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Abstract

Magnetic Resonance Imaging (MRI) is a non-invasive procedure used in the medical
community as a powerful way of creating images of the human anatomy. MRI is
preferred over other examination techniques such as X-ray computed tomography (CT)
because of its excellent soft tissue discrimination as well as the absence of ionizing
radiation. Currently most clinical MRI systems use the single radio frequency coil
imaging. However over past several years research has increasingly focused on the
concept of using arrays of mutually decoupled surface coils. These surface coil arrays
can simultaneously acquire multiple images, resulting in an increase in the field of view.
This thesis pursues the design and construction of a high impedance preamplifier with the
goal of investigating the decoupling of a surface coil array in a 4.7T magnetic resonance

system.
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1. Introduction

Many magnetic resonance imaging (MRI) systems use the single radio frequency coil
imaging approach. Over the last several years many studies have debated with the idea of
using arrays of mutually decoupled surface coils that can simultaneously acquire multiple
images. This simultaneous imaging would directly translate to an increase of the field of
view and the combination of each received image would lead to improving the signal-to-
noise ratio (SNR) [22]. This improvement in SNR can only be obtained if the individual
images are largely uncorrelated. To obtain these individual images, a high impedance
preamplifier approach is needed to help in decreasing the mutual inductance of the coils.
This thesis attempts to address these issues by proposing a dual stage preamplifier design

solution.

1.1. Objective

The objective of this thesis is to design a prototype RF two-channel dual stage
preamplifier with the intention to decouple two surface coils in a conventional 4.7T MRI
system. To accomplish this task certain performance characteristics must be addressed.
The preamplifier specifications will be as follows: an input reflection coefficient
magnitude greater than 0.9, an operational bandwidth from 100MHz to 500 MHz, a gain
over the bandwidth greater than 30dB and a noise figure of 0.8dB or better over the enter
bandwidth. The 400MHz bandwidth requirement is not required for the decoupling of
the coils, but is an additional asset of the preamplifier allowing it to perform under

multiple system field strengths.



1.2. Thesis Outline

This thesis is divided into eight chapters. Following the introductory chapter, Chapter
2 discusses the basic principles of magnetic resonance imaging (MRI), including a brief
discussion on the role of RF coils in MRI systems. In Chapter 3, preamplifier design
considerations are presented with the procedures of building a preamplifier from stability
issues to matching networks. Also, the development of the matching network from the
coil to the preamplifier is investigated. Chapter 4 then reviews noise considerations with
the types of noise sources that exist and what pertain to MRI systems. Noise is then
studied in the coils and how the mutual inductance creates more unwanted noise which
can be reduced by a high impedance preamplifier. Chapter 5 investigates the biasing
options of the chosen transistor by building two single stage preamplifiers, one with
resistive biasing and one with active biasing. This investigation leads to Chapter 6 which
is the construction and testing of four, dual stage preamplifiers. These four preamplifiers
are typically needed when interfacing the coils to a multi-channel receiver system.
Chapter 7 presents the design and construction of the coils which will be used to test the
decoupling abilities of two preamplifiers. Finally, Chapter 8 concludes with a summary
of achievements and future works. Additionally, all detailed data on the single and dual

stage preamplifiers are summarized in the attached Appendices.



2. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is a non-invasive procedure used in the medical
community as a powerful way of creating images of the human anatomy. MRI is
preferred over other clinical examination techniques such as X-ray computed tomography
(CT) because of its excellent soft tissue discrimination and the fact that the patient is not
exposed to ionizing radiation. MRI utilizes the properties of nuclear magnetic resonance

(NMR) of hydrogen atoms to construct an image of the subject.

2.1. Physical Principles

MRI technology is based on the principles of NMR; it makes use of the properties of
an atomic nuclear spin angular momentum when immersed in a static magnetic field. If
exposed to a second oscillating magnetic field for a limited time, a reorientation of the
nuclei occurs. To provide a better intuitive understanding of how NMR works, the
classical physics model will be adopted.

Figure 2-1 depicts an atomic nucleus spinning around its axis. Since the nucleus
carries a net charge, the spinning motion creates a magnetic moment in accordance with
Ampere’s circuit law. This moment can be associated, at least in principles, with a bar
magnet having both north and south poles [11]. However, the strength of the magnetic
moment can differ due to the unique properties of different nuclei. The hydrogen atom is
preferred over other types of atoms because it has the strongest magnetic moment and is

the most abundant in biological tissue.
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Figure 2-1 - Magnetic dipole moment associated with spinning nucleus [11].
Figure 2-2 (a) illustrates atoms in the absence of an externally applied magnetic field;
we note that each individual atomic magnetic moment has no preferred orientation.

However, when an external magnetic field B, is applied, the magnetic moments of the
atoms tend to align with the fieldB,. As seen in Figure 2-2 (b), the nuclear magnetic

moments in the field B, may adopt one of two possible alignments: parallel or anti-

parallel.
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Figure 2-2 — (a) Randomly oriented nuclear magnetic moments. (b) parallel and
anti-parallel moments in an external magnetic field Bo [11].

The two alignments described above each have a unique energy level associated with

them, as seen in Figure 2-3. The parallel alignment with the magnetic field B, is the

lower energy state and is preferred over the anti-parallel alignment, which represents a

slightly higher energy level [9].
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Figure 2-3 - Energy states E1 and E2 of spin alignments in a static field.

When examining the alignments in more detail, the spins of the atoms are not exactly

parallel or anti-parallel with respect to the applied magnetic field B,, but are at an angle

0 seen in Figure 2-4(a). This angle & then causes the atom’s associated spin to rotate

around the applied field B,. In Figure 2.4(b) it can be seen that the atoms are represented
by vector arrows and that more atoms are aligned with the field B, (parallel) than against

it (anti-parallel). The two alignments tend to cancel each other out causing only the

parallel alignments to remain under consideration as shown in Figure 2.4 (c) [11].
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Figure 2-4 - (a) Spin alignment described by angle €. (b) a collection of spins
at any given time instant. (c) remaining spins after cancellation.
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If one considers only the remaining parallel alignments, the individual rotational
speeds of the atoms around the field B, can be determined. This speed is know as the
Larmor frequency and can be calculated by using Equation (1). Here o is the Larmor
angular frequency in Hz (Hertz), B, is the strength of the magnetic field in T (Tesla)
and y represents the gyromagnetic ratio of the magnetic moment in Hz for the particular
type of nucleus.

=B, @
In order to detect a signal response from a subject, a second magnetic field set at the

Larmor frequency needs to be introduced [9].

2.2. The Effect of an RF Pulse

When applying an RF magnetic field pulse at the Larmor frequency, it interacts with

the precessional motion of the nuclei. This magnetic field, known as field B,, must be
oriented perpendicular to the main field B, to produce resonance. Resonance is the

alternating absorption and dissipation of energy. The energy absorbed is from the field
generated by the RF coil, while the energy dissipated is part of the relaxation process.
When the RF field is turned on, the net magnetization vector begins to precess about
the B, axis. As a result, the net magnetization rotates from the longitudinal (Z) axis
toward the transverse plane, then toward the —Z axis, followed by the opposite side of the
transverse plane, and back to +Z and so on [11]. If the RF field is applied for a limited
time, such as a finite RF pulse, an angle of rotation can be determined. This angle is
termed the flip angle. In MRI practice, flip angles of 90° and 180° are of special

importance in the imaging process and will be explained in more detail later.



When a RF pulse of 90°is applied, the pulse rotates the atoms’ alignment away from
the main field B, to a new orientation parallel to the pulsed field B,, as shown in Figure
2-5. This new alignment causes all the magnetization vectors to reside in the transverse
plane. When the RF pulse ends, the atoms begin to realign with the static field B,. This is
known as relaxation. The relaxation process can be broken down into two components, a
longitudinal component with time constant T,, and a transverse component with time

constant T, [9].

Figure 2-5 - An RF pulse of 90 degrees.

Demonstrated in Figure 2-6 is a vector example of longitudinal T, relaxation.

Directly after the RF pulse is introduced, the magnitude of M, is close to zero in the Z-

long
direction. Following this, M begins to realign with the main fieldB,

untilM .. = M °ing . Equation (2) mathematically represents this realignment over time

with M %eng being the magnitude of the original longitudinal alignment vector at time

zero before the RF pulse is applied [11].

-t
M long = M 0Iong (l—eTl } (2)



where T, is the length of time necessary to decrease the difference between the current

value of M. and the equilibrium value by a factor of (1-1/e) ~ 0.63.
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Figure 2-6 - (a) A vector display of T, relaxation. (b) graphical example of T, relaxation over time.
Figure 2-7 demonstrates the transversal T, relaxation process. After the RF pulse is
turned off, the alignments of the atoms are in the transverse plane. While in the transverse

plane, M °uwans begins to rotate around the main field B, in a circular manner at the

Larmor frequency. At the same time M °wns decreases in magnitude exponentially to
zero, which can be seen in Figure 2-8(a). Equation (3) mathematically represents this

realignment process over time with M °wns as the transverse magnitude at time zero

when the RF pulse is applied [11].

~t

Mtrans =M Otrans ’ ei (3)
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Figure 2-7 - (a) A vector display of T, relaxation. (b) graphical example of T, relaxation over time.



After displaying T, and T, in Figure 2-6 and Figure 2-7, both relaxations can be

presented in a 3D manner as seen in Figure 2-8(b).

Z

W

Figure 2-8 - (a) Top view of T, relaxation.

(b) 3D display of T, and T, relaxation processes combined.

There are several methods of acquiring the MRI signals and a detailed discussion of each
method is beyond the scope of this thesis, only those principles pertinent to this research
will be explained.

Recent interest in multiple RF receiver systems has prompted an increase in research
and development of multi-coil configurations among major MR instrument vendors.
Figure 2-9(a) for instance illustrates four RF coils connected to a preamplifier commonly
used in the MRI process. When an RF pulse occurs, these coils will have a small AC
current induced due to the time varying magnetic field produced by the relaxation of the
atoms. Graphically seen in Figure 2-9 (b) is the recorded free induction decay (FID)
signal response of what the coils would receive. Note that the envelope of the signal is

related to the T, relaxation and the attenuating waveform is at the Larmor frequency [5].
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Figure 2-9 — (a) Signal induced on a coil by the T, relaxation.
(b) graph of an induced signal in the coil.

This received signal is then amplified in a four-channel preamplifier as part of the
MR front end system. The design of this preamplifier as well as its core properties

including low noise, high gain, and high input impedance are the subject of this thesis. A

more in-depth discussion will follow in subsequent chapters.

2.3. Magnetic Resonance Imaging Hardware

The three basic components of a MRI system are the main magnet, gradient coils and

a RF transmitter and receiver unit. These components are shown in Figure 2-10 and are

described in more detail below.
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Figure 2-10 - Block diagram of a generic MRI system.

2.3.1. Main Magnet
The main magnet is required to generate the strong magnetic field B, ; typical values

range from 1.5T to 3T for humans. This main field has to be extremely homogeneous
over the volume of interest with deviations recorded on the order of a few parts per
million (ppm). If homogeneity is not met, spatial distortions in the received image might

occur. Additionally, if the main field B, is strong, an improved signal to noise ratio

(SNR) and resolution will be obtained. This is due to the strength of the main field being
directly related to the strength of the MR signals to be received. Additionally, so called

shim coils are employed to improve the field uniformity [5].

2.3.2. The Gradient Coils

Gradient coils are used to create local variations in the field strength of the main
magnet. These variations cause the Larmor frequency of the nuclei to shift. This shifting
allows for specific nuclei position to be selected. In order to encode spatial information
in the X, Y and Z directions, the gradient coils are then pulsed on and off consistent with

the selected pulse sequence employed for a particular imaging modality [5].

11



2.3.3. The RF Transmit and Receive Coils

RF coils stimulate the nuclei creating a signal which is then received. This received
signal is further processed to create an image. There are two types of RF coils: transmit
and receive coils. The transmit coils are used to create the RF pulse which causes the
desired flip angle of the nuclei into the transverse plane. The receiver coils are used to
detect the signal that is produced by the atoms relaxing in the transverse plane [10]. A
single coil can be used for both the transmit and receive signals. Since the received
signal is on the order of one-billionth the power of the transmitted RF pulse, it needs to
be amplified.

The preamplifier used to strengthen the received signal is required to meet several
requirements. The amplifier must provide a gain that is sufficient enough to detect a
signal with a noise figure (NF) on the order of 0.5-0.8 dB. If the NF is too large it will
corrupt the received signal resulting in an unclear image. This low NF also allows for
subsequent stages in the imaging process to have a much higher NF which in turn lower
the enter noise figure of the receiver. The input sensitivity needs to be of a high
reflection coefficient (0.90-0.99) which with combination with the cable and matching
network, the coil loop itself sees high impedance. This high impedance will then result in
blocking current flow in the coils. As explained later in more detail, if the current
magnitude is limited, the mutual coupling between multiple RF receive coils is close to
zero, thus limiting the crossover distortion. For this thesis, the amplifier will be
constructed to have a bandwidth ranging from 100MHz to 500MHz; this will allow the

amplifier to be used in multiple field strength systems ranging from 2.35T to 11.7T.

12



3. Preamplifier Design Considerations

Low noise preamplifiers (LNA) are generically used in an MR scanner to amplify the
small received signal obtained by the RF coil. The LNA will not only have to provide
adequate gains at low noise levels, but will also be used to eliminate cross coupling
between coils. It is essential that the aforementioned preamplifier meets the following
requirements: high gain and low noise, stability, and high impedance matching to the

coil. Itis also important that all specifications are addressed with a small form factor.

3.1. Transistor Selection

In general, “The design of an RF preamplifier is a step-by-step logical procedure with
an exact solution for each problem [1]”. In any RF preamplifier design the transistor
selection determines the performance level. For our MRI system, the transistor must
meet the following requirements: sufficient gain at low noise levels, stability over
frequencies of interest, and linearity over the gain range. The preamplifier designed for
this thesis must provide a minimum gain of 30dB, noise level not in excess of 0.8dB,
stability over frequencies from 100MHz to 500MHz and an sufficient output 3 order
intercept point (OIP3) which measures linearity. The system is also limited to a power
supply current budget of 150mA, thus current consumption needed to be considered.

The selection of a suitable transistor is vital in starting the designing process of the
preamplifier. With Agilent Technologies providing high performance and quality
devices, two transistors were considered, the ATF-541M4 and ATF-551M4. Both are
enhancement mode pseudomorphic high electron mobility transistors (PHEMT) in
miniature leadless packages. The ATF-541M4 and ATF-551M4 transistors were chosen

based on their high linearity performance of 35.8dBm OIP3, and 24.1dBm OIP3
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respectively; and a significantly low noise figures of 0.5dB compared to other products
on the market. Finally, as discussed below the ATF-551M4 transistor was chosen based
on its ability to operate at a lower voltage and current while providing more gain than the
ATF-541M4. The ATF-541M4 did have a wider linearity range then the ATF 551M4 but
was in excess. Thus, these qualities made the ATF-551M4 the more efficient component.

Enhancement mode PHEMT’s provide the added benefit of performing without a
negative power supply. The enhancement mode PHEMT’s ability to operate without this
negative voltage is due to its requirement that the gate be made more positive than the
source for all normal operation. In comparison, the traditional depletion mode PHEMT’s

require the gate to be more negative with respect to the source [8].

3.2. Transistor Biasing

Transistor biasing controls the operating performance of the active device. Different
biasing levels can be used to manipulate the maximum gains and minimum noise levels.

For the ATF-551M4 transistor, a drain-source biasing of V, = 2.7V with a drain-
source I, current ranging from 15-20mA will provide adequate gain of 21dB and a

minimum noise figure (NF) of 0.18dB.

The biasing network provided in Figure 3-1 can be used as a basis in designing the
sufficient biasing configuration for the ATF-551M4 transistor. It is important to note that
the PNP transistor (Q2) is employed as an active load. Active loading is preferred over a
resistive load due to it acting as a low-frequency feedback loop to bias the ATF-551M4.

The reasons why active loading was chosen will be described in more detail in Chapter 5.
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If the bias network is examined in more detail it can be seen that R1 and R2 establish

Figure 3-1- Transistor with active biasing network.
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This base voltage is then raised by approximately 0.7V to the emitter.

The constant

Wide=5V

the desired Vg by providing a constant voltage source to the base of the transistor Q2.

voltage across R3, from V,, to Vg, provides the desired 1, current. By forcing the
desired values of V and | of the ATF-551M4, the input bias level stabilizes to the

desired voltage of 0.47 to 0.49V. This voltage is provided from transistor Q2. The
resistors labeled R4, R5 and R6, shown in Figure 3-1, are chosen for the bias levels of

Vi =2.7Vand |, =15mA and the option V. of the Q2 to be 102, 10KQ and 1KQ,

respectively. Referring to Figure 3-1, resistor R6 stabilizes Q2 by providing a path for



current flow. Arguably most important, the resistance of 10KQ of R5 limits the current
flowing to the ATF-551M4 transistor in the presence of high RF drive levels as
experienced at the 1dB gain compression point. C5 is then typically 0.1uF to provide a
low frequency bypass that reduces the effects of noise from Q2 on the ATF-551M4
transistor. Finally C1 and C2 are DC blocking capacitors and L1 and L2 are RF chokes.
C3 and C4 are provided to short to ground if any RF passes through the chokes.

Provided below by the Agilent data sheet, Equations (4) through (8) will be used to

calculate the values of the remaining resistors which create the desired bias levels.

VE :Vds + (Ids ’ R4) (4)
VDD VE
3= (5)
Vg =V —Vg, (6)
Rlz VDD (7)
( VDD _VBJ
lgg | 1+ 225
VB
R2 = Rl(VDD VB) (8)
VB

Equation (4) calculates the required emitter voltage of the PNP transistor based on the

desired V, andl,. Given this equation a resistance of 10Q2 for R4 results in a
calculated emitter voltage V. of 2.85V. Using Equation (5), R3 can be calculated to be

143.33Q2 by using a supply voltage V,, of 5V. Equation (6) calculates the voltage at the

base of Q2 based on the assumption that the voltage from the base to emitter is

approximately 0.7V. R1 can be calculated from Equation (7) to be 4.3KQ and R2 can
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be calculated to be5.7KQ with I, equal to 0.5x10*A which is the current flowing

through the R1/R2 voltage divider network. These calculated values will comprise the
biasing network for the ATF-551M4 transistor. To make the ATF-551M4 transistor
stable over the frequencies of interest it may be necessary to make small component

value adjustments to the bias network.

