


 
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.  
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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



 

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  is applied, the magnetic moments of the 

atoms tend to align with the field .  As seen in Figure 2-2 (b), the nuclear magnetic 

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

parallel. 

oB

oB

oB

 
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  is the 

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

slightly higher energy level [9]. 

oB
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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 , but are at an angle oB

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

around the applied field .  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  (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]. 

oB

oB

 
Figure 2-4 - (a) Spin alignment described by angleθ . (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  can be determined.  This speed is know as the 

Larmor frequency and can be calculated by using Equation (1).  Here 

oB

ω  is the Larmor 

angular frequency in Hz (Hertz),  is the strength of the magnetic field in T (Tesla) 

and

oB

γ  represents the gyromagnetic ratio of the magnetic moment in Hz for the particular 

type of nucleus.   

oBγω =  (1) 

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 , must be 

oriented perpendicular to the main field  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  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  and  are of special 

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

1B

oB

1B

o90 o180
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When a RF pulse of is applied, the pulse rotates the atoms’ alignment away from 

the main field  to a new orientation parallel to the pulsed field , 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 .  This is 

known as relaxation. The relaxation process can be broken down into two components, a 

longitudinal component with time constant , and a transverse component with time 

constant  [9]. 

o90

oB 1B

oB

1T

2T

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

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

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

direction. Following this,  begins to realign with the main field  

until .  Equation (2) mathematically represents this realignment over time 

with  being the magnitude of the original longitudinal alignment vector at time 

zero before the RF pulse is applied [11]. 

1T

longM

longM oB

long
o

long MM =

longM 0

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
−=

−

110 T
t

longlong eMM  
 

(2) 
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where  is the length of time necessary to decrease the difference between the current 

value of  and the equilibrium value by a factor of 

1T

longM 63.0)11( ≈− e . 

 
Figure 2-6 - (a) A vector display of  relaxation. (b) graphical example of  relaxation over time. 1T 1T

 
Figure 2-7 demonstrates the transversal  relaxation process.  After the RF pulse is 

turned off, the alignments of the atoms are in the transverse plane. While in the transverse 

plane,  begins to rotate around the main field  in a circular manner at the 

Larmor frequency.  At the same time  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  as the transverse magnitude at time zero 

when the RF pulse is applied [11].  

2T

transM 0
oB

transM 0

transM 0

20 T
t

transtrans eMM
−

⋅=  
 

(3) 

 
Figure 2-7 - (a) A vector display of  relaxation. (b) graphical example of  relaxation over time. 2T 2T
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After displaying  and  in Figure 2-6 and Figure 2-7, both relaxations can be 

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

1T 2T

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

 (b) 3D display of  and  relaxation processes combined. 1T 2T
 

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  relaxation and the attenuating waveform is at the Larmor frequency [5].   2T
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Figure 2-9 – (a) Signal induced on a coil by the  relaxation.  2T

(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 ; 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  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].  

oB

oB

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].   
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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.  
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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.    It is 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 3rd 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 = 2.7V with a drain-

source  current ranging from 15-20mA will provide adequate gain of 21dB and a 

minimum noise figure (NF) of 0.18dB. 

dsV

dsI

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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Figure 3-1- Transistor with active biasing network. 
 

If the bias network is examined in more detail it can be seen that R1 and R2 establish 

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

This base voltage is then raised by approximately 0.7V to the emitter.  The constant 

voltage across R3, from  to , provides the desired  current.  By forcing the 

desired values of  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 

and 

BEV

DDV BEV dsI

dsV dsI

VVds 7.2= mAI ds 15=  and the option  of the Q2 to be CEV Ω10 ,  and ΩK10 ΩK1 , 

respectively.  Referring to Figure 3-1, resistor R6 stabilizes Q2 by providing a path for 
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current flow.  Arguably most important, the resistance of ΩK10  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 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.  

uF1.0

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.   

