i=1:n-1 
        C_resonator(i)=1/(1/C-1/C_coupled(i)-1/C_coupled(i+1)); 
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    end     
%Display result 
    disp('The coupling capacitor values in PicoFara are: '); 
    disp(C_coupled*10^12); 
    disp('The series resonant capacitor values in PicoFara are: '); 
    disp(C_resonator*10^12); 
end 
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APPENDIX C: NXP BB208 Varactor Diode Datasheet 
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APPENDIX D: Using realistic currently available high-quality lumped 
element models 
 

In order to check the validity of our design, we decided to implement the realistic component models into 
the 3rd order tunable C-coupled serial resonator. Specifically, we downloaded the component libraries 
from Murata and Coilcraft and investigated which model would be most suitable for our predicted values. 
The serial resonator design requires very precise capacitor values as can be seen in Figure 61 (C = 
0.7340pF, 0.6901pF, 10.2718pF, 92.8043pF), which turns out to be a challenge for both industrial 
models. 

 
Figure 61. Using real currently available high quality lumped element models 

 
Figure 62. Frequency response (in dB) of the 3rd order C-coupled serial resonator 
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Checking in the Murata catalog1, we discovered two types of high frequency HiQ capacitors differing in 
size and capacitance value. Both were the chip monolithic ceramic capacitors; they are shown in Figure 
63. 

 
Figure 63. Murata High Frequency HiQ ceramic capacitors 

The range of values also matched our design requirements (GJM: 0.10pF – 47pF, GQM: 1pF – 100pF). 
We proceeded to investigate the exact Q values that these capacitors will exhibit at high frequencies. The 
information was found in the datasheet that was specific to this set of Murata capacitors.2  

                                                        
1	  Murata	  Products	  Line	  Up,	  http://www.murata.com/products/catalog/pdf/k70e.pdf	  	  
2	  Chip	  Monolithic	  Ceramic	  Capactiors,	  http://www.murata.com/products/catalog/pdf/c02e.pdf	  	  
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For GJM Series, the Q factor at 2GHz is approximately 100, which is unfortunately on the lower end for 
our application which needs a range of 100 - 500.  
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For the GQM Series, the Q factor at 2GHz is approximately 13, which is too low for our application (need 
a range of 100 - 500). However, in order to obtain the capacitance values that are necessary for our design 
we cannot only pursue the GJM series that has a relatively better Q factor. Hence, for our experimental 
purposes we implemented both GJM and GQM series capacitors in our design as seen in Figure 64. 

 
Figure 64. Implementing Murata component models in the serial resonator design 

In addition, Murata offers a range of inductors (Figure 65) that we also employed in our design for this 
testing purpose.  

 
Figure 65. Murata RF Inductors 
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The only one in the list that was designed for high Q applications is the LQP02TQ_02. However the ADS 
model for this inductor type does not support the inductance value of 10nH. Hence, we had to utilize a 
different type, LQG15HN. As can be seen from Figure 66, the Q value of this type of inductor is in the 
30s. 

 
Figure 66. LGQ15HN Murata Inductor behavior  

The response of our design with the implemented Murata models can be observed in Figure 67. The ideal 
response is also shown as a reference. 

 
Figure 67. Frequency response (in dB) of the 3rd order C-coupled serial resonator (ideal vs. model) 
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APPENDIX E: Butterworth Filter Bandwidth/Roll-off 
Non-ideal Butterworth Order Investigation 

 

Non-ideal Butterworth Bandwidth Investigation 
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APPENDIX F: Coefficients of different filter configurations 
Table 12. Coefficients for maximally flat Butterworth low-pass filter (N=1 to 10) [9] 

 
Table 13: Coefficients for linear phase Butterworth low-pass filter (N=1 to 10) [9] 
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Table 14: Coefficients for 3dB Chebyshev low-pass filter (N=1 to 10) [9] 

 
Table 15: Coefficients for 0.5dB Chebyshev low-pass filter (N=1 to 10) [9] 
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