3.3. Stability
The stability of the transistor is the most important part of a high impedance
preamplifier design due to the consideration of operating on the edge of the output

stability circle. This operation close to the circle is what makes |311| high but less then 1.
If operation of the transistor deviates too far from this stability circle the |511| would then

go down, which is not desired. If proper considerations are not meet and |511| becomes

greater then 1, the preamplifier may become an oscillator. Stability considerations must
then be addressed and stability circles can be plotted to determine the stable regions.

Equations (9) and (10), determine the determinant (Ds) of the S parameter matrix
which allows the calculation of the transistor stability using the Rollett stability factor k
[14].

|DS| = |511822 - S12521| )

=1+¢Dq2—ﬁnf-qsﬂf
2/, (8|

(10)
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Referring to Equation (10) if k is greater than 1 and |Ds| is less than 1, the transistor

will be unconditionally stable at the operating frequencies. Figure 3-2 depicts

unconditionally stability over a frequency range with k greater than 1.

1.2
1.1
k1.0
0.94
D'BD-D” ‘o b2 os 04 08 0p 07 08 08 10
freq, GHe

Figure 3-2 — Unconditional stability check.

If k is calculated to be less than 1, the transistor is potentially unstable. Having a k value

of less than one does not imply that the transistor cannot be stabilized. Instead, this may

indicate that the source and load impedances must be chosen carefully so that the

transistor does not oscillate. If k is less than 1, input and output stability circles can be

graphed to investigate the transistor stability [1].

Equations (11), (12) and (13) make up the input stability circle, with rg,and pg, as

the center point and radius of the circle, respectively. Here, C, is the desired load

reflection coefficient for conjugate matching. The asterisk used below is to indicate the

application of the complex conjugate [1].

C1 = 811 - Dsszz *
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SlZSZl

— 7 (13)
Sul” = [Ds["

Ps; =

Equations (14), (15) and (16) make up the output stability circle, with ry,and pg, as

the center point and radius of the circle, respectively. Again, C, is the desired load

reflection coefficient for conjugate matching [1].

Cz = Szz - Ds Su * (14)
r G
- 15
Y (1)
S;55
Psy =|—— (16)
" |Isal* -Ios/’

Figure 3-3 - Example of input and output stability circles.
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After the input and output stability circles have been calculated, circles can be plotted

on the Smith Chart, an example of this is shown in Figure 3-3. One now must determine

if the inside or outside of the circles represent the stable regions. If |S,,| <1, the origin is

part of the stable region of the input stability circle and if |Sn| >1, then the origin is part

of the unstable region. This concept holds true for the output stability circle but in terms

of |S,,| instead of |S,,| [14].

If the system is unconditionally stable and S,; and S,, have magnitudes less than 1,

the plotted stability circles would reside entirely outside of the Smith Chart. To obtain
stability, impedance matching can be used to move these circles outside of the smith

chart.

3.4. Impedance Matching

To achieve maximum power transfer, it is essential to match the impedance of a load
to a source. This is accomplished by using a matching network. Matching networks are
primarily built with reactive passive components to create a narrowband lossless network
or with resistive components to create a wideband lossy network. Matching networks can
be designed in multiple configurations such as L networks, T networks, Pi networks, and
Low-Q networks. Each configuration is then implemented depending on the quality
factor Q and other objectives chosen for matching [1]. Impedance matching will be
explained in the preamplifier by bilateral matching with stability corrections, matching

with low noise consideration, and by impedance matching to the coil.
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3.5. Quality Factor Q

A qguideline for building matching networks is by the quality factor Q. The Q
determines the bandwidth of the matching network. Equation (17) and (18) define the
loaded Q in terms of energy or frequency [14]. Note that all Q calculations are using an

unloaded Q, it does not taking into account an external impedance.

_average_stored _energy| = oW )
power _loss _ per _cycle| @ = Poss | @ = ¢
_ fC — fC
Q= f, 3d8 _ fLsdB = B\ B (18)

Figure 3-4 illustrates the use of constant unloaded Q circles in the combined Z and Y
Smith Chart and demonstrates a matching network with a Q = 1. How these circles are
plotted are based on the points where Q is equal to the reactance over the resistance (x/r)
for the right side circles and equal to the susceptances over the conductance (b/g) for the
left side of the Smith Chart. Note that when matching with the preferred Q, the point of
rotation cannot exceed the constant Q circle. If rotation exceeds the chosen Q, the

bandwidth requirement will not be met [14].

Figure 3-4 - Constant Q circles and matching example of Q=L1.
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3.6. Matching Network Types

The most simple and widely used matching network is the two element L network
shown in Figure 3-5. L networks are generally selected based on their low cost and small
foot print. A significant disadvantage is the fact that they cannot be built for a desired Q.
The selection of the source and load subsequently determines the Q of the matching
network. These characteristics of the L networks may lead to a low or high Q circuit

behavior.

4
-
AN
A
e

—

Figure 3-5 - The L Network.

The Q of the L network shown in Figure 3-5 can be calculated by using Equations

(19) and (20) based on the external impedance elements R, and R, [1],

fRP_
Qs =Qp = R_s 1 (19)

X =QR; and X, =Q,R, (20)

where, as shown in Figure 3-5:

R, = the shunt resistance (the load impedance),
R = the series resistance (the source impedance),
X, =the shunt reactance,

X =the series reactance.
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Note that in the previous example the L networks only consist of a resistive source
and load to show the simplicity of matching. If the source and load resistances are
complex, the matching network can be adjusted to absorb the inductive or capacitive
impedances by prudent placement. Resonance can also be used to “subtract” a complex

impedance from another complex impedance. The matching network values X and X,

can either be capacitive or inductive reactance, but must always be opposite [1].

When X and X, are calculated, Equations (21) and (22) are used to calculate the

inductance and capacitance values according to

X X
L=—2—or L=—"2F
2 - f 27 - f (21)
1 1
C=————orC=———
Xp-2m-f Xg -2 f (22)

where f is the frequency of operation [1].

The L type networks are important due to fact that they provide the foundation of
creating more complex networks. The combination of L networks can then produce high
and low Q matching networks. For all future networks described, the values of
inductance and capacitance are calculated in the same manner as the simple L matching
network in which the reactance values are found first.

The three element T and Pi matching networks are very similar to that of the L
network, shown in Figure 3-6. The difference between the two lies in the three element
network’s ability to control Q. The T and Pi networks can never have a smaller Q than

the L network with the same source and load. They can be designed, however, to have a
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higher Q. This higher Q results in a narrower bandwidth which might be desirable for a

particular system requirement.

pS
.,

x
)

H—
l—
H—

Figure 3-6 - (a) T Network, (b) Pi Network.
In designing a matching network with a desired Q for the T and Pi networks

Equations (23) and (24) are used, respectively:

Rlarge

Qr = R -1 (23)
R

Qi=r 1 (24)

where,
R|.qe = the largest terminating resistance Rsor R,

Ryman = the smallest terminating resistance,
R =the virtual resistance.

When building the T and Pi networks virtual resistors are calculated to meet the
preferred Q requirements. Virtual resistors are not actually resistors in the matching
network, but are considered as reference resistors to indicate what the first L network is
matching to. Figure 3-7 illustrates the use of the virtual resistors, after which the series

and parallel components can be simplified to make up the T and Pi networks [1].
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Figure 3-7 — T (top) and Pi (bottom) networks displaying virtual resistor placement.
When designing a low-Q network, multiple L-networks are used to acquire the
preferred bandwidth for matching. Note that low Q networks cannot be simplified to

create T or Pi networks, but instead are a continuous network constructed L networks.
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Figure 3-8 - Low-Q matching Network.

In designing a matching network with a desired low Q, Equation (25) can be used:

- 25)

smaller

where,

R = the virtual resistance,

Ramaer = the smallest terminating resistance,

R|.qer =the largest terminating resistance.
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If the Q is very low, multiple calculations of virtual resistance will occur, creating a
long network. If space is limited a resistive network can be constructed [1].

Resistive matching can be constructed in the same configurations as the L, Pi and T
networks. The advantage of using a resistive network is the bandwidth will be extremely
large. The disadvantage is that the resistive network is lossy which may cause problems

if the transmitted signal is small.

3.7. Bilateral Matching

For many practical circuits, matching networks are used to reduce undesired
reflections and thus improve power flow. For preamplifier design a technique called
bilateral matching is used and is shown below in Figure 3-9. Bilateral design takes into

account the feedback of S,,. This is in contrast to the unilateral design which creates an

error by setting S,, =0 [14].

[ Input [ ! Output
7 i Matching | Preamplifier | Matching
' Network Network

I™
Figure 3-9 - Generic preamplifier system with bilateral matching.

Input and output reflection coefficients can then be calculated from Equations (26)

and (27),

S218121_‘ML

F*MS = Sll + - (26)

Y922t ML
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. S.,S,,T
T =822 n 219121 MS (27)
1_811FMS

which requires a simultaneous conjugate match. Simultaneous matching implies that the

matched source and load reflection coefficients I, and I, have to satisfy both

coupled equations [14]. The matched source reflection coefficient T is

2 *
Ty = B, |[B _4& (28)
2c, \lc, C,
where
C,=S,,~S"»Ds and B, =1-[S,,|" - |Ds|" +|S,,|’ (29)

Similarly, the matched load reflection coefficient I, is
2 .
T, = B, _ [B) 4L (30)
2C, C, C,

C, =S, -S"uDs and B, =1-S,,|" —|Ds|" +|S,,|’ (31)

where

For the load and source reflection coefficients, Ds is calculated from Equation (9).
Finally, the matching networks are used to match the input and output impedances to the
conjugate reflection coefficients, respectively.

For the design of the high impedance dual stage preamplifier, bilateral matching will
not be used due to the objective of having a high input impedance. In fact the input
matching network needs to provide the worst matching possible. This opposite matching
is what will create the high input impedance. In addition, the network does need to match
an expectable low noise figure. Also note that if bilateral matching was used, it would be
extremely difficult to implement due to the wide frequency range of 100MHz to

500MHz.
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3.8. Low Noise Matching

In many applications, RF amplifier requirements for signal amplification at low noise
levels become essential. Unfortunately, designing for low noise levels can sometime
compete with stability and gain. As stated by in many books, “a minimum noise
performance at maximum gain cannot be obtained.” A method of plotting noise and gain
circles can be used to find the minimum noise at a sufficient gain to meet system
requirements [14]. All other aspects of noise generation will be described in more detail
in Chapter 4. In this section only the basics of noise circles will be explained.

Equations (32) and (33) create noise circles with d., and r., as the center points and

radii, respectively, [14].

d — ropt
14Q, (32)
o = Jfral b+ (33
1+Q,

Here Q, is a constant which controls the noise level of each circle in the form
2 Fk — I:min

In Equation (34) the quantitiesF . , T

min ! opt !

Q, :‘1+F

opt

and R,/Z, are specifications given by the

manufacturer. F_. is the minimum obtainable noise possible for the selected transistor,

min

with T, and R, /Z, as the optimum reflection coefficient and equivalent noise resistance

opt
respectively. F, determines the radius of the circle. For example, if F, =0.7dB and

F.., =0.5dB, when moving from F_  to the circle of F, =0.7dB the noise would

increases from 0.5dB to 0.7dB until the circle is reached.
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Gain circles are then plotted with noise circles to determine the optimum point of

matching seen in Figure 3-10. Equations (35) and (36) result in gain circles with d , and

r,, as the center points and radii respectively,

- 9,55
’ 1_|811|2(1_91)

V1= 91(1_|Sn|2) (36)

1_|311|2(1_ 91)

(35)

gl

where g, is the normalized gain of each circle [14]. Note that if g, =1 this would be

maximum gain. For simplicity of plotting gain circles, each equation is derived from the

unilateral design approach which neglects the reverse gain.

GAcircles

Moize_orcles

Figure 3-10 - Constant gain and noise input circles in the Smith Chart.
Now that gain and noise circles are plotted, an appropriate matching network can be
constructed to match the input to the optimal impedance. This optimal impedance will

then be matched to the coil.
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3.9. Matching to the Coil

To ensure maximum power transfer from a small coil resistance to a high impedance
preamplifier, a matching configuration is required. Figure 3-11 below shows the required
matching design. This design incorporates a phase shifter and impedance transformation

network [19].

R, 50 Ohms 50 Ohms
Loaded Matching
and network - Gl - |p
resonated = Shifter —p| Pream
coil A4
Open Short Noise Match

Figure 3-11 - Demonstration of high input reflection preamplifier matching concept.

The phase shifter network is used to transform the high input impedance of the
preamplifier to a low impedance (a short) when looking in the direction of the
preamplifier. Simultaneously, the phase shifter maintains the 50Q2 match seen from the
coil to the high impedance of the preamplifier. A phase shifter is generally a coaxial

cable with its S-parameters given by Equation (37),

5= e—oi ; e_f 37)
where g = JLC with L and C as the inductance and capacitance per unit length of the
cable and | is the length of the cable.

The impedance transformation network which is a balance-unbalance circuit (balun),

seen in Figure 3-11, is then used to transform R, into 50Q to achieve a low noise

matching looking in the direction from the preamplifier to the coil. Simultaneously the
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network transforms the phase shifter’s low impedance into a high impedance (an open)
looking in the direction from the coil to the preamplifier. The importance of this high
impedance seen by the coil will be explained in Chapter 4, as well as how it contributes
in eliminating crossover distortion between adjacent coils by limiting the current flowing

in the coils.
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4. Noise Considerations

In general, “noise can be defined as any undesired disturbance, be it man-made or
natural, in any dynamic electrical or electronic system [1].” Three types of noise sources
will be of significance in this thesis; thermal, shot, and flicker noise. These noise types
will be discussed in terms of Signal to Noise Ratios (SNR) in the receiver coils and in
amplifier design requirements. The analysis presented below will provide both an

analytical and an intuitive understanding of the needed performances of MRI equipment.

4.1. Thermal, Shot and Flicker Noise

Thermal noise, also known as Johnson noise, is generated by random voltages and
currents created from the random motion of charged carriers within a conductor. Due to
thermodynamics principles, when the temperature of the conductor of a PHEMT
transistor increases, the random motion and velocity of the charged carriers increases [8].

This increase in movement causes an increase in noise voltage which can be calculated

by
i2 = 4KT 2 Af
d ™ 3 Y (38)

where,
i2 = the noise current from drain to source in A,

k = Boltzmann’s constant (1.38 x10 % J/Kelvin),
T = the absolute temperature in Kelvin (°C + 273),
g,, = the device transconductance at the operating point in 1/Q,

Af = the bandwidth in Hz.

It is important to note that thermal noise is dependent upon the bandwidth of the

system. When obtaining optimum noise performance, the bandwidth is of great

32



significance as it should never exceed the necessary requirements for the chosen system
[12].

Shot noise, also known as Schottky noise, is produced by the random passage of
electrons and holes across a potential barrier. “It is often thought that a dc current flow in
any semiconductor material is constant at every instant [1].” In reality, however, there
are fluctuations in the number of charged carriers that produce random current changes at
any given instant. The noise created in a PHEMT transistor by these changes in current

can be calculated according to:
i2 = 2q1 ; Af (39)

where,
i; =the noise current at the gate in A,

q = the electron charge (1.6 x10 ™ C),
I, = the current applied to the gate in A,
Af = the bandwidth in Hz.

Since the preamplifier is designed with PHEMT transistors, which have dc gate
currents of typically less than 107 A, the addition of shot noise to the total noise budget
will be insignificant [8].

Flicker noise, also known as one-over-f noise, is a noise source that has a spectral
density that is proportional to 1/f", where n~1 [12]. Due to PHEMT transistors
conducting current near the surface of the silicon, the surface can act as a trap that
captures and releases current carriers. Therefore, flicker noise can be large; it is
calculated according to
|2

£ 2

Iy = K -2 Af (40)
where,
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i = the noise current from drain to source in A,

I, = the drain bias current in A,

K = the constant for the given device,
a = a constant between 0.5 and 2,
Af = the bandwidth in Hz.

The contributions of thermal and flicker noise constitute the entire noise budget
generated in the preamplifier system which is only valid at low frequencies. Due to the
preamplifier being designed to operate from 100MHz to 500MHz and PHEMT transistors
having very small K values on the of 107®, the contribution of flicker noise is
insignificant. Thus, only thermal noise will be considered in all subsequent noise

calculations [8].

4.2. Noise Figure and SNR

The noise of a system can be expressed in two different ways: either as noise figure
(NF) or as signal to noise ratio (SNR). NF is the measurement of noise generated in
active devices. SNR, on the other hand, is the measurement of noise ratios between the
magnitudes of the transmitted signals against the magnitude of the background noise.
Both NF and SNR are often expressed in terms of the logarithmic decibel scale (dB) as
many signals have a wide dynamic range.

The NF is frequently used to measure quality of an amplifier and can be calculated by

NF =10-log,, F (41)

where F is the noise factor. The noise factor can be calculated by

2

4 Rn ‘FS - 1_‘opt
Zoﬁﬁgfﬁ+r

F=F_  + (42)

2
opt
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Here quantities F_;,, T, , and R,/Z, are specifications given by the manufacturer of the

min ?
transistor. Again, F_ . is the minimum obtainable noise possible for the selected

transistor, with T,

and R, /Z, as the optimum reflection coefficient and equivalent noise
resistance, respectively. This noise factor can then be expressed as the ratio of output
noise power (P, ) to input power (P, ):

(43)

SNR is closely related to the concept of dynamic range. Dynamic range is the
measurement of the ratio between noise and the greatest un-distorted signal in a
transmission channel [15]. The SNR is generically defined as

(44)

SNR =10- Iogm[ I:;‘V J

n

Equation (44) hasP,, as the average power, and P, as the noise power generated by the

system. A signal that is clearly readable will have a large, positive SNR value. If the
SNR value is small or approaching zero, the resulting signal will be unclear displaying

evidence of the noise level greatly competing with the desired signal.

4.3. SNR in a Single Coil

The SNR of a single coil system will be explained initially in order to examine the
SNR of an array of coils. With the noise produced in a MRI system being generally
dominated by thermal noise as explained earlier, the SNR of a coil can be calculated by

using Equation (44). The time-average power P,, of a coil is defined as:
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Pow = (45)

where V, is the peak voltage produced by the induced pulse and R, is the coil resistance
at resonance. The noise power P, in the coil can be derived from the thermal equation

expressed in terms of a MOS transistor as

1 (46)

P =i’R, = 4kT(§ g, jAfRL = 4kT(R—JAfRL = AKTAf

L
To obtain the SNR of a single coil, Equations (45) and (46) are then inserted into

Equation (44), yielding

SNR =10-log L =10-log L 47
P\ 2R, - 4KTAf 1 8R KTAf (47)

The resulting Equation (47) will then be the basis for subsequent SNR computations for

single coil systems.

4.4. SNR of an Array of Coils

When using a single MRI coil, the receiver may not be able to cover the entire region
of interest; in such cases the field of view (FOV) will be small. To increase the FOV an
array of coils can be implemented, seen in Figure 4-1. Note that each coil has its own
preamplifier and the benefits of this arrangement will be described later when discussing

switched versus parallel acquisition arrays.
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1 2 3 4

Figure 4-1 - A linear array of four coils.

In addition to the internally generated thermal noise that is inherent in any system, the
SNR will also contain noise from the coupling of neighboring coils. This additional
noise coupling must be minimized in order to obtain a reasonable SNR value.

Coupling is the transfer of portion of a signal from one coil to another as a result of
mutual inductance M that exists between the coils. This event can be seen in Figure 4-2
shown below. At this point two coils will be used to demonstrate effective methods for
reducing coupling.

To investigate coupling, each coil is modeled by its distributed equivalences of
inductors L., capacitors C. and resistors R, and R,. When resonance occurs, the
capacitance and inductance of each coil cancels each other out resulting in a real

impedance. This resistance, in addition to the coupling effect will then be used in the

thermal equation to calculate the noise of a coupled coil [17].

coil

Figure 4-2 - Inductive coupling between two coils.
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When looking into coil 1, the impedance Z_;, under resonance is equal to R, if coil 2
does not exist. If the coupling of coil 2 is considered, Z., will no longer be equal to

R,. In solving for the coupling of coil 1 due to coil 2, two Kirchoff’s voltage loops with

mutual inductance M are created in accordance with Figure 4-2 as follows,

coil'l

: 1 . L :
—Z |+R|1+R1|1+le_cll—M|2:O (48)

c

: 1 . L :
Zi +ﬁI2+RZI2+ja)LCI2—MIl=O (49)

C

where i, and i, are the currents flowing in coil 1 and coil 2, respectively. Next, Equation

(49) is solved for i,and inserted into Equation (48) to solve for Z i,

M,

Zcoilil = Rlll + (50)

ch |+ jal i, +M
1 Z, +R, +jab, +

jaC,
As stated previously, when resonance occurs the capacitive and inductive reactances of

each coil cancels each other out resulting in a real impedance. When dividing byi, and

taking into account resonance, Equation (50) simplifying to

2
R, + M

Zcoil =
R, +Z,

(51)

where Z, is the impedance seen by coil 2, typically the impedance of the connected

preamplifier. The SNR of coil 1, which includes coupled noise from coil 2, can then be

calculated as
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1 sz 1 V2

= _ = P (52)
R, KTAf + KTAf
R,+Z,

It is important to note that the second term in the denominator of Equation (52) represents

the noise power of the coupling between the coils. As Z, grows larger, the second term
approaches zero. This increase in Z, causes the SNR of the two coils to approach the

SNR of a single coil. From another perspective one can observe that as Z, is increased,

the current decreases causing a reduction in the coupling effect in coil 1. After
decoupling of coil 2 from coil 1, one can then repeat the process by reducing the current
in coil 1 in an effort to decouple coil 1 from 2. As described in Chapter 3, the high

impedance of the preamplifier is then matched to the coil.

4.5. Switched Versus Parallel Acquisition Arrays

Phased array systems are used to improve SNR without limiting the FOV. There are
two classes of systems: switchable coil arrays and parallel acquisition coil arrays, each

shown below in Figure 4-3 (a) and (b), respectively.

Coil 1 Coil 2 Coil 1 Coil 2
-
Preamp Preamp
Preamp
Receiver Receiver
Receiver l
l 6
(a) (b)

Figure 4-3 - (a) Switchable Array, (b) parallel Acquisition Array
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A switchable coil array operates in the same manner as a single coil system, which
has only one receiver. The advantage of a switchable coil array is related to the fact that
the user can select the optimal coil configuration for examining the area of interest and a
single data set will be collected from that coil [29]. A switchable coil array system can
inexpensively be added to an existing single coil system since only one receiver
preamplifier is required.

In a parallel acquisition array, the coils operate simultaneously and independently
collecting data for each coil’s FOV. This method is more expensive due to the cost of
additional receivers. It also poses a technical challenge of reducing the coupling between
coils. The solution to this decoupling issue is the design of the high input impedance

preamplifier which is the goal of this thesis.

4.6. Noise Figure of an Amplifier

When an amplifier is designed with multiple stages, the NF of each stage contributes to
the total noise. In each stage the noise factor can be calculated in the same manner as in
Equation (42).

In analyzing and calculating the noise figure of a cascaded amplifier, Equation (53)
can be used

Ftotal = Fl + F2 _1"" F3 _1+ F4 1
G GG, GGG,

(53)

NF

total

=10-log,, F,

otal
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where F, (n =1,2,3...) is the noise factor of each stage and G, is the numerical gain of

each stage (not in dB). Figure 4-4 gives an example of a dual stage amplifier with NF

and gain for each stage, respectively.
NF, = 3dB
G,=7dB

NF, = 7dB
G, =10dB

Figure 4-4 - Example of a dual stage amplifier.

In calculating the overall NF of the system, the first step is to convert the given noise

figures and gains of each stage into numerical ratios. This would yield F, =2, F, =5,

G, =5, and G, =10 which would then be inserted into Equation (53) to produce
Equation (54):

5-1
I:total =2 +? =238 (54)

or as a total noise figure

NF,

total

=10-log,, 2.8 =4.47dB (55)
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5. Single Stage Preamplifier Design

Prior to designing a dual stage preamplifier, a single stage demonstration (demo)
board with different biasing configurations was considered. To ensure the most efficient
design using the ATF-551M4 transistor, two biasing networks were investigated. A
resistive network was considered which consists of a simple voltage divider feedback and
an active network which consists of a PNP transistor feedback. The chosen active
biasing network is used in the dual stage preamplifier design as mentioned in Chapter 3.
There are a number or reasons why this biasing network was chosen. Through the

simulation and measured results of the demo boards this will become apparent.

5.1. The Demonstration Boards

Demo board 1 shown in Figure 5-1 was simulated and built to investigate the
performance of the ATF-551M4 transistor with resistive biasing. As seen in Figure 5-1,

R1 establishes the V, and I, requirements to operate the ATF-551M4 transistor at 2.7V

and 15mA respectively.
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I
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Figure 5-1 — Resistive biasing of ATF-551M4 transistor (Demo Board 1).
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In Figure 5-1, R2 and R3 produce a voltage divider feedback which provides the
input bias voltage of approximately 0.47 to 0.49V. LC1 and LC2 are used as RF chokes
and CB1 and CB2 are used as DC blocks. Lastly, CD1 is used to help reduce noise that
may be generated from the DC source.

Demo board 2 shown in Figure 5-2 below consists of the same active biasing circuit

described in Chapter 3.

—C m’\N\, 217V N
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L1 L2
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N - 0 Il:ls_15m§‘|
L] 71
G

C=1000 pF o 2 Tema
52
LY C=1000 pF
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Figure_5-2 - Active biasing of ATF-551M4 transistor (Demo Board 2).
With a deeper understanding of how these demo boards were designed, the
simulations and measured results can be investigated in greater detail. The key results of
importance within this section are those which support or refute the decision to use a

certain biasing network. All measured data obtained from the demo boards will be

summarized in Appendix A.
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5.2. ADS Simulations of Demo boards

To simulate the design of the demo boards and the dual stage preamplifier a
simulation tool called Advanced Design System (ADS) designed by Agilent will be used.
A comparison of the simulated results between the two biasing networks concludes that
the ATF-551M4 transistor allows for best performance and meets the goals of this thesis.

First, we note that the demo boards were not designed to be unconditionally stable.
In referring to Figure 5-3, the demo boards are stable for testing due to the input and
output impedances being50Q2 which is the middle of the Smith Chart. For the dual stage
preamplifier design, unconditional stability will be considered due to the fact that it is
unknown exactly what impedance the preamplifier will see when used in the MRI

process.

Output

16 P
14 Input
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0.84

0.6
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0.0 U] 0.z 0.3 0.4 0.5 0.6 o7 0.8 0.4 1.0
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(@)

Figure 5-3 - (a) Stability plotted over frequency,
(b) Smith Chart plot of stability for input and out Impedances.

The noise figures of the resistive and active biased demo boards are shown in Figure
5-4 and Figure 5-5, respectively. A comparison of the two networks shows the active
biasing board to have an approximate NF of 0.4dB which is 0.2dB lower then that of the

resistive biasing board. The minimum NF of the active biased board is also much lower
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than that of the resistive, implying that in combination of a matching network a better

noise figure can be obtained.
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Figure 5-4 — The simulated NF of demo board 1.
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Figure 5-5 - The simulated NF of demo board 2.

Figure 5-6 and Figure 5-7 display the forward gain S,, in dB of the resistive and
active biased boards, respectively. Note that the resistive biased board provides more
gain than that of the active biased board. This is of no consequence; however, as the
future design of building a dual stage preamplifier with active biasing will meet the
minimum requirement of 30dB. All things considered the active biasing board with its

low NF value seems to be the best choice to meet the goals of this thesis.
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Figure 5-6 — Simulated gain of demo board 1.
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Figure 5-7 — Simulated gain of demo board 2.

Figure 5-8 and Figure 5-9 display the input reflection coefficient S;, of both the
resistive and active biased boards. Examining these responses, it can be concluded that
the input reflection coefficient of the active biased board is a factor of 0.03 to 0.05 higher
over the desired bandwidth. This difference is small, but can dramatically change the
performance of the decoupling of coils, thus leading us to conclude that the active biased

board is the better choice.
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Figure 5-8 — Simulated S,; of demo board 1.
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Figure 5-9 - Simulated S;; of demo board 2.

The numerous simulations provide ample evidence that the active biasing design
would provide the best performance required to obtain the goals of this thesis. It is
important, however, to investigate the tested results of the demo boards before a final

decision is made.
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5.3. Test Results of Demo Boards

Both the active and resistive demo boards were built and tested to verify the
simulated performance. The resistive biased board seen in Figure 5-10 (a) was provided
by Agilent as a test board. The active biasing board in Figure 5-10 (b) is the dual stage
board designed for this thesis, but with only one stage being used. All data measured and
recorded was collected from two Agilent Technology systems located at Analog Devices
in Wilmington, Mass.

The Agilent E8357A PNA series network analyzer which has a range of 300 KHz to
6 GHz, and the Agilent N4416A S-parameter test set were used to collect all S-parameter
values. All noise measurements were performed in a noise test room using the Agilent
N8973A NFA series Noise Figure Analyzer which has a range of 10 MHz to 3 GHz.

Both systems then exported all collected data into Excel sheets.
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Figure 5-10 — (a) Constructed demo board 1, (b) constructed demo board 2.

Figure 5-11 and Figure 5-12 are the measured noise figures of the resistive and active
biased boards, respectively. Upon careful investigation, the NF of the active biased board
is much lower than that of the resistive biased board, thus agreeing with the simulated

ADS results.
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Figure 5-11 — Measured NF of demo board 1.

NF (dB)

0 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)
Figure 5-12 — Measured NF of demo board 2.
Figure 5-13 and Figure 5-14 are the measured forward gain S,, in dB of the resistive
and active biased boards, respectively. When investigating these measured results, the
active biased board has a higher gain over the desired bandwidth than the resistive biased

board. This difference in gain might be due to the slight difference in the resistor values

which set up the biasing network.
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Figure 5-13 — Measured S,, gain of demo board 1.
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Figure 5-14 — Measured S,,; gain of demo board 2.

Figure 5-15 and Figure 5-16 are the measured resistive and active biased boards,
respectively. Again, these two measured results agree with the simulated results adding

more evidence that the active biased board is the more appropriate choice.
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Figure 5-15 — Measured S,; of demo board 1.
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Figure 5-16 — Measured S,; of demo board 2.
After viewing the simulated and measure results and comparing the resistive and
active biased boards, it can be concluded that that active biasing is a better choice for the
dual stage design. With the active biasing board the input reflection coefficient is higher,

the gain is sufficient and the NF is much lower than that of the resistive board.
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6. Dual stage Preamplifier Design

The completion of two demo boards allowed us to investigate the performance of the
ATF-551M4 transistor under different biasing configurations. The biasing configuration
proven most effective will be incorporated into a dual stage preamplifier in order to meet
the requirements of this thesis. The design of the dual stage preamplifier was simplified
by designing and testing sections of the preamplifier separately. A step by step process
was then implemented to connect and test one section at a time until the entire

preamplifier was assembled. This design process is outlined below.

6.1. Design and Simulation

Experience proves that designing a preamplifier in its entirety is not advisable as it
makes the debugging process quite complicated. For this reason the first stage of the
preamplifier will be investigated initially and only upon proven success will the second
stage be connected and examined. To simplify the figures illustrating this design process,
block diagrams will be used to represent the biasing networks of the first and second

stages.
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= ® 17TV R2
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Figure 6-1 - Equivalent block diagram of first stage and second stage.
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The first major factor to consider when designing the first stage is unconditional
stability, as it determines the ability of the preamplifier to work successfully under all
source and termination loads. If the first stage of the preamplifier proves to be
unconditionally stable the second stage should also prove stable. For this reason only
stability circles of the first stage will be investigated. To investigate this stability a
program was written in MATLAB to plot the input and output stability circles shown in

Figure 6-2. The code is displayed in Appendix C.

input Stablify Circles output stibifly Circies
+0.5 +2.0 +0.5 +2.0
+0.2 3 < 50 +0.2 +50
o o < o o ' o o S = = .
0.0 [=1 o - 04 i i - 0.0 o (=] - [ T}y -
]  100MHz
% 100MHz [
4 S00MHz
=0.2 -5.0 -0.2 =50
4+ S00MHz
05 20 0.5 -2.0
1.0 =1.0
(a) (b)

Figure 6-2 - (a) Input stability circles, (b) output stability circles.

Input and output circles were plotted at 100MHz and 500 MHz to illustrate the
limiting frequencies in the preamplifiers frequency range. To ensure the first stage is
unconditionally stable, both of the circles in the input and output stability plots must
reside entirely outside of the Smith Chart. We refer to the Rollett stability factor Kk,
explained previously, and restated in Equation (56)

_ 1+|Ds|" ~[S,|" ~[Sa/
21S,[8|

(56)
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when analyzing stability of the active device. If the overall gain S,, is decreased, and

there is matching on the output (S,, =0), then the stability factor k can become greater

than 1 which would indicate unconditional stability. This unconditional stability can be
accomplished by the application of an attenuator on the output of the first stage as seen in

Figure 6-3.
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Figure 6-3 - Pi attenuator deployment to create unconditional stability.
When incorporating this attenuation created by the pi attenuator into the MATLAB
code, an attenuation of 11.8dB successfully pushes all input and output circles outside of

the Smith Chart seen in Figure 6-4.
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Figure 6-4 - (a) Unconditional stability at the input, (b) unconditional stability at the output.
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With the attenuation determined, the resistors R1, R2 and R3 can be calculated so that
an attenuation of 11.8dB is obtained. These values can be calculated using Equations

(57), (58), and (59),

1

%= A 1 (57)
Z,(A-1) R,
1 Vi

R, == (A-1),/ 722

. =5 (A=1) =1 (58)

1

"= A 1 (59)

Z,(A-1) R,

where Z, and Z,are the impedances of the lines connected to the attenuator on the left

an right respectively [26]. These lines are equal to 50Q2 and A is the attenuation factor
calculated from Equation (60) where AdB is the attenuation in dB which equals 11.8dB

[26].

—AdB

A=10 1 (60)
Through calculation, resistors R1, R2 and R3 are calculated to be 84.5Q2, 90.8Q2 and
84.5Q), respectively.
With the first stage proving unconditionally stable, the second stage can be connected

as shown in Figure 6-5.

Input | Pre-amp Pre-amp | Output

Stage 1 R1 RZ o3 Stage 2

Figure 6-5 - Designed dual stage preamplifier with no matching on the input or output.
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Due to the complexity of developing a code in MATLAB to display the unconditional
stability of the two connected stages, a simulation performed in ADS can be considered,
see Figure 6-6. Note that the dual stage configuration is indeed unconditionally stable

with k being greater than 1.
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Figure 6-6 — Overall stability of dual stage preamplifier.

Upon further investigation, it was discovered that through the tuning features in ADS the
value of attenuation could be decreased to 10.5dB. This decrease in attenuation allows
for an increase in gain of 1.3dB. The new attenuation value is then used to calculate the
new values for R1, R2 and R3 which now are to be 93Q2, 772 and 93Q, respectively.

Once the entire preamplifier is proven to be unconditionally stable, it becomes
necessary to create matching networks on the input and output to ensure power flow [14].
This can be utilized by using the bilateral representation of the dual stage preamplifier

seen in Figure 6-7.
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Figure 6-7 - Bilateral matching representation.
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The first matching network to be addressed is the one which is placed on the input of
the preamplifier. Since this particular preamplifier has a bandwidth ranging from
100MHz to 500MHz, a width-bandwidth, low Q, matching network must be considered.
As stated in Chapter 3, the input matching network is matched to the point where
minimum noise and sufficient gain can be achieved. Figure 6-8 are the ADS simulations

of noise and gain circles which will be used to find this optimal point.

Mmse_orcles

MNoise circles
GA

Figure 6-8 - (a) Noise circles, (b) gain circles, and
(c) noise and gain circles with the wide bandwidth (Q=0.75) matching network.
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At a point of approximately 120Q, shown in Figure 6-8 (a) and (b), the noise and gain
values are in the circles of 0.6dB and 30dB respectively. These values suggest that this
point will be a good point to match.

After finding the optimal matching point the quality factor Q is determined for the
bandwidth of 100MHz to 500 MHz,

o- fo 300MHz .
BW3® ~ 500MHz—100MHz (61)

Using Figure 6-8 (c) as a reference the Q circle of Q =0.75 is plotted including the noise
and gain circles and the determined low Q matching network is adopted. Note that there
IS no rotation into the upper half of the Smith Chart Through trial and error using
different L and C combinations, it was found that no inductors can be placed in shunt to
ground as it significantly decreases the high input reflection coefficient. This decrease is
caused by non-ideal quality factors of the inductors. When solving for the values of
inductors and capacitors, the methods described in Chapter 3 will be utilized.

Figure 6-9, shown below, is the template for the designed matching network. In

designing the matching network the solving for the virtual resistor with Q =0.75 from
R, is computed first. Then the Q from the virtual resistor R, toR; is calculated. As

long as the Q from the R, to R is Q <0.75, the network bandwidth will be met.
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Figure 6-9 - Matching network for input of dual stage preamplifier.

By using Equation (62), the virtual resistor R, can be calculated

R, 1200
= T2 o1 075= [FS20-1; R, =76.8Q
Q 3 R, v (62)

The Q from R, to Ry is then calculated to ensure that the bandwidth requirement is met.

This can be seen in Equation (63). If the Q had not met the requirement of 0.75 or below,

another L network would need to be added to the matching network.

R, \/76.8Q
= L -1=|—"-1=073
0 \/ R, 500 (63)

From Equations (62) and (63) the calculations of the bandwidth will be met and the
values for the network can be calculated. It is important to remember that the low Q
network is analyzed by breaking it down into two simple L networks as explained in

Chapter 3. All calculations are then as follows.

X
Qs =——, 0.73=—551 or X, =36.5
S
(64)
X 365

LM1= =
2z - f. 27 -300MHz

=19.36nH

The calculated inductance shown in Equation (64) is the series component that will take
the place of X ;.
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R .
0, =R 073768

X P1 P1

or Xp, =105.3
(65)
1 3 1
Xpy -2 f.  105.3-27-300MHz

CM1= =5.03pF

The calculated capacitance shown in Equation (65) is the shunt component that will take

the place of X,. Note that the Q used for this section of the L network is the calculated

value of 0.73 from Equation (63) and that f. is the center frequency of the network.

st st
Q. = ) 0.75 = or X., =576
s R 76.8 52

Vv

(66)

Xs, 576
27-f.  27-300MHz

LM2 = =30.5nH

This calculated inductance shown in Equation (66) is the series component to take the
place of X,.

R
Qp = XP , 075= 120 o X p, =160.0

P2 Xe, (67)
1 ~ 1 ~
X, 27 f. 160.0- 27 -300MHz

CM2= 3.3pF

This calculated capacitance shown in Equation (67) is the shunt component to take the
place of X,,. Note that the Q used for this section of the L network is the calculated

value of 0.75 which was chosen for the bandwidth requirement. After all components are

in place, the designed low-Q matching network is completed and shown in Figure 6-10.
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Figure 6-10 - The designed input matching network.

After completing the input matching network ADS simulations were utilized to
investigate the performance of the wide bandwidth matching network. Figure 6-11
illustrates the plotted NF and minimum NF from 10 MHz to 1GHz. Note that the
bandwidth is not only met, but is exceeded with extra bandwidth of up to 700 MHz and

the noise level is below the requirement of 0.8dB.
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Figure 6-11 - Simulated noise figure and minimum noise figure.

Once the noise requirement is met, the input reflection coefficient can be considered,
seen in Figure 6-12. Note that the reflection is above 0.90 over the bandwidth of
100MHz to 500MHz to meet the high reflection requirement which will be sufficient for

decoupling.
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Figure 6-12 - Input reflection coefficient with wide bandwidth matching network.

Now that the input matching network is designed and simulated, the output matching
network is determined. Again, due to the bandwidth requirement, a low-Q network is
essential. After two stages of gain, a small amount of gain can be sacrificed and a
resistive network can be constructed as seen in Figure 6-13 (a). This network was
designed by the needed transitions on the Smith Chart at the center frequency of
300MHz, seen in Figure 6-13 (b). This transition results in a resistance of 75Q2 and an
inductance of 2.2nH . It is noted that this is a lossy network with a loss on the order of

1.5dB. Figure 6-13 (c) is the ADS simulation depicting the matching to the output.
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Figure 6-13 - (a) Output matching network,
(b) the Smith Chart rotation made by the network, (c) output reflection coefficient S22.

After the input and output matching networks are designed, the gain of the entire dual

stage preamplifier was simulated and is seen in Figure 6-14. Note that over the entire

bandwidth the gain is above the required 30dB gain specification.
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Figure 6-14 - Entire gain of dual stage preamplifier.



Finally with the complete amplifier design the entire schematic of the dual stage
preamplifier is displayed in Figure 6-15. All component values shown in this schematic
are listed in Table 1. It is important to note that although the detuning network is
attached to the input, it does not affect the input matching network. This is due in part to
the size of the components compared to those in the matching network at the frequency
of operation and partly due to the detune not being on at the time of operation. As
discussed in Chapter 2, the detune circuit is the MRI hardware that allows for the RF
pulse to be sent to stimulate the atoms.

With all ADS simulations meeting the dual stage preamplifier requirements the next

logical step is to design a layout and construct a dual stage board.

Table 1- Component values for dual stage preamplifier.

Components Values Components Values
LD1, LD2 0.55uH FL1, RR1 4.3k E2
Lh1 22nH RLZ RFRZ 5 7KL
Lhi2 27nH FL3, RR3 143 €2
Lhi3 2.2nH RL4, RR4 10 £
LF1,LF2 LF3, LF4 |330nH FL5, RRA 10K L2
chtl, ch2 1000pF FLG, RRE 1.0K 2
CHE1, CB2, CB3, CB4 |1000pF Ri2, Fhid 83 €2
C1,C2,C3, C4 1uF Ri3 77 Ll
Ch, CH 0.1uF RE 75 L

Ria1, RR5 0l
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Figure 6-15 - Entire dual stage preamplifier schematic with detuning network attached.
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6.2. Layout and Construction

To meet the requirements of this thesis the dual stage preamplifier must be built as
small as possible. For this reason, all components are in 0603 packages with the very
small ATF-551M4 transistors as the center points of design. The ATF-551M4 transistor
is the primary component in this preamplifier design and as such the layout of each stage
was built around these transistors. A four layer FR-4 board was used to meet the low
noise figure requirements as it provides more isolation of noise than that of two layer
boards. The production of the boards was completed by ExpressPCB. This company
also provided the necessary software to create the PCB layouts.

In order to reduce the size of the board, the RF components were separated from the
DC biasing components. This need for separation resulted in all RF components being
located on the top of the board, as seen in Figure 6-16. Consequently all DC biasing
components are then placed on the bottom of the board and fed through by vias in the
proper locations to connect to the top layer. The layout of the bottom layer can be seen in

Figure 6-17.
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Figure 6-16 - Dual stage preamplifier- top layer.

Figure 6-17 - Dual stage preamplifier- bottom layer.

To keep the overall size of the board to a minimum and reduce all parasitic
capacitance and inductance all components were placed as close together as possible. All
inductor positioning was also considered to ensure that there was no mutual induction
created between them. In the case that two inductors had to be positioned close to each
together, considerations were taken to place them at 90° to ensure no mutual induction.

One of the dual stage preamplifiers built can be seen in Figure 6-18.
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Figure 6-18 - Constructed dual stage preamplifier.

6.3. Tested Results of the Dual stage Preamplifier

Once all four dual stage preamplifiers were built, data collection was conducted on
each board. To maintain a consistent environment, data collected from each board was
gathered using the same equipment. Only data collected from board 1 will be
investigated here; all data collected on the other boards will be summarized in Appendix
B.

The measured noise from board 1 can be seen in Figure 6-19 below. Further
investigation shows the noise from board 1 is very similar to the noise simulated in ADS.
The only major difference is that the noise is 0.5dB higher than simulated results at
100MHz and 500MHz and is 0.3dB at 300MHz which is lower. This divergence from
simulated results may be due to the nonideal low quality Q of the inductors in the input
matching network. A possible solution to this may be to use inductors possibly in 1210
packages or larger as they tend to carry a higher quality Q then the small inductors in

0603 packages.
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Figure 6-19 — Measured noise of preamplifier.

Figure 6-20 is a plot of the magnitude of the input reflection coefficientS,,. Upon
investigation, this matches up with the simulated ADS plot of the magnitude of S,,. Here
also, there is a slight discrepancy from 200 to 500MHz. It can be seen that the input
reflection coefficient is not as high as the simulated value of 0.95. This once again might

be due to the effect of the inductors in the input matching network not having a high

enough quality factor Q.
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Figure 6-20 — Measured magnitude of S, .
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Figure 6-21 below is the measured forward gain of board 1. By investigation this
closely resembles the simulated ADS results of S,,. Note that the gain is 5 dB lower
then that of the simulations which might be due to the imperfect biasing of each

transistor. Due to resistors having a tolerance of +5% the network biasing might be off

which could affect each stage by a gain 2dB each.

N
o
I

Gain (dB)

[y
(S}
I

0 100 200 300 400 500 600 700 800 900 1000
Frequency (MHz)

Figure 6-21 — The measured gain S,; in dB.

Seen in Figure 6-22, the measured S,, is very close to an optimal match over the

entire bandwidth. In comparison to the ADS simulation this matches up very well. It

does slowly increase up to higher frequencies. This may be due to the inductor on the

output, but this is not a problem.
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Figure 6-22 — Measured output reflection coefficientS., .

After reviewing all of the collected data, the dual stage amplifier still provides
sufficient gain at low noise levels with a high reflection coefficient. The next logical step
is to test the preamplifier in an MRI system to observe if the high input reflection
coefficient concept works in decoupling the coils and to investigate if the gain and noise
are truly sufficient. To do this only two preamplifiers will be used and a package design
was then created and can be seen below in Figure 6-23. It is noted that the third board

seen contains a voltage regulator which will provide a solid 5.0V to both preamplifiers.

Figure 6-23 - Two preamplifiers packaged for testing in the MRI system.
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7. Testing of Decoupling Concept with Dual stage
Preamplifier

Upon completion of the dual stage preamplifier, the testing in an MRI system was
needed to investigate its performance. The testing of the preamplifier will be done in a
4.7T system which is 200MHz. If the dual stage preamplifier enables the decoupling of
two coils in an MRI system the main goal of this thesis is would be met. Two coils were
built and attached to the preamplifier to investigate this decoupling concept. Figure 7-1,
shows the typical design of the necessary circuits needed to connect the coil to the
preamplifier. As described in Chapter 3, the phase shifter will be a 50Q cable with a
length of 3.4/4; it will shift the high impedance of the preamplifier to a low impedance (a

short). The matching network will then match the 502 cable to the coil.

R, 50 Ohms 50 Ohms

Loaded o
and Matching - ase <
resohated network = Shifter — | Pream
coil d Af4 *

2L Short Noise Match

Figure 7-1 - System diagram of the coil connected to the preamplifier.
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7.1. Construction of Two Colils

In constructing the two coils for testing, a Reykowski based design was used with the
addition of a A/4 bazooka balun which will provide a shield current block [22].

Displayed in Figure 7-2 is the chosen matching network to the coil with exception of the

balun.
i | Oy -~
; 71 .
4
: = L=42 nH
L=45rH | . C=2pF
! *
. ; F 3
Coil ; —— C=12 pF —— C=14pF
' T~ T~
R=10 Ohm |
£} .

Figure 7-2 - The matching network required to connect the coil to the cable.
To calculate the component values, Equations (68) through (70) are used as

intermediate equations, with Z, ~0 being the transformed impedance seen by the

Amp
matching network and Z, being the characteristic impedance of the cable. Also noted is
the resistance and reactance of the coil R and X, respectively. Equation (71) is used to
calculate the reactance of the inductor L, =42nH at the test frequency of 200MHz. This

inductance controls all other calculated values of the matching network [22].

A=X,Zy+R X, =2.827x10° (68)
B=—R-Z,(X2,, +2Z) =-375.994 (69)
C=R-Zy— X X, =56.549 (70)
X,=o-L, X,=51.648 (71)
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Equation (72) is used to calculate the value of C, from the reactance component X,. In
the matching network C, controls the appropriate resonance frequency of the coil. To

achieve fine tuning C, will be a tunable capacitor with a range of 4.5 to 20pF.

_A. (X4A_ZOC)
b (ZoX,A-Z2C+B-A+B?) 72
C, = L =12pF

1
Equation (73) is used to calculate the value of C, from the reactance component X, . In

the matching network C, controls the actual matching in the circuit from the coil to the

cable. Again, to achieve fine tuning; C,will be a tunable capacitor with a range of 2 to

6pF.
X, - ~(X,A-Z,C)
B
L (73)
C, = =2pF
X,

Equation (74) is used to calculate the value of C, from the reactance component X,. C,
controls the phase correction needed to tune the coil. In order to fine tune, C, will be a

tunable capacitor with a range of 4.5 to 20pF.

(X,A-2,C)
X, =4 —0/
(A+B)
1 (74)
C, = =14pF

3
After the network is calculated the balun can be attached to the output. The balun is

built by using a tri-coaxial cable to connect the matching network to the preamplifier. A
tri-coaxial has the same properties of a regular coax cable but with an additional outer

shield. The strategy used for building the bazooka balun was to shorten the outer to the

inner shield at a length slightly less than 4/4. In addition, a tunable capacitor was placed
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on the other end between the inner and outer shielding which allowed for a fine tuning of

exactly 4/4. This can be seen in Figure 7-3.

| 3[4 |
| Af4 |
| —_

e
Tri-Coax L

B

4.5-20pF

x|

Figure 7-3 - Balun constructed from tri-coaxial cable.

With the matching network and balun designed a layout of the coil boards can be
constructed. Seen in Figure 7-4 is the ExpressPCB layout of the coil. Note that there are
addition components CL1, CL2, D1, as well as L2 and L3 used as RF chokes. These
components are necessary to achieve a detuning of the coil. This network provides a dc
pulse to the coil causing CL1 and CL2 being the only real difference in the matching
network. Due to a needed cut in the coil for detuning, the addition of the capacitors

CL1=27pF and CL2=12pF in series is equal to approximately 8pF. With fine tuning,

a tunable capacitor C1 ranging from 4.5-20pF is put in parallel with CL2 to create the

needed 12pF for the tuned resonance of 200MHz.
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Figure 7-4 - Layout of coil on bottom layer, with matching network with addition detuning
components on top layer.

Figure 7-5 displays the constructed coil, while Figure 7-6 is shows the coil along with

the /4 balun.

f[TIl]T]‘IlIII;lI‘I'lIIlilIll!&ll‘I‘lll‘lllll‘;lill‘l‘

2R

Figure 7-5 - Constructed coil.

Figure 7-6 - Constructed board with balun.
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With the completion of the two coils, each coil will need to be tuned to the test
frequency of 200MHz. In addition to tuning the resonance of the coil, the phase and the

matching will be fine tuned to ensure that the optimal operation is obtained.

7.2. Tuning of Coils

The tuning of the coils was first done on a test bench to resolve major tuning issues
before conducting the tuning in the magnet room. Figure 7-7 depicts the test setup using
ports 1 and 2 of a network analyzer. Two probes are place on either side of the coil.

Probe 1 was used to measure the input reflection coefficientS,, , while probe 2 was used

to measure the forward gain S, .

I N

Probe | Probe 2

\l¢l\ Wil\

Port 1 Port 2
Figure 7-7 - The Tuning setup for each coil.

Figure 7-8 is the measured S;;and S,, after tuning the coil. Note that the coil is
tuned to the test frequency of 200MHz and that the gain S,, is maximized at the desired

resonance frequency. The same tuning was performed with the second coil.
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Figure 7-8 — Measured resonance at 200MHz and forward gain S, .

The phase of each coil is then tuned to the minimum and can be seen in Figure 7-9.

This minimum is desired in order to control the ability of the coils to decouple from one

another.
»1:821 Fud Trans Log Mag 1@.@ dB/ Ref @.@2 dB
Dz:off
dB
ua
30
20
1@
1: M
-18
-20
_q—ﬂﬁ'k“‘x
| o1 \.\ Jpee——
B M \-"\.
0 AN ﬂ,.rur "'\1
- \M\hwﬂf
Start 198.8880 MHz Stop 210.080 MHz

Figure 7-9 - Matching of phase to a minimum.
After the tuning was performed for each coil, both coils were attached to a phantom.
Seen in Figure 7-10 is the splitting of the resonances when coil 1 is connected to the

network analyzer and coil 2 is connected to a 50Q2 load.
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Figure 7-10 — The resonance splitting when coil 2 is connected to a 50 Q2 load.
When the second coil is connected to the preamplifier instead of the 50Q load, the
preamplifier does in fact decouple the two coils due to the reflection coefficient (depicted
as S,; trace in Figure 7-11) approaching zero. The next logical step is to conduct

simulations for each coil with mutual inductance and to investigate how well the coils

should decouple when placed into a MRI system.

P1:511 Refl Portl Lin Mag a.it 7/ Ref @.50@8@
Pz:off

Melasl: Mirl 2p@.007 MH=z
@.154

) /
v

Start 195.088 MHz Stop 2@05. 008 MHz

Figure 7-11 - Resonance seen by coil 1 when coil 2 is decoupled
by the high impedance load of the preamplifier.
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7.3. Simulation Check

A simulation of the two coils with mutual inductance was investigated to obtain some
preliminary results of what exactly will be measured in the magnet room. Seen in Figure
7-12, is the simulation layout of the two coils. Note that the cable is taken into account
and L4 and L5 are 41nH. Just like on the bench, the simulation will need to be tuned,
which makes L4 and L5 in Figure 7-12 the bases of tuning for all other components. The

coil is also simulated with an inductance of 45nH and a capacitance of 27pF.

8222

1 o 4
1 2
TL\NP
C 27 pF C 196 pF
Z SDD Ohrn
L 46 nH 3 L=Len_TL

S2P_Egn
52P2
C??EdpF CEBF k=23 ~ L
MUTIND Terml P A=023622 S[1.1=093 2325 =—
Z=H_coil F=200 MHz 5[1.21=0
= = TanD=0 32,11
Mutual = 5[2.2=0
k=024 =L e Z[1]=50 Ohm
Inductor!="L1" = Z[2]=50 Ohm
Inductar2="L2" a222
Y It P
rd 1% it T
e cs L=ainn THNE L] = Temd
Lz C=27pF Bl I3 T00onm . S2P_Ean 7=50 Ohm
L i el e Ca-coel 3[21'312] 0932325 =
C=27 54 pF C=B6 pF K=23 31 210 L
A=023622 =
Term3 Foo00 MHz SR1=1
T=R_coil = = i S[2.21=0
Z[1]=50 Ohm
= F[2]=50 Ohm

Figure 7-12 - Test simulation of coils connected to the 502 load or preamplifier.

In the same fashion as done on the bench, the tuning of each coil is carried out in the
simulation by excluding the mutual inductance between each coil and fine tuning the
resonance, matching, and phase. Next, the proper amount of mutual inductance needs to
be calculated to recreate the same results obtained from the bench testing. Using
Equation (75) and the measured splitting of the resonance from Figure 7-10, the mutual

inductance factor k can be calculated [17].

f7—f? 202.25° -197.75°
Y 2~ 2 ;=00 (75)
f,+f° 202.25° +197.75
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Figure 7-13 (a) and (b) are then generated. These figures represent the splitting and

single resonance, respectively, when either a 50Q load or the preamplifier are connected

to coil 2.
1.0 1.0
0.9 1
- 1 0.8
& 0.8 &
@ 0.7 @ 0.6
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£ 0.6 g
. = 044
0.5
0-4 T T T T | T T T T | T T T T | T T T T 02 T T T T | T T T ‘ T T T T ‘ T T T T
180 190 200 210 220 180 190 200 210 220
freq, MHz freq, MHz
(a) (b)

Figure 7-13 - (a) Splitting of resonance when coil 2 is connected to 50Q2 ,
(b) one resonance when coil 2 is connected to the preamplifier.

To investigate the degree of isolation between coil 1 and coil 2 S,,;, which is the
received signal at port 2 when the source is at port 1 (coil 1), and S,;, which is the

received signal at port 2 when the source is at port 3 (coil 2), are compared in Figure

7-14. Note that S,; is 14dB less then S,; thus concluding that the preamplifier is indeed

decoupling the two coils.
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Figure 7-14 - The simulated isolation between coil 1 and coil 2.
When comparing these simulated plots and the measure plots on the bench, it can be
concluded that the preamplifier does in fact decouple the coils with the mutual inductance
created by the measure splitting in resonance. Once decoupling was verified on the

bench, the system was then ready to be tested in an MRI facility.
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7.4. The Magnet Test

After the bench testing and simulated results were investigated, the entire setup was
taken to the CCNI facility at UMASS Worcester. The 4.7T MR scanner by Bruker
Biospin at CCNI is a single receiver facility where all images are created from one
receiver amplifier. As a result, the testing of the coil array system was conducted one
coil at a time. The two images produced from each coil were then added by computer
image processing to investigate the performance of the combined image created by a two-
channel system. For all tests performed the follow setup was used and summarized in
Table 2. It is noted that the echo time is 48.6ms which is uncommonly long. Through
the testing of the system in the MRI facility a problem occurred with imaging using short
echo times. It was later concluded that the preamplifier was requiring a long recovery
time from the initial RF pulse of the imaging process. This pulse was charging up
capacitor C1 and in a RC time constant fashion C1 was dissipating through RL5; a
process that took about 10ms. The echo time was then set to 48.6ms to ensure sufficient
time for the preamplifier to recover. This extended echo time lead to the formation of
high quality images.

Table 2 - Test setup parameters.

Phantom Mineral Water
Pulse Sequence Rare Bio
Matrix Dimension 128

Recovery Time (TR) 3090.0ms
Echo Time (TE) 48.6ms

Field of View (FOV) 5.0cm
Slice Thickness 2.0mm
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Figure 7-15 (a) and (b) display the axial slices of the phantom from coil 1 and coil 2,
respectively. It is noted that this data was collected when the dual stage preamplifier was
used to decouple the coils and the CCNI preamplifier was connected in series. The coils
were also placed on the bottom of the phantom in order to avoid imaging an air bubble
that was in the sample. From inspection, the intensity of the measure signal is best in the
region where the coil is closest to the phantom, hence the brighter image. This
occurrence is cause by the increased sensitivity near the coil. As one moves away from
the coil, the sensitivity reduces. It can also be seen that as the distance from the coil
increases, the image intensity decreases thus becoming darker. Figure 7-15 (c) was then
produced by computer processing where both measured images from both coils were
added. This image reveals what could be measured in a two channel receiver system. All

signal and noise strengths for this test are listed in Table 3.
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(c)
Figure 7-15 - Image acquired during test with CCNI preamplifier
and designed preamplifier in series— (a) image acquired from right coil
(b) image acquired from left coil and (c) the addition of both images.

Table 3 - Data collection of coils with CCNI preamplifier in series with designed preamplifier.

Signal Noise SNR
Left coil 1.43E+06 | 9.32E+03 153.43
Right coil | 5.39E+05 | 2.13E+03 253.05
Both coils | 6.55E+05 | 1.15E+04 56.96
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After reviewing the measured data, the CCNI preamplifier was removed so that only
the designed dual stage preamplifier is in use. The images produced can be seen in

Figure 7-16 and the measured signal and noise strengths are listed in Table 4.

mmH
1

re_anmory, 15 | 1

ERUKER #psect

E 00 kg

(c)
Figure 7-16 — Image acquired during test with designed preamplifier—
(a) image acquired from left coil (b) image acquired from right coil and
(c) the addition of both images.
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Table 4 - Data collected from coils with designed preamplifier decoupling

Signal Noise SNR

Left coil | 1.75E+05 | 2.91E+03 | 60.14
Right coil | 6.77E+05 | 2.62E+03 | 258.40
Both coils | 5.69E+06 | 5.54E+04 | 102.71

By inspection it can be seen that the images are of the same quality. When
comparing the data collected in Table 3 and Table 4, however, the SNR is much better
when using the designed dual stage preamplifier on its own.

To ensure that the preamplifier was indeed decoupling the two coils, a wobble test
was conducted with coil 2 connected to a50Q2 load. As seen in Figure 7-17, the bench
test and wobble test of the resonance splitting are very close. It is noted that the

frequency span of the wobble test is 10 MHz and by inspection the splitting is around 4 to

4.5 MHz.

STOP  Grid  Exit

Figure 7-17 - The resonance spliting in the magnet with 50 Q load connected to coil 2, note the X-
axes is frequency and the Y-axes is the magnitude of the resonance.
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8. Conclusion

The development and testing of the prototype two-channel preamplifier has been
successfully completed. This thesis provides an approach and a particular method for the
design of the preamplifiers; it has outlined a generic methodology in an effort to aid in
the future design of preamplifiers. This thesis details the steps of choosing the best
operational transistor for the system specifications and ensuring that the transistor is
unconditional stable at the frequency of operation. Secondly, the design of proper
matching networks at the input and output of the transistor is explained to ensure that
optimal performance will be obtained. The measured results collected from this analysis
suggest that the designed preamplifier unit is sufficient and can be used in a multi-phased
array system. Although this preamplifier satisfied all the requirements originally set forth
in this thesis, changes could be administered to improve its performance in a phased array

system.

8.1. Further Research

The two surface coils in conjunction with the dual stage preamplifier presented in this
thesis are the basic building blocks for creating a phased array receiver system.
Nevertheless, they are simple prototypes and some considerations need to be addressed to
further improve their capabilities.

e Testing has shown that due to low quality inductors it appears counterproductive

to use an input matching network to lower the noise figure. Thus, in future
designs with this transistor, no input matching should be done and sufficient noise

figures of around 0.7dB over the enter bandwidth can be obtained.
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The capacitance of C1 and resistor R5 could be reduced which would cause the
preamplifier to have little or no recovery time. This could also be resolved by
adding another resistor in series with the gate bias circuit between R5 and L1.
This resistor would be about 50Q and another RF capacitor would need to be
placed in between this new resistor and L1 to ground. This and the reduction of
R5 would eliminate the recovery time issue and provide a low-frequency
termination for the transistor to improve stability. If the echo time was then
decreased, this could increase the quality of the received images due to the T,
relaxation decreasing exponentially.

All inductors in the preamplifier could be potentially enlarged to 1210 sizes or
larger. This increase in physical size would result in the inductors having higher
quality factors, thus increasing the performance of the preamplifier.

Further development in the coil design and layouts may increase the level of
decoupling of the preamplifier. In addition, a different tri-coax cable with lower
electric loss could be used to increase the signal strength.

The last recommendation would be to upgrade the current configuration from a

two-channel to a four-channel system in conjunction with redesigned coils.
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Appendix A

Simulated Results on the Resistive Biased Board
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Figure A-1 - Simulated Results- (a) S11 displayed in the Smith Chart,
(b) S11 in a magnitude scale, S21 in a dB scale, and (d) S22 displayed in the Smith Chart.
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Figure A-2 - Simulated Results- (a) Noise figure in dB, and
(b) Noise and gain circles in the Smith Chart.
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Figure A-3 - (a) S11, (b) S21, (c), S12 and (d) S22.
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Simulated Results on the Active Biased Board
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Figure A-5 - Simulated Results- (a) S11 displayed in the Smith Chart,
(b) S11 in a magnitude scale, S21 in a dB scale, and (d) S22 displayed in the Smith Chart.
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Figure A-6 - Simulated Results- (a) Noise figure in dB, and
(b) Noise and gain circles in the Smith Chart.
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Figure A-7- (a) S11, (b) S21, (c), S12 and (d) S22.
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Appendix B

Simulated Results on dual stage Boards
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Figure B-1 - Simulated Results- (a) S11 displayed in the Smith Chart,
(b) S11 in a magnitude scale, S21 in a dB scale, and (d) Stability over the frequency range above 1.
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Figure B-2 - Simulated Results- (a) S22 displayed in the Smith chart,
(b) S22 plotted over frequency, (c) Noise figure in dB, and
(b) Noise and gain circles in the Smith Chart.
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Measured Results on the Dual stage Boards

Four dual stage boards were built with all data collected on each board seen below.
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Figure B-3 — Measured results on board 1- (a) S11, (b) S21, (c), S12 and (d) S22.
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Figure B-4 - Measured noise figure on board 1.
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Figure B-5 — Measured results on board 2- (a) S11, (b) S21, (c¢), S12 and (d) S22.
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Figure B-7 — Measured results on board 3- (a) S11, (b) S21, (¢), S12 and (d) S22.
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Figure B-9 — Measured results on board 4- (a) S11, (b) S21, (¢), S12 and (d) S22.
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Appendix C

$John Kauffman
$ECE, WPI
$Summer 2004

$With the Amplifier being designed to have a bandwidth of 400MHz which is
%from 100=500MHz, Stability circles must be made and looked at all at once
%to make sure the system is stable. Also RF toolbox is needed to plot
$smith chart graphs.

global ZO0;
global ZL;

set_EO0(50);
close all;

$Entering in all S-parm from the data sheet on the ADF=551M4

%5 parameters at 100MHz
S11_100M 0.988 - 0.112+5;

821 _100M = =12.52 + 0.963*7];
§12_100M = 0.000376 +0.005988+*7;
522 _100M 0.791 - 0.04426*75;

%5 parameters at S500MHzZ

511 500M = 0.811 - 0.491*3;

521 _500M = =10.88 + 4.644*7;

512 500K = 0.008464 + 0.02438*7;
522 500M 0.745 = 0.195*7;

%Calculating Ds for all frequencies
$100MHZ
Ds_ 100M = 511 100M*522 100M - 512 100M*S21 100M;

+500MHz
Ds_500M = S11 _500M*S22_500M - S12_500M*SZ1_500M;

%conj() is the command for complex conjugate

$Mow finding the locations and radaii of the input and output stabilitye
circles
$INPUT CIRCLES

%100MHZ

cl_100M = 511 _100M - (Ds_l00M*conj(S22_100M));

%center location

rsl 100M = conij(Cl_100M)/((abs(S11_100M))"2 - (abs(Ds_100M))"2);

$radius

psl_100M = abs((S12_100M*S21_100M)/((abs(S11_100M))"2-(abs(Ds_100M))"2));

%500MHZ

Cl_500¥ = 511 500K - (Ds_500M*conj(S22_500M));:

%center location

rsl 500M = coni(Cl_500M)/((abs(511_500M))"2 - (abs(Ds_500M))"2);

$radius

psl 500M = abs( (512 500M*S21 500M)/((abs(51l1l 500M))"2-(abs(Ds S00M))"2)):
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$0UTPUT CIRCLES

%100MHzZ

C2_100M = 522 100M = (Ds_l00M*conj(S11_100M));

$center location

rs2_100M = conj(C2_100M)/((abs(S22_100M))"2 - (abs(Ds_100M))"2);

%radius

ps2_100M = abs((S512_100M*S21 100M)/((abs(S22_100M))"2-(abs(Ds_100M))"2));

%500MHZ

C2_500M = 522 500M - (Ds_500M*conj(S11_500M));

%center location

rs2_500M = conj(C2_500M)/((abs(S22_500M))"2 - (abs(Ds_500M))"2);

$radius

ps2_500M = abs((S12_500M*S21_500M)/((abs(SZ2_500M))"2Z-(abs(Ds_500M))"2));

$Plotting Input and Output Stablity circles
angle= (0:0.01l:1)*2*pi;

% Input smith chart

smith_chart;

hold onj;

plot( real{rsl_100M)+psl_ 100M*cos(angle),imag(rsl_100M)+psl_100M*sine
(angle));

plot{ real(rsl 500M)+psl 500M*cos(angle),imag(rsl_500M)+psl S00M*sine
(angle));

plot(real (S11_100M), imag(S11_100M), 'ro'):

text(real (511 _100M), imag(S511_100M), ' ‘leftarrow 100MHz')}:

plot{real (511_500M), imag(511_ 3500M), 'bo’');:

text(real (511_500M), imag(s51l_500M), '‘leftarrow S00MHZ');
title( ' 'Input Stability Cirecles'):

hold off:

$0utput smith chart

smith_chart;

hold on:

plot| real(rs2_ 100M)+ps2_ 100M*cos(angle),imag(rs2_100M)+psd 100M*sine
(angle));

plot( real{rs2 500M)+ps2_ 500M*cos(angle),imag(rs2_500M)+psi S00M*sine
(angle));

plot(real (522_100M), imag(522_ 100M), 'ro'):

text(real (522_100M), imag(522_100M), '‘leftarrow 100MHzZ');:
plot(real (522 _500M), imag(522_500M), 'bo');:

text(real (522_500M), imag(522_500M), '‘leftarrow 500MHz'):

title( 'Output Stability Circles'):

hold off:

%Applying Attenuator to push input and cutput stability circles out of
$5Smith Chart.
Atten= 11.68; % in dB

[theta,ruo] = cartiZpol (real(521_100M),imag(S21_100M));
rugc = ruo-Atten;
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[X,¥] = polZcart(theta,ruc);

821 _100M= X+¥*i;

[theta,ruo] = cartiZpol{real(S521_500M),imag(S21_500M));
ruo = ruo-htten;

[X,¥] = polZcart(theta,ruc);

821 500M= X+¥*i;

522 100M=0;
522 500M=0;

%Calculating Ds for all frequencies
$100MHZ
Ds_100M = 511 100M*S22 100M - S12_100M*S521_100M;

$500MHz
Ds_500M = S11_500M*S22_500M - S12_500M*S21_S00M;

%conj() is the command for complex conjugate

%Mow finding the locations and radaii of the input and output stabilitye
circles
%$INPUT CIRCLES

%100MHZ

cl_100M = 511 100M - (Ds_l00M*conj(S22_100M));:

$center location

rsl 100M = conj(Cl_100M)/((abs(S11_100M))"2 - (abs(Ds_100M))"2);

%radius

psl_100M = abs((S12_100M+*S21_100M)/((abs(S511_100M))"2-(abs(Ds_100M))"2));

%500MHZ

Cl _500¢ = 511 500K - (Ds_500M*conj(S522_500M));

%center location

rsl 500M = coni(Cl_500M)/((abs(S511_500M))"2 - (abs(Ds_500M))"2);

$radius

psl_500M = abs((S12_500M+*S21_500M)/((abs(S11_500M))"2-(abs(Ds_500M))"2));

%0UTPUT CIRCLES

%100MHZ

C2_100M = 522 100M - (Ds_100M*conj(S11_100M));:

$center location

rs2_100M = conj(C2_100M)/((abs(S22_100M))"2 - (abs(Ds_l00M))"2);

%radius

ps2_100M = abs((S12_100M+*S21 100M)/((abs(S22_100M))"2-(abs(Ds_100M))"2));

%500MHZ

CZ_500¢ = 522 500K - (Ds_500M*conj(sS1l_500M));

%center location

rs2 500M = coni(C2 _500M)/((abs(S522 500M))"2 - (abs(Ds_500M))"2);

$radius

ps2_500M = abs((S12_500M+*S21_500M)/((abs(S2Z2_500M))"2-(abs(Ds_500M))"2));
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$Plotting Input and Output Stablity circles
angle= (0:0.01l:1)*2*pi;

% Input smith chart

smith chart;

hold on;

plot( real({rsl_1l00M)+psl_ 100M*cos(angle),imag(rsl_100M)+psl_ lO00M*sine
(angle));

plot|{ real(rsl 500M)+psl 500M*cos(angle),imag(rsl_500M)+psl S00M*sine
(angle));

plot(real (511_100M), imag(S511_100M), 'ro’');:

text(real (511_100M), imag(S511_100M), '‘\leftarrow 100MHz'):

plot{real (511_500M), imag(511_ 3500M), 'bo’');:

text(real (511_500M), imag(511 500M), '‘leftarrow 500MHz');:

title( 'Unconditional Input Stability Circles');

hold off;

$0utput smith chart

smith_chart;

hold on;

plot| real(rs2_ 100M)+ps2_ 100M*cos(angle),imag(rs2_100M)+psd 100M*sine
(angle));

plot( real{rs2 500M)+ps2_ 500M*cos(angle),imag(rs2_500M)+psi S00M*sine
(angle));

title( 'Unconditional Output Stability Circles'):

hold off:
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Appendix D
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Description

ilent Technologies' ATF-G51M4
is a high dynamic range, super
low noise, single supply
E-pHEMT GAAs FET housed in a
thin miniature leadless package.

The combination of small device
size, super low noise {under | dB
Fmin from 2 to & GHz), high
linearity and low power makes
the ATF-GL1IMA ideal for LNA or
hybrid module desipns in wire-
less receiver in the 450 MHz to
10 GHz frequency band.

Applications include Cellular!
PCE WODMA handsets and data
modem cards, fixed wireless
infrastructure in the 2.4, 3.0 GHz
and UK frequency bands, as
well as 2.4 GHz 802.11b, 5 GHz
502.11a and HIPERLAMN/Z
Wireless LAN PC-cards.

et

1, Agiler's enhancesant mode E-pHEMT
davazeg mm the lest commeally svmlabls
aingle-supply GaAs ransisios thes do not
rad & nagate gaia bias vohags lor
eganation. They can Palp simpkey the design
and reduca the cosl ol iecaivers and
Trangwaiems in maey agplications in the
450 MHz 0 10 GHr Emgueney ranga

Agilent ATF-551M4 Low Noise
Enhancement Mode
Pseudomorphic HEMT in a
Miniature Leadless Package

Data Sheet

Festuras.
= VWery low noise figure and high
linearity

= Bingle Supply Enhancemant Moda
Technology'" optimized for IV
operation

* Excellent wniformity in product

MiniPak 1.4 mm x 1.2 mm Package specifications
= 400 micron gete width

= Thin minieture peckage
1.4 mm x 1.2 mm x 0.7 mm

-'-..:;fd_ﬂ__f

S

* Tape-and-real peckaging option

available
Fin Connections and Specifications
Packags Marking = 2 GHz; 2.7V, 10 mA {typ.}
! oren = 24.1 dBm output 3 order intercept

i i + V4.5 dBm output power at 1 dB gain

compression

-
Y Pt

« 0.5 dB noise figure
= 17.5 dB essociated gain

produet ideaiication snd date eodi Applications
oo * Low Noise Amplifier for:
B CTURMACE T D — Cellular/PCS/WCDMA hand-

¥ = Date code charsciar, A ditterang
charpctar ig asaigned Tor aach month and

sets and modem cards

— 2.8 GHz, 1.5 GHz and UNII fixed
wireless infrastructure

— 2.4 GHz 302.11b Wireless LAN

— §GHz 802.112 and HIPERLAN
Wireless LAN

= General purpose discrete E-pHEMT
for other ultra low noise applications

Agilent Technologies
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ATF-551M4 Absolute Maximum Ratings!!!

HNotes
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0 mi LSL = 2.0, Mominal = 24,1

Fagure & Capabality Plot lar NF 27N,
18 mA. Momnal = 2.5 USL=12.9

£ Disinhution datz sample siee is 308 serples taken from 4 Sfernnt walers. Fubore walors allozated 1o this product may Bave nominal values saywkere
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ATF-551M4 Electricel Specifications

Ty, = 25°C, RF paremeters measured in @ tast circuit for & typical devica

Symbol Parameter and Test Condition Units: Min. Typ. Max.
Vs Opertional Gate Voksge s = 27 s = 10 mA W a3 047 LEE
ik Theeshold Waitage W= 2V = I mA v LAT 0z 053
58 Spturatod Train Cormnt W= 2N Ve = OV b — 01 i
Em Transconductance s = 27V, gm = Aldss/aVps; mmho (3] 220 il
Ags =075~ 07 = LO6V
gas {ata Leakage Curment Wad =g =27V wh ==t R 35
HF Moise Figure!"! F=2CHr s = 27V, ids = 10 mA dfl 15 IR}
Wiz = W, [ds = 20 mA -] s
Gain Zain!! F=2CHx Wz = 27V, ide =10 mA -] 165 175 ths
s = T lds = 20 mA L. - 188 =
NP3 Thutput 3 Cede =3 GHa s = 27V, M8 = 10 mA d8Hm i wn =
wnmespt Poans ! Wa = 3V, I = 20 ma g&m — ang -
P4l 1 dB Compressed f=2 Ekr ‘Wis =27 ds=10mA dfim 148§
Dutput Powerll Vs = 3V |ds = 0 mA diim 188
Nt
I, Mamsuremants shtainad wsing praduction Test Board Sescriad o Figuee & Typical valuas wara datsrmenad from a aamgla size of 95 pans tram
4§ wafers.
Inpat 500 I!1p|.:1 I!1p.n : D!Jlnut. 5002 U!Jtp.ul: Cutpus
Trersrission Matching Circun Matching Croun Trarsmissian
Line Includirg [ meg=03 our [_mag=03 Line Including
Cate Biea T T ang=11" [ ang=3" Gate Beea T
|0.3 dB lossj (8.3 dB lnss} {0.8 dE |nas} {0.3 dB fass)

Figure & Block Sizgram of 2 GHz production tast bosrd used for Neisa Figure, Gain, P1dE, 0IPL and [1P] messurements. This circuit represents &
trade-off between an optimal noise match, maximum OIP3 match and associsted impedance matching cirosit losses. Circuit lesses have been de-

d fram actual

ATF-551M4 Electricel Specifications (see notes 2 and 3, as indicated|

Symbaol Parametar and Test Condition Units Min. Typ. Max.
Fmin Minimem Nioes Figues ¥ 1= 300 GHz W= 2V i =10mA 48 — o —
F=2GHr  ‘\da= 27V s =10mA [ | - a4 -
f=29 Bz Vs =27, ids=10mA [} (7]
1= 58 i#He WA = 2 i = 10 mA 48 — L] —
G Azsncianed Gain Yl 1= 500 GHz Vg = 2V A =10mA L] — N -
t=2GHr  ‘da= 27V ids=10mA 48 — 175 =
1=349 G4 Wa = 20V, I = 10 mA 48 — 183 —_
=5 GHe e =20 s =10 mA 48 — 12a —
aed Dutgast 7 Ceder §=200 &Mz s =27V, s =10 mA dim it
kevieerept Poing! §=349Gr Vs =27V da=10maA dfm 243
f=50E4r Wis= 27V s =10maA cilm kL]
Flad TdE Compassal =300 5Ky Vs =27V, ids =10 mA ddm — 143 =
Qutpus Bgraar! 3 1= 39 G4z Wis= 2V s =10 mA 48m — 145 —
1=5h38 GHr W = 2 M = 10 mA d&dm — &3 —_
Mtz
2. T Ferin values &fn Based on & 580 of 16 rise hiqure madear 15 I using an ATH NP5 1est sysiam, Feom thesn

measyrsments Fmin is caloufaied. Refer to the roise paameder measwemend sezfion for moee information

3. Muisuremants taken shove and balw 7 GHz was madi wsing a docbie stub tuner at the inpes Tunied b low noess and & doubia &ub funis 5 the
cnatpet uned b maxerum QIFD, Cevat losses hin bean de-srbadded from actusl messummenis
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ATF-551M4 Typical Performance Curves
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Figurn 7, Fotin v, |a, and ¥y, 81990 MHr™
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Figura 10, P14E va, g, werell Vg, -t 500 MHL"]
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Figura 8, OEP3 v Iy, ang Vg, ot 300 MH: '],

1. Maasuramants an S00MHz wars made usieg an KM Nemurg wath & double $tub taner at thi input tunad dor low noise snd & double stib tunar @ the

st Tuned o maximum DIF3. Ciecat Insses ham bean g

Iram acsusl

2. The Frren values s hased on & 5870 16 resse Bqure messuements made at 16 ditfarsns impedances using & ATH NP5 1ast system. From these
maagrarants Fmin i caleuiated, Rafer 1o The miss pRramis measunment Sectia hor more intammsatbon

3 F19H massuramants ané promead with passie Basng, Quiescen dn cument, [ds, & st with 2em AF dove apslind. As PIOB & spproached, thi
draen ceRTAnt may inErease of point. A7 ket values of idsn, the divice s esing Soss 1o cdass B a5 powie puiput igproaches P18, This msus in
Peghar PIAE and highar PAE {powar addad efliciancy| wian compand 10 & deice that i dinees by 8 cONSIRNT Lurmant S20rEa B i typecally done with
active hidaing, As Bn gxample, ot s VDS = 2.7V and 140 = 5 mA, Id inceeeses o 15 mA & 8 PIE of <14.5 08m & sgproached
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ATF-551M4 Typical Performance Curves, continued

o Ak 1
i t =1 s n
i =
gn: Eu i:r
] i | |
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L% B L1
i B W W T N N E LI T | | T - B R ]
Ly imAl gy (ma} I ima)
Figure 11. Gain s, Ly, and Vg, a1 7 Ghr'| Figrara 12, Famiss va. |4, wesell Wy 0t 2 M2, Figrara 13. D4P3 va. Ly mnd Vg, a0 7 Gl
ia m
L T ! o Lk
H i i -t
AL I
L T
_ .
g 0} Eu
= -]
C S T
! __._—-"'_'
& 1 kO |
ar -
2 1 =ttt ;‘n
L] L]
' L] L] LU | L B )
L ImAL Ly dm]
Figune 14 1BP3 s lyy 0l Vg, at 2 GHY Figrara 15. P10B va. lgq mnd Vg ot 2 GHE'|
Naitis:

T, Munisuremants at 3 GHz with baseng 2.7%, 10 ma vem mada on 3 Ted uned praduction 1est boand thit was sunes for opbmal QIF3 mat with
FRESONELe nisse Mqure. This crout reprasams a rade-olf batwesn opiima noise masch, meximas OIFT macch and a malzable maich Based on
Erog TRE] Boand e Migasas o8 takan othar than 21, 10 mA biesing wis mista using & doubil stub Tunes &1 The npur teedd for
Tow ezl and & doubla s9ub urer a2 Shie outgus Tuned for maximum 05P3 Crzult logses heve heen de-smbaddad rom sstasl Miameements.
1. Thiz Frin values oon based on @ set of 16 ncise figure measuremonts made at 18 different impedances using an ATH NPE ost systom. From thase
maasrEeants Fmin o calodated. Rele 0 1ha nose pammetar messuament saction i mads infermation,
a8 messuramants ard pertormad wath passim Blagng, luiescen drmn cumend, ldsg, & sat with zem AF dive apghad As PLIB o sppreachad, the
drgen cuETAt may inErease of point. A7 ewar values of Idsg. the device s reveng closs 1o class B a8 powie oanpil apprpaches P14, This rasules in
Eaghar FTAB and highar PAE (power adfad etliziancy| whan comparad 10 & dirics that i driven by 8 Sonstant surmnt sourss & i typecaly. dons with
active hiaging. &s an sxemplo. ot @ VIS = 2.0 and 150 = SmA, i incesses 10 15 mA & 8 PIdE of <14 5d8m & sgproached

au
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ATF-551M4 Typical Performance Curves, continued
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Figure 16, Gain va, Biss swnr Frogusney '), Figure 17. Fmin vs. Bias aver Fraquancy*, Figurs 18 DIF3 v, Bias swnr Freguesey |,
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Figure 19, HF3 va. Bias sinr Freguiney ' Figure 20. PIUE va. Hias svnr Froquancy |
Nertii:

au

Miisuremants at 2 GHZ werm mado o a Ted Tuned praduction st bogid thatwas tuned lor aptmal D1P3 manch with resonable nose ligesar 274,
10 biies, Thea cicuit rprasents & tade-oll betesan opimal nose maich, maxmum 0473 match sl & realizabie meich basad 26 produciion test
Eoand mquimments, Maasweomenss takan abowe and belorey 7 [HI veid mada using & doubia ssub funes a2 the input unad lor i noise o & double
Atuh unar at e putput naread for mesimum QIFE Circen kessas fava been de-ambaddad fnm actual maauremants

Thiz Frein values ore based on @ set of 16 neise figure measuremonts made at 18 different impedances using an ATH NPS tost systom. From these
maasraeants Fmin 6 calcdated. Rele 0 1he nose pammetar measuamant saction fx maes infermation

a8 messuramants ard pertormad wath passim Blagng, luiescen drmn cumend, ldsg, & sat with zem AF dive apghad As PLIB o sppreachad, the
drgen cuETAt may inErease of point. A7 ewar values of Idsg. the device s reveng closs 1o class B a8 powie oanpil apprpaches P14, This rasules in
Eaghar FTAB and highar PAE (power adfad etliziancy| whan comparad 10 & dirics that i driven by 8 Sonstant surmnt sourss & i typecaly. dons with
aqtiva hasing. A5 an sxample. ot o V05 = 2.V and Idsg = 5 mA, ldincfessies 10 ThmA a4 & PIdE of +14.hd8m o sppreached
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ATF-551M4 Typical Performance Curves, continued

T . . . - . | 18 . . . . - n
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ag ¥ | |
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a 1 2 3 4 5 ] L] i 2 1 L ] i L] i 2 1 & ] (]
FREQUENCY (Bl FRIDUTRCY [aa] FREOUTRCY [5Ha]
Figure 21. Gain ws. Temperatare and Figmm 1. Fmin vs. Temperature and Figure 3. DIPA vs. Temperatore and
Frequency with Bias at 2TV, 10 ma "L Frequency with Bias at 2.7V, 10 ma/™. Frequency with Bias at 2.7%. 10 mal",
] w
L w
_m -
] H
E = 1
5 H
[ 1
& n
o 1 H 3 Bl 5 L] “l i 2 1 & B L]
FARQLTNCY (R FREGUTRCY [aa]
Figure 24 1IP3vs. Temperature lnll Figare 35, P16R vs. Temperature and
Frequency with Bias at 2TV, 10 maA "L Frequency with Bias at 2.7V, 10 ma'.
Nertii:

T, Mnisuremants a2 2 GHz wem mada on 8 Tued Tuned praduction test bognd it was tuned for aptmal DIP3 match with rmesonahls notse ligwe at 274,10
mf higs, Ths corcui rapmsants @ eads-oll beteaan optiral noese maich, masimum 0373 maich and & realipabia magch besed on production st boeed
fRgarErantd. Magiuramants ekean abow and balow 7 GH?2 was made using a deublo stult tunar at fa inpet tuned for low nesse and @ doubla ssub funie ag
Thie cutpen Tunad for masimum [P, Cenat Insses hivn Egan de-smbaddad from actual measummesis

Thez Frrin walues ore based on @ set of 16 neise figure measuremonts made at 18 different impedances using an ATH NPS tost systom. From thase
maasrprants Fmin o caloaaied, Aele 1o 1ha nose pammetar measurament saction i mads infermagion,

18 messuramants ard performad wath passim Blasng, luieseen dron cument, ldsg, & sat with zem AF dive apehaed As PLIB o spproachad, the dean
SUMBT MEY NEBAE 0F pDend, AL levesr vilons of ldsg the dience & funming close To 2lss B &8 power gulpud appmachas PR, Thea resilta o highes #1458
and highar PAE (povenr pddad efliciancy| whan companad 0 & desics That s drin by @ SONSTRAT Curint S2urte &8 o Typeally done with sstve bigsing As
ananampa, 8 a ND5 = 3.0 and ldsg = 5 mA, |d creasss 1o 15 mA as a P18 of +1285 dile s approachad

M

gl
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ATF-551M4 Typical Scattering Parameters, 1.",:,5 =2V, Ips = 10 mA

Freq. B 53 MEG/MAG

GHz Map. Ang. dB Map. Ang. Map. Ang. Map. Ang. dB

21 0555 -k0 mn4 Qe Ihy o7 863 08 -33 ann

L] RS -1 LR .86 1581 nmi ne 0.7 136 206

L .26 -7 1455 37E0 1443 BE2 ENE oo -iré 125

(] BREE - 1918 5783 L3 B.EG 503 052 382 nn

L&] Ll e -fah LLAE 2ED 1258 L 658 0EN 43 mnxa

&) om0 B ma 1.0 1144 s kL] 03A7 a4 a3

i LY -0 4 LR Lo Nnis oo W3 053 -HEA 1950

15 e <1184 1554 157 {18 nms e 453 -BLG THI&

an a.ro <1344 1414 2454 g3 =9 nl 0438 -B1E 174

40 EA <1802 L] 431 [oE ] 154 e L] -TiG e

=0 .69 -1 E o A4z L) 085 a4k L] L Thiu

ED @50 166S 365 1mE 485 s & {1k -Bh Te 53

1o &1 1549 243 1,58 ni (B 21 0134 -ia 135

gD CE [EER 143 153 164 o1 43 LAL] -1334 Taa

30 .550 (EFR) Bh3 FRFF L (A LE] L6 LAk 1347 Ta

e 05 ey LN o] 45 narn 54 0135 -151.1 a3y

ng 0.551 TES 488 1.715 -B4 0132 44 0,196 -85 914

e 01 536 Era ] 458 1638 AT 0,19 123 e -1 4 44

{ET ] 0. B EE] 150 TR 01 BCH 0706 1714 15

LLE 0747 B4 1B 1384 408 0143 g B 1 15

L 0.4 £ 181} .55 -4l 0,143 -il4 05T 1 ET3

Vi .58 454 8] T B 0,153 -3 0254 13l E#

LI LR TR -onm LR -7 [ AL - 03z LR Bl

LA 0am ns 10 0637 -HLE 3759 452 0z 201 T4y

Typical Noise Parameters, Vs = 2V, [55= 10 m&

Freg Fris Tyin Loy Rnso G, b

GHz 4B Mag. Ang. 48 5

13 24 B2 43 14 2350 ‘;

L 1] [k 058 4] 213 2158 =

Hi] [k 52 135 212 1. j:

(E] 245 47 o a1 1024 ;

in .3 a7 285 a1t 1788 i

i a4 243 Bl R} 16.78

D L5 .35 T 0.03 1588

a8 .61 a3 1064 0.02 tana e P m = W

50 [ 5 23 takn 0.08 1274 FRRRUERS Y ()

< ot Faure 8. MES/MAS 151"
: = ] Frequency at 2V, 10 mi.

70 (Bid 0.3 17048 .08 LA

&0 1.13 0.4 1571 &0 8.53

a0 1L 042 1424 (1) 9.3

([ 1.8 0 1260 217 EiE

Maitis:

¥, T Fean values ien Basid on @ s80 of 16 nocae hgure

made at 15 dith

using an ATH NFh et systam, Fram thass

measurements Fmin is caloolated. Aedes 1o the noise parameter messurement section foe meoee informagion.
2. & and naise parametors are moosured on @ microstris line made on 00010 inch thck alumira cariee essembly. The ingus relerence plane is o2 the end of
tha gata ped. Thie autgal redesanca plana & 5 the and of the dren pad
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ATF-551M4 Typical Scattering Parameters, 1"05 =2V, lpz= 18 A

Freq. 5n S MSG/MAG

GHz Mep. Ang. dB Map. Ang. Mep. Ang. Map. Ang. dB

1 2.95 ] il 12489 I755 2.008 B33 0.7E5 7 i

a5 2.847 ang na 11367 1867 .m9 neE 0Tt 170 200

aa a.aa2 MY 087 100 {-+4:) 2.8 0.y 0538 136 2352

(1] B.EE0 B3 04 10547 PIBE (i) LY g 0] X5 2387

L5 2812 B9 1928 9128 238 2087 452 0556 45.0 nn

1.8 .8 1321 18.23 2153 123 .08 m7 0439 511 mn

an aTs8 1081 LEE- 1423 1083 am? ni 047 550 0.2

15 ara 124.1 1871 LA El ] L2 b 117 0457 ELR R

an 8,582 12497 1555 5.0 93 2.0:8 i 0352 Ta.2 18.13

40 LR 1845 1347 4TIE 113 .02 1aa o 13 17.10

a0 2.670 1768 1178 188 847 2.035 131 a2 M5 1887

L3i] BEN 18as 103 37 483 L0 103 [iRE] 1832 1634

10 2.674 1515 4.06 2518 n 0.8 a2 018 1154 1L48

ED .68 131 &0 2518 na 0.108 &1 o152 1205 1288

a0 2,524 [RiiE] FAL 278 (L] oAt a7 0150 1423 |

i 0.622 teg £33 am 56 0117 05 0158 1383 1038

ne 0.628 1ot K58 1.903 i1 0124 31 0170 1600 957

128 0.631 a4 488 1.783 181 0132 18 0123 1793 &7

g 0.ma k] 413 1.609 288 0.140 123 0.1 HHA 2.7

1 0.744 835 142 143 36 0.148 185 .18 1LED B.14

152 0.758 848 153 ) a7 0.138 M2 07 1250 1.5

113 0.B25 450 1.58 120 B2 0138 3z 0353 L] 7.4

172 0.525 nn L6 1.0m T 0181 ni 0310 204 251

a2 0.870 07T a1 0.054 BlL1 3183 4158 [tk Tes 187

Typical Noise Paramesters, Vs = 2V, lpg =15 mA

Freg  Faa  Taw Tom Fam G i

CHz dB Mep. Ang. d8 i p | |

a5 8zl BEE B1 212 2882 o

a8 a L55 7.0 211 22.18 "_E

] an .50 1 0t 212 !

(1] a4 [ 1 018 1051 !

n a3 L T=) 427 (IR [ 1852 i

it oy 033 529 018 1734 2

I 852 83 A 0. 15

a8 a5 [ 5] 1083 0.07 1488 ] — ==

50 & .3 1486 0.0E 1337 : ’ = " ¥
FRECUENEY |Hr)

58 am L35 1700 0.0 1238 Figuen 27, MST/MAR and (5201 v

&D L1 L2 g ) 0.05 12.18 ) )

10 am L3 1853 a0 1134 i MR

&0 b0 .43 152.% anm 1044

an 1.2 (%) 1388 a1 981

1y 1y 0.4 1225 317 £.08

Motes:

i Thz Frin values are based on 2 set of 16 noise figure moesurements made ot 16 different impedances using an AT APS 1ot systom. From thase
meassraments Fmin is calodated. Aeder 1o the nose porameter messurement section foe moee informagion.
2. % and noise parametors are measured on @ microstrig fine made on 0018 inch thick alumica carier 2ssembly. The fngut refprence plane is 21 the end of
the gate pad. The outzut reference phine is 22 the end of the drzin pad
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ATF-551M4 Typical Scattering Parameters, Vqyg = 2V Ipz = 20 mA

Freg. B 5 M3G/MAG
GHz Mep. Ang. dB Map. Ang. Map. Ang. Map. Ang. dB
LA} [3: -2 -4 e L1376 Ih3 [ Ha5 0740 -38 EELT
ah s -3 i 11584 1557 am? mn4 ngsr -178 2582
L 1] [ 1] 413 4 11806 105 .05 598 a7 ] FLRL]
0 LF L] -ELH ah L 1371 48 565 0508 -38 FER]
|5} 0.8 -1 1950 3.831 i 082 457 s 454 nm
8-} B3 Rk (LR g noy 2o ELE n4zh -Hd ngh
0 1744 1085 1853 a4 e 4 a0 ELE ] 1441 553 07
k1 ans 14 o 182 55 oo ni [EH ] 43 e
an B.E1 1427 FEQ 8314 233 01 Pl 033 - 1852
40 [ ] <1870 138 443 b s m3 0338 - TTES
50 0634 148 FE 4.0 543 [ ] 152 03 i 1656
] BBE 1613 10 53 EE ] 411 w3 1wt 0152 Bk 1568
10 (] 1501 543 1@ i3 0.m? 128 0144 1164 148,
g0 BEA [LHES 247 LE | 0.1 e IRk -13048 T
40 L] (FiF ] 141 93 168 0.1 4 [RE] 1454 1185
e [ 1171 E58 2158 &0 a7 a7 [k ] 1603 1056
ng .82 10¢3 564 1882 ey [IRFE] 43 0154 B Erk EE
g 0538 306 533 1.HIE 156 0,133 -l 0188 1769 wm
(T ] 0.7 803 448 1675 253 0142 103 0188 1616 055
g 0743 L] 176 1542 R0 0150 Bk 0182 1385 245
he 0= M4 pa:ry T.490 429 [REH -k 1A s 12 143
I6g .53 a7 193 1044 33 1,750 -3 03=0 inag e
LEf 0.6:4 W/ 085 1156 LA 0163 L] 0306 k] 653
{11 L] nE 0% 0.5 -2 0185 4318 037 tEL] 18
Typical Moise Perametars, Vs = 2V, l5; = 20 mA

Freq  Fy Fest T Bysm G, L

CHz dB Mag. Ang. [i1:] - |

ah AR ] 058 -1 an pxk =

aa ] o g3 an FAE !E ™

1 a2h EEL] mi (51 bl I

14 o8 DEx AT an 184 ; i

n 036 nel 4 am e E

is ne3 aar H4 L] 167§ Gt |

an st b2 w3 508 1566

a0 D58 026 Ny o7 1418 My 5 i o
50 ] a8 1541 ans 12T FREDUENEY [CHe]

sH o] M 1735 L] e Figuen 73, WEST/MAG and |57
&0 oes a3s 1753 a5 .5 Frequescy at 2V, 30 mi

10 o aar 623 aos 0.

&n nar L) -1483 ans E ]

an 1.2 2] 13%3 o 336

mo L] [ ] 11845 a1 &b

Notes

1. The Fmin values are based on @ set of 18 nose figure measurements made at 16 different impedances using 2n ATH NPS tost system. From these

e,

Fein is caleal
& 5 erdd n0isA paramatans arp ERasurid on @ micznsmip line made on LE1Dinch thick sluming carnar sisembly. The inper relarance plara i w1100 end ol
the gate pad The ootpet refemnce plana is =t tho erd of the drain pad.
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ATF-551M4 Typical Scattering Parameters, V. = 27V, |z = 10mA

Freq. S5 By MSEG/MAG
GHz Mep. Ang. dB Map. Ang. Mep. Ang. Map. Ang. dB
a1 .86 ] s 10856 1768 2.4 BE3 Q&6 i 248
L1 0656 Fi i Ha 10128 1684 ama 24 {11~} 4.0 2658
8 0087 510 195 9468 e LME A3 0,735 M5 1m
1 Lo 5.0 E 1414 [T R T 077 D 2288
(] BER T8 8.3 ¥l 1268 D57 g 0E1 L6 05
1.8 L] W5 1742 T8 1164 e 414 05T 440 185
1 | L 172 b 138 L7 - Y 0582 152 1989
15 b 4 1857 83 1.7 [ 0435 511 1878
an ane 1334 i34 G660 A 2.0 i 0439 =] 1800
40 LAk} 158.1 130 44 162 0.0 168 037 B3 1682
50 LB 17838 1.3 1M g0k 2034 109 0333 TLE 1652
4D LEE 1873 383 AT B U nmE A (52 &7 15.18
10 QBN 1645 L 7 nr 0.038 58 0248 25 145
L] LAl 1ad5 113 2438 1na 0.0:9 43 0:z0 11 1238
a0 a.5ia 1335 L3 213 [L53 0102 23 0z 1168 1158
103 .63 1208 03 2 51 LR 07 02 1298 1044
ne 063 1078 530 1.8 54 0112 L7 0E0 403 96
128 0632 ar 453 1.538 1.2 {18 i 5.2 0219 15139 a.m
g 0.7 a7 1BE (Er] 282 0118 &8 0z 1845 BN
wa [ B4 113 1.442 =] 0139 43 02 1768 42
168 0.7 585 3t 1314 6.5 0.147 ni 0z ad 18
(1] 0.8i8 483 L4z an 62 0.153 Fii 03 1343 B3
(] 0.E10 i 43 1061 i} 015 RE 0233 1za B
10 LF:7 R 4 058 .53 811 1183 1 L= I 15
Typical Noiss Parameters, Yy = 2.V, .= 10 m&

Freg Fain e Coat Bose Gy "

GHz  dB Mzg.  Ang. 18 - |

il 026 a6 ia it nn =

ag nar A&7 18 a3 FAb- £

1 030 o5t 1 013 15 1

18 ns nes W an 1008 L

il hd | HES S 04 &1 1.8 @

L Ler HLSS 3 &N 18.7T% 2

n 055 03s B3 (31 15:70

38 Bt 03z 1 3 ®08 1424 - . v A
il oM aa i85 .06 1258 FREDUEREY [Che|

il 0BE 035 1815 0 12 Figuem 2, MEG/MAG and (5 (Ta,
&l 080 035 k] (13 1182 Erstemey at 270 Wi

T 103 asy 1726 13 ]

&D 112 & 131 a7 1024

=L 1.25 [ 1430 L] 266

0o 1.6 056 102 a1s 505

Notes:

1. The Fmin values are based on @ set of 18 noise figure measurements madeat 16 differen: impedances using 20 ATH NP test system. From these
measwrnmengs Frin is calculated, Acfer to the noise parameter massurement szction {or mom nfemation.
% 5 znd noise parameters are measured on @ miceostip line made oo 0810 inch thick alumina carrior assembly, Tha inpot referance plere is ot the end of
tha gate pad. The cutpet refemnce plane is ot the end of the deain pad.
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ATF-551M4 Typical Scattering Perameters, Vo = 27V, Iz =15 mA

Frag. Sn L MSG/MAG
GHz Mep. Ang. dB Map. Ang. Mep. Ang. Map. Ang. dB
[B] 0595 L5 2198 12668 1756 0008 BG4 0793 1z nn
s 0248 21 2147 11838 1588 .26 714 07 152 2650
s 0888 581 2075 10405 1423 0033 GOt D1 64 2404
18 .82 E94 2055 10860 1388 0.047 1§ 0573 1 2365
15 (E Bed 1897 9.0 1234 Dt 1 nsag 197 2183
18 0.788 101.1 183 .86 1123 0.6 EEL 0526 485 2085
20 0.758 105.1 1810 034 110.3 0G0 380 01 401 2080
25 0.7te 1231 1686 (21 033 0576 34 0447 546 1862
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Typicel Noise Parameters, Vyz = 27V, |p.c= 15 mA
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&0 .54 0.34 17 0.05 1238 Frequency sl .7V, 15 mA.

70 0.6 0:38 1862 0. 1144

B0 1.08 Lit 1521 0. (1]

80 1.18 045 1284 0.1 112

10 1.4 .44 1225 0.18 .21

Motes:

1. Thiz Fin values wre based on 3 et of 16 moise figure measumomenss made at 16 ditferent impedances using an ATM MPE jest systom. From these
measuremants Fmin is caloudated. Aedes to the noise parameter measunment section fze moes information.
2 -5 and nose garameters are measured on 3 micraatri line made on 20010 inch hick alumina camier 2ssembly. The inguf redesence plane i 23 the end of
thegate pad. The output rederence plana is 22 thoend of the drain pad.
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ATF-551M4 Typical Scattering Perameters, Vo = 27V, |2 = 20mA

Frag. [ Sn MSEG/MAG
GHz Mep. Ang. dB Map. Ang. Mep. Ang. Mag. Ang. dB
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Typicel Noise Parameters, Ve = 27V, |po= 20 mA

F“q |:r|'|ll r||1|'.|‘l r‘m'.|1 Hm‘u El 1

GHz dB Map. Ang. dB &

a5 0.12 [E7) E7 0.13 283y =
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L0 i} 043 LE] 0.1 12588 H

18 0m 043 78 0.0 19.18 2

D 0.3 143 a1k 0.08 lnsg E

24 0.4 [RH 817 0.0 1783

an 0.5 0.2 718 0.0 1689

18 05 0.3% 1187 0.0 1649 e ey = r
&0 .62 i3 1628 .05 1378 STIand

58 0.5 0.3 1729 0. 1251 Figurn 31, MSG.MAG and |5y | va.
&0 0.8 0.33 1758 0.5 i273 Freguancy st 2.7V, 70 mA

0 0.8 0.3 1824 0.08 1180

4] 1.8 it 1282 0. 11.08

aD 1.18 [ 1365 0.1 1047

108 141 048 183 0.17 9538

Motes:

1. Thiz Fin values wre based on 3 et of 16 moise figure measumomenss made at 16 ditferent impedances using an ATM MPE jest systom. From these
measuremants Fmin is caloudated. Aedes to the noise parameter measunment section fze moes information.
2 -5 and nose garameters are measured on 3 micraatri line made on 20010 inch hick alumina camier 2ssembly. The inguf redesence plane i 23 the end of
thegate pad. The output rederence plana is 22 thoend of the drain pad.
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ATF-551M4 Typical Scattering Parameters, V. = 3V, |2 = 10 mA

Freq. Sn S0 Sn MSG/MAG
CHz Mag. Ang. dB Mag. Ang. Mag. Ang. Meg.  Amg. dB
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Typical Noize Parameters, Vo, = 3V, o= 10 m#A
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o o s w e 12 LM i

Fraquesey m 3V, 10 ma.

0 [iE=" 0.3 1737 0. =]
-] 1.8 [ER] 1808 o 1039
] 1.2 043 1437 0. T
g 143 44 1268 0.15 058
Motes:

1. The Fmin wakees are based on a set of 16 noise figum measeements mede at 18 different impedances using an AT NP5 test systes. From these

Refer 2o the noise perameter measmrement section for mors information

2. £ and nicise paramesers are measured on o micrestnp e mada on 3.010 inch thick akesing carier assembly, The input reference plane i af the end of
e gate pad. The output reference plane is at the and of the drain pad.
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ATF-551M4 Typicel Scattering Parameters, Vyz = 3V, |55 = 15 mA

Fren. Ba 85 MEG/MAG
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Typical Noize Parameters, Vog = 3V, Iz = 15 m#A
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Fraquesty o 3V, 15 ma.

0 (R 035 L1 0. 11.48
-] 108 042 1527 o mn
] 1.13 [EL 1385 [ 10z
g 149 44 1213 0.8 9.3
Meotes:

1. The Fmin wakees are based on a set of 16 noise figum measeements mede at 18 different impedances using an AT NP5 test systes. From these

Refer 2o the noise perameter measmrement section for mors information

2. £ and ncise paramesers are measured oo o micrestnp fine mada on 3.010 inch thick akesing carier assembly, The input reference plane i af the end of
o gate pad. Tha output reberence plane is 8t thi and of the deain pad
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ATF-E51M4 Typical Scattering Parameters, Vpz = 3V, Ip- = 20 mé

Freg. Sy L7 MEG/MAG
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Typical Noise Parameters, Vpg =3V, |55 = 20 mA
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Notas

1. The Fmin values an based on 2 se2 of 16 noise figure mez made at 16 diff s usng zn ATH MPS test system. From thess

meameements Frin is calcolated. Acfer to the naise parametor mezsurement saction for more nfoemation.
1. Sand noise paramebers zoe measured on @ microsirip line made on 0010 inch thick aluming carnier assembly. The inpet refeence plane is ot the end of
ha gate pat. Thie autgut reteranca plans i &7 he end of tha deen pad
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ATF-551M4 Typical Scattering Pearamaters, Vpz = 3V, Ig=30mA

Frenq. LT 85 MEGMAG

CHz Mag. Ang. dB Mag. Ang. Mag. Ang. Mag.  Anp. dB

(18] 0934 T 2380 15.663 1750 LS BE1 0.760 a4 34.86

0§ 0936 153 2325 14.544 1545 ooz G2l 0.705 154 2820

g 08z 604 2132 1088 1347 0035 587 LT 262 2572

11 [L.A5E BEE 2105 1L685 1382 0038 5B2 D& ‘285 2523

158 o 428 208 10733 1124 i) LED 0538 ai? 23

14 il 1] HIEE] 186 aM 1089 o054 Lk 0480 Lat 2180

20 0728 1133 1215 BOTE 1065 0G5 0 DAET £42 17

25 [L63D 131.0 1738 1763 BE0 0063 337 DA1D 480 2018

an 08 1e61 16064 LT3 BED ooz 303 0387 627 2035

La La63 1628 14.38 51M n? [0GE 2h1 naoy 5082 1888

5l 058 1727 1268 4258 BET noga 238 ik} Ui 17.80

1] [L6ES 1635 1147 AE1E 478 oo 236 0238 708 1609

| 083 1420 593 a138 a2 oara 229 2 788 1461

Bl ] 1336 BaL 2788 211 [L0BE 219 o021 888 1335

L1] navs 1223 B3 2627 168 oosd 201 0203 1016 1265

180 [LETH 1186 722 2205 59 0103 168 0202 1145 1158

100 088D 1041 Gan 2108 ak L3 131 0208 1213 11.01

120 [LGBE 833 5 194 152 o4 Bl 08 1324 1062

130 ons Bl 503 1.784 264 0135 i 0n3 1623 1038

140 L7eE B50 L3 1848 k1T LT 41 0200 1708 1050

120 0761 55 351 15602 483 L1568 11 0303 18858 oL

180 [B0E A 256 1343 08 D162 180 i3] 1423 819

1.0 nAa2E o 188 1.208 TR D168 263 0254 11a4 BET

150 0875 310 &7 1083 802 nLiM 124 0306 s 73

Typical Noise Parematers, Vo5 =3V, lps = 30 mA
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Netex:

1. The Fmin valses are based on o set of 18 noise figue measwements mede ot 18 diferent impedanzes using an ATN NPS test syster. From these

i Refer £o she noise prrometer measuroment saction for mare information

1. & and noise porameiers are measured on o microstrp ime mede on 3010 inch thick akemina carier assembly. The input reference plane is 28 the end of
it gate paid. Tha autput mberence glane (s at the and of the dmin jad
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5 and Noise Parameter Measurements
The position of the reference
planes used for the measurement
of both 8 and Noise Parameter
mezsurements is shown in Figure
30, The reference plane can be
described as being at the center
of both the gate and drain pads.

35 and noise parameters are
messured with a 50 ohm
microstrip test fixture made with
a (010" thickness aluminum
substrate. Both source pads are
connected directly to ground via
a L0L0" thickness metal rib
which provides a very low
inductance path to ground for
both source pads. The inductance
associated with the addition of
printed cireuit board plated
through holes and source bypass
capacitors must be added to the
computer circult simulation to
properly mode] the effect of
grounding the source leads in a
typical amplifier design.

Aedzimice
Plane -

Seurce | | DOrain
Pind

4 Szurce
Pisd | Pist

M ostip
Tronsreission Linss

Figure 38, Pasition of the Aeference Planes

MNoise Paremeater Applications
Informetion

The Frin values are based on a
set of 10 noise figure measure-
ments made at 16 different
impedances using an ATN NFG
test system. From these measure-
ments, a true Fmin is calculated.
Frmin represents the true mini-
mum noise figure of the device
when the device s presented
with an impedance matching
network that transforms the

18

source impedance, typically GO,
to an impedance represented by
the reflection coefficient I',. The
designer must design & matching
network that will present I' to
the device with minimal associ-
ated circuit losses. The noise
fipure of the completed amplifier
is equal to the noise figure of the
device plus the losses of the
matching network preceding the
device. The noise fipure of the
device is equal to Fmin only
when the device is presented
with [_. If the reflection coeffi-
clent of the matching netwaork: is
other than I, then the noise
figure of the device will be
greater than Fmin based on the
following equation.

NF=F__ +4R, IT,-T, 1%
Zo (11+Tal2){1- Ty

Where Bnfo is the normalized
noise resistance, I, is the opti-
mum reflection cosfficient
required to produce Fmin and T,
is the reflection coefficient of the
source impedance actually
presented to the deviee.

The losses of the matching
networks are non-zero and they
will also add to the noise figure
of the device creating a higher
amplifier noise figure. The losses
of the matching networks are
related to the Q) of the compo-
nents and associated printed
circuit board loss. T is typically
fairly low at higher frequencies
and increases as frequency is
lowered. Larger gate width
devices will typically have a
loweer I, as compared to nar-
rower gate width devices, Typi-
cally for FETs , the higher ',
usually infers that an impedance
much higher than G0E2 is re-
quired for the device to produce
Fruin. At VHF frequencies and
even lower L Band frequencies,
the required impedance can be in
the vicinity of several thousand
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ohms Matching to such a high
impedance requires very hi-Q
components in order to minimize
cireuit losses, As an example at
{6 MHz, when air wound coils
(=100 are used for matching
networks, the loss can still be up
to 0.25 dB which will add di-
rectly to the noise figure of the
device. Using muiltilayer molded
inductors with Qs in the 30 to G0
range results in additionsl loss
over the air wound coil. Losses as
high &s 0.6 dB or greater add to
the typical 0,15 dB Fmin of the
device creating an amplifier
noise figure of nearly 065 dB.

SMT Assambly

The package can be soldered
using either lead-bearing or lead-
free alloys (higher peak tempera-
tures). Heliable assemhbly of
surface mount Components is a
complex process that involves
many material, process, and
equipment factors, ineluding:
method of heating {e.g. IR or
vapor phase reflow, wave solder-
ing, ete] circuit board material,
conductor thickness and pattern,
type of solder alloy, and the
thermal conductivity and ther
mal mass of components. Compo-
nents with a low mass, such as
the Minipak 1412 package, will
reich solder reflow temperatures
faster than those with a greater
Tass.

The recommended leaded solder
time-temperature profile is
ahown in Figure 37. This profile
is representative of an IR reflow
type of surface mount sssembly
proceas. After ramping up from
room temperature, the circuit
board with components attached
to it (held in place with solder
paste) passes through one or
more preheat zones, The preheat
zones increase the temperature
of the board and components to
prevent thermal shock and begin
evaporating solvents from the
asolder paste. The reflow zone



briefly elevates the temperature
sufficiently to produce a reflow
of the solder.

The rates of change of tempera-
ture for the ramp-up and cool-
down zones are chosen to be low
enough to not cause deformation
of board or damage to compo-
nents due to thermal shock. The
maximum temperature in the
reflow zone (Tmax) should not
exceed 235°C for leaded solder.

These parameters are typical for
a surface mount sssembly
process for the ATF-GRIMY. As &
general guideline, the circuit
board and components should
only be exposed to the minirmum
temperatures and times the
necessary to achieve a uniform
refllow of solder.

The recommended lead-free
reflow profile is shown in Fig-
ure 38,

Electrostatic Sensitivity

FETs and RFICs are electrostatic
discharge (ESD) sensitive de-
vices. Agilent devices are manu-
factured wsing 2 very robust and
relinhle PHEMT process, however,
permuanent damage may ocour to
these devices if they are sub-
jected to high-energy electrostatic
discharges. Electrostatic charges
as high as several thousand volts
{which readily accumulate on the
human body and on test equip-
ment) can discharge without
detection and may result in
failure or degradation in perfor-
manee 2nd reliability.
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Figure 37, Leadad Salder Rallaw Prefile
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Prak T aturn
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E Y = Min. &0
] | — M. alls
§ 151i E—
= m =4 Frahent 130-170°C
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]
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Figure ¥, Lead free Salder Aefow Prafile.
1
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Electronic devices may be
subjected to ESIF damage in any
of the following areas:

= Btorage & handling

= Inspection

= Assembly & testing

= In-cireuit use

The ATF-551M4 is an ESD Class 1
device. Therefore, proper EST
precautions are recommended
when handling, inspecting,
testing, and assembling these
devices to avoid damage.

Any user-zecessible points in
wireless equipment (e.g. antenna
or battery terminals} provide an
opportunity for ESD damage.

For circuit applications in which
the ATF-GL1M4 s used as an
imput or output stage with close
coupling to an external antenna,
the deviee should be protected
from high voltage spikes due to
human contact with the antenna.
A good practice, illustrated in
Figure 30, is to place & shunt
inductor or BF choke at the
Antenna connection to protect
the receiver and transmitter
cireuits. It is often advantageous
to integrate the RF choke into the
design of the diplexer or T/R
switch control circuitry.

B =
>

Figura 3. In-gircoil E50 Pratecbes



ATF-551M4 Applications
Information

Introduction

Agilent Technologies's
ATF-561M4 is a low noise
enhancement mode PHEMT
designed for use in low cost
commercial applications in the
VHF through 10 GHz frequency
range. As opposed to a typical
depletion mode PHEMT where the
gate must be made negative with
respect to the source for proper
operation, an enhancement mode
FHEMT requires that the gate be
made more positive than the
souree for normal operation.
Therefore B negative power
supply voltage 5 not required for
an enhancement mode device.
Biasing an enhancement mode
FHEMT is much like biasing the
typical bipolar junction transistor
Instead of a LTV base to emitter
voltage, the ATF-361M4 enhanee-
ment mode PHEMT requires a
nomingl 047V potential between
the gate and source for a nominal
drain current of 10 ma.

Matching Networks

The techniques for impedance
matching &n enhancement mode
device are very similar to those for
matching a depletion mode device,
The only difference is in the
method of supplying gate bias. 5
and Noise Parameters for various
bias comditions are Hsted in this
data sheet. The circuit shown in
Figure 1 shows a typical LNA
circuit normally used for 500 and
1800 MHz applications. Consult
the Agilent Technologies web site
for application notes covering
specific designs and applications.
High pass impedance matching
networks consisting of LICL and
L4 provide the approprizte
match for noise figure, gain, 511
and 522, The high pass structure
also provides low frequency gain
redurtion which can be beneficial

from the standpoint of improving
out-cf-band rejection.

Capacitors C2 and Ch provide a
lovw impedance in-band RF
bypass for the matching net-
works. Resistors B3 and R4
provide a very important low
frequency termination for the
device. The resistive termination
improves low frequency stability.
Capacitors 3 and Cf provide
the RF hypass for resistors B3
and R4. Their value should be
chosen carefully as €3 and C6
also provide a termination for
lovw frequency mixing products,
These mixing products are as a
result of two or more in-band
signals mixing and producing
third order in-band distortion
products. The low frequency or
difference mixing products are
terminated by C3 and C8. For
best suppression of third order
distortion products based on the
CDMA 1.25 MHz signal spacing,
C3 and Cf should be 0.1 uF in
value. Smaller values of capaci-
tanee will not suppress the
generation of the 1.26 MHz
difference signal and as a result
will show up as poorer two tone
IP3 results.

AT

Figure 1. Typical ATF- 551844 LMA with Passive
Biasing.

Bias Natwaorks

Ome of the major advantages of
the enhancement mode technol-
ogy is that it allows the designer
to be able to de ground the
source leads and then merely
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apply & positive voltage on the
gate to set the desired amount of
quiescent drain current I

‘Whereas a depletion mode
FHEMT pulls maximum drain
current when V=0V, an en-
hancement mode PHEMT pulls
only a small amount of leakage
current when V=0V, Only when
Vg I8 increased above Vi, . the
device threshaold voltage, will
drain current start to flow. At a
Wy, of 27V and a nominal ¥, of
0.47Y, the drain current [, will be
approximately 10 mA. The data
sheet sugpests a minimum and
maximum V, over which the
desired amount of drain current
will be achieved. It is also impor-
tant to note that if the gate
terminal is left open circuited,
the device will pull some amount
of drain current due to leakage
current creating a voltage differ-
ential between the gate and
source terminals.

Passive Biasing

Passive hiasing of the ATF-5351M4
is accomplished by the use of a
voltage divider consisting of R1
and R The voltage for the
divider is derived from the drain
voltage which provides a form of
voltage feedback through the use
of B3 to help keep drain current
constant. In the case of a typical
depletion mode FET, the voltage
divider which is normally con-
nected to a negative voltage
aource 5 connected to the gate
through resistor B4, Additional
resistance in the form of R6
(approximately 10KQ) is added
to provide current Imiting for
the gate of enhancement mode
devices such as the ATF-GGIM4.
This is especially Important
when the device is driven to
P1dB or Psat.

Resistor B3 is calculated based
on desired V., Li and available
power supply voltage.



Vo= Vi
Ry ‘tnT Yds o
Lie + Ly

Von 1s the power supply voltage.
Vi, is the device drain to source
voliage.

Ly is the desired drain current.
Igg is the current flowing
through the RLR2 resistor
voltage divider network

The value of resistors R1 and R2
are calenlated with the following
formulas.

Rl= 1';“" @
V. -V.IRL
cn - V= Vi) -

Vin
Example Circuit
V=3V
Vg =27V
L= 10 mA
Vg = 04TV

Choose 1y, to be at least 10X the
maximum expected gate leakage
current. I, was conservatively
chosen to be (L6 mA for this
example. Using equations (1}, (2],
and (3} the resistors are calou-
lated as follows

Rl = $400
R2 = 446082
R3 = 28602
Activa Bissing

Active biasing provides & means
of keeping the quiescent bias
point constant over temperature
and constant over lot to lot
variations in device de perfor-
manee. The advantage of the
active biasing of an enhancement
mode PHEMT versus a depletion
mode PHEMT is that a negative
power source is not required. The
techniques of active biasing an
enhancement mode device are
very similar to those used to hias
a hipolar junction transistor

An getive hias scheme s shown
in Figure 2.
2

Figure & Typical ATF-551M4 LNA with Active
Biasing.

Rl and R2 provide a constant
voltage souree at the base of a
PNFP transistor at Q2. The con-
stant voltage at the base of Q2 is
raised by (.7 volts at the emitter.
The constant emitter voltage plus
the regulated Vg, supply are
present across resistor K8,
Constant voltage across B3
provides a constant curment
supply for the drain current.
Hesistors R and R2 are used to
set the desired Vi The combined
series vilue of these resistors also
sets the amount of extra current
consumed by the bias network.
The equations that describe the
eircuit’s operation are as follows.

Vi=Va+ TR (1)
Vi -V
Ri = 2
L. 2)
Hrll = Hrl:_ rFll: {E]
21 IR
vll iy Rl i RZ 1' u {-!:I

Von=Is (R1+R2)  (5)

Rearranging equation (4
provides the following formula

Ro - R, If"'rn.n— Vil (14)
Vi

and rearranging equation (&)
provides the follow formula

Voo

Rl-= i (“v:,l,‘;“n,ra) (GA)
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Example Clrowit
Von=3V

Vo =27V

Ly = 10 mA

R4 = 1002

Vg = 0TV

Equation (1) caleulates the
required voltage at the emitter o
the PNP transistor based o
desired V. and Ly, throug
resistor B4 to be 2.8Y. Equation
{2} caleulates the value of resistor
Ri which determines the drain
current Ly, In the example
Ri3=18.242. Equation (d) calculates
the voltage required at the june-
tion of resistors Rl and B2 This
voltage plus the step-up of the
base emitter junction determines
the repulated V. Egquations (4}
and {6) are solved simultaneously
to determine the valne of resistors
RI gnd R2. In the example
R1=42002 and B2 =1800€.

RT is chosen to be 1 k{2, This
resistor keeps a small amount of
current flowing through Q2 to help
maintain bias stability. Rb is
chosen to be 10 Kf2. This value of
resistanee is high enough to limit
1 gate current in the presence of
high RF drive levels &5 experi-
enced when Q1 is driven to the
P1dB gain compression point. C7
provides 8 low frequency bypass to
keep noise from Q2 effecting the
operation of Q1. C7 is typically

0.1 uF.

Maximum Suggested Gate Current
The maximum suggested gate
current for the ATF-551M4 is

1 mA. Incorporating resistor RS
in the passive bias network or
resistor BB in the active bias
network safely limits gate current
to 500 wA at PLAE drive levels
In order to minimize component
count in the passive biased
amplifier cireuit, the 3 resistor
bigs circuit consisting of RI, R2,
and R5 can be simplified if
desired. Kb can be removed if R1
is replaced with a HBKQ resistor



and if K2 is replaced with a ZTHQ

resistor. This combination shoul
limit gate current to a safe level.

PCB Layout
A sugpested PUBE pad print for
the miniature, Minipak 1412

packapre used by the ATF-551M4

is showmn in Figure 3.

ATF-B51M4 Die Maodel
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Figure 3. PCA Pad Pring for Minigak 1412,
Package {mm [inches |}
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This pad print provides allow-
ance for package placement by
automated assembly equipment
without adding excessive
parasitics that could impair the
high frequency performance of
the ATF-GGR1M4. The layout is
ahown with a footprint of the
ATF-GLRIMA superimposed on the
PUE pads for reference.

For Further Information

The information presented here is
an introduction to the use of the
ATF-651M4 enhancement mode
PHEMT. More detailed application
circuit information is available
from Agilent Technologies. Consult
the web page or your local Apilent
Technologies sales representative.
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Ordering Information

Part Number No. of Davices Contsinar
ATF-S81M4A-TRI 3008 7" Aee
ATFSRIMA-TRZ 10,300 14" Rl
ATFERIMA-ELE 100 antistatic bag

MiniPek Packege Dutline Drawing Soldar Pad Dimensions
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1.60 0058}
—_— 1,17 i0,245]
: 032 10.833)
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05810023} Boltom view
L}

Hede winw

Dimansians are i millimederes {inches|

)

130



Device Oriantation for Dutline 4T, MiniPak 1412

TOF VIEW EMD VIEW
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-..‘F.t?_y" v
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DEFTH Ky 040 = 0.05 .03 2 8002
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BETTOM HOLE DUAMETER oy 040 » 0.0 2.031 + G.053
PERPORATION | [NAMETER o 1505 0.8 G060 + £.004
PITCH Py 400 010 0157 2 004
POSMICH E 175 2 0498 0.065 2 B.054
CARAIER TARE | WIDTH w B4 0.30- 010 | DLH5 0012 0004
| THICKMESS t 0254 = 002 0.01% 2 D008
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iy 164 2004 Agilent Technologies
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Appendix E

Surface Coil Components List.

o . Supplier
Reference | Manufacturer | Part Number Description | Supplier Part Number
Sprague- VAR-CAP, - SG2003CT-
C1, C3,Cc Goodman GKG20066-07 4.5-20pF Digikey ND
Sprague- VAR-CAP, . SG2001CT-
C2 Goodman GKG6R066-07 2.0-6pF Digikey ND
Voltronics , 11 Series Voltronics .
CL1 Corp 11 Series Cap 24pF Corp 11 Series
Voltronics . 11 Series Voltronics .
CL2 Corp 11 Series Cap 12pF Corp 11 Series
L1 Toko America | 656LZ-08K=P3 41.1nH Digikey | 1 oa000CT"
J W Miller - M1202CT-
L2 Magnetics PM1008-1R5K 1.5uH Digikey ND
D1 MACOM MA4P7470F1072 Diode MACOM MA4P7470F-
T 1072T
Cable Belden #9222 Cable Belden #9222

Dual stage Preamplifier Components List.

Reference | Manufacturer | Part Number Description Supplier Supplier Part
Number
LD1,LD2 | APIDelevan 1 4510561k 0.56uH | Digikey | Dn1O981CT-
Murata LQW18AN22NJO .
LM1 Electronics oD 22nH Digikey | 490-1173-1-ND
Murata LQW18AN27NJO .
LM2 Electronics oD 27nH Digikey | 490-1174-2-ND
LF1, LF2, . - PCD1609CT-
LF3, LF4 Panasonic ELJ-FJR39GF2 390nH Digikey ND
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PCD1143CT-

LM3 Panasonic ELJ-RE2N2DF2 2.2nH Digikey ND

CD1,CD2 | Panasonic | ECJ-3FB2J102K | 1000pF | Digikey | FCO3231CT-
M1 | Ciogtionies | - 0CZ0tD | SOPF | Digkey | 490-1390-1-ND
OM2 | Ciogtonics | - 80Z0D | 36PF | Digkey | 490-1385-1-ND
CBacRd | Eleorones | 20A01D | 1000F | Digitey | 490-1451-1-ND
L& | Panasonic | ECJ-1VBOJ105K 1.0uF Digikey | FCOInoCT
C5,C6 | Panasonic | ECJVBIC104K |  O.1uF Digikey | FCO122CT
RULRRT | pion | KFT | 430Ka | Digiey | PTHERTHET
RLRRS | pecic | kuer | 0| Digiey | PTTGTET
RURRA | pecicn | kier | 100 | Digikey | PTTIGRET
RM3 aageo | 9COBOBATORSE | 76.80 Digikey | 3177708HCT-
RMG | merca | KHFT | 750 | Digkey | ZTTTGMCT
M1, M2 Agilent | ATF-551M4-BLK | ATF-551M4 | Agient | AT >01M4
FF’,TIFF’,L' Panasonic 2SB1219ASL PNP Digikey 23‘31T2_L9§S'-C
D1,D2 | Panasonic MA2SP0100L Pindiode | Digikey MAZST?,SE)OO'-C
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