( )4RIVV dsdsE ⋅+=  (4) 
 

ds

EDD

I
VVR −

=3  
 

(5) 
 

BEEB VVV −=  (6) 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
+⋅

=

B

BDD
BB

DD

V
VV

I

VR
1

1  
 

(7) 
 

( )
B

BDD

V
VVRR −

=
12  

 
(8) 

 

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

desired  and .  Given this equation a resistance of dsV dsI Ω10  for R4 results in a 

calculated emitter voltage  of 2.85V.  Using Equation (5), R3 can be calculated to be 

 by using a supply voltage  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  and R2 can 

EV

Ω33.143 DDV

ΩK3.4
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be calculated to be  with  equal to 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. 

ΩK7.5 BBI 3105.0 −×

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 11S  high but less then 1.  

If operation of the transistor deviates too far from this stability circle the 11S  would then 

go down, which is not desired.  If proper considerations are not meet and 11S  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].  

21122211 SSSSDs −=  (9) 
 

2112

2
22

2
11

2

2
1

SS
SSDs

k
−−+

=  
 

(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. 

 

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 and  as 

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

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

application of the complex conjugate [1]. 

1Sr 1Sp

1C

*22111 SDSC S−=  (11) 
 

22
11

1
1

*

S

S
DS

Cr
−

=  
 

(12) 
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22
11

2112
1

S
S

DS
SSp
−

=  
 

(13) 
 

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

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

reflection coefficient for conjugate matching [1].  

2Sr 2Sp

2C

*11222 SDSC S−=  (14) 
 

22
22

2
2

*

S

S
DS

Cr
−

=  
 

(15) 
 

22
22

2112
2

S
S

DS
SSp
−

=  
 

(16) 
 

 
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 111 <S , the origin is 

part of the stable region of the input stability circle and if 111 >S , then the origin is part 

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

of 22S  instead of 11S  [14].   

If the system is unconditionally stable and  and  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. 

11S 22S

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 guideline 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.     

cycleperlosspower
energystoredaverageQ
___

__ω=
Cωω = loss

stored

P
W

ω=
Cωω =

 
 

(17) 
 

dB
C

dB
L

dB
U

C

BW
f

ff
f

Q 333 ≡
−

=  
 

(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=1. 
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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. 

 

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  and  [1],   SR PR

1−==
S

P
PS R

RQQ  
 

(19) 
 

SSS RQX =   and   PPP RQX =  (20) 

where, as shown in Figure 3-5: 
=PR  the shunt resistance (the load impedance),   
=SR  the series resistance (the source impedance),  
=PX the shunt reactance, 
=SX 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  and  

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

SX PX

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

inductance and capacitance values according to 

SX PX

f
X

L S

⋅
=

π2
 or 

f
XL P

⋅
=

π2
 

 
(21) 

 

fX
C

P ⋅⋅
=

π2
1  or 

fX
C

S ⋅⋅
=

π2
1   

(22) 
 

where  is the frequency of operation [1].  f

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. 

 

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: 

1arg −=
R

R
Q el

T  
 

(23) 
 

1−=
small

Pi R
RQ  

 
(24) 

 
where, 

=elR arg  the largest terminating resistance or , SR LR
=smallR  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.   

 

Figure 3-8 - Low-Q matching Network. 
 

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

11 arg −=−=
R

R
R

RQ erl

smaller

 
 

(25) 
 

where, 
=R the virtual resistance, 

=smallerR the smallest terminating resistance, 
=erlR arg 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 .  This is in contrast to the unilateral design which creates an 

error by setting  [14]. 

12S

012 =S

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

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

and (27), 

ML

ML
MS

S
SSS

Γ−
Γ

+=Γ
22

1221
11

*

1
 

 
(26) 
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*

1
 

 
(27) 

 

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

matched source and load reflection coefficients MSΓ  and MLΓ  have to satisfy both 

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

1

1
*2

1

1

1

1 4
2 C

C
C
B

C
B

MS −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=Γ  

 
(28) 

 
where 

DsSSC 22
*

111 −=  and 2
11

22
221 1 SDsSB +−−=  (29) 

 
 
Similarly, the matched load reflection coefficient MLΓ is 

2

2
*2

2

2

2

2 4
2 C

C
C
B

C
B

ML −⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=Γ  

 
(30) 

 
where 

DsSSC 11
*

222 −=  and 2
22

22
112 1 SDsSB +−−=  (31) 

 
For the load and source reflection coefficients,  is calculated from Equation (9).  

Finally, the matching networks are used to match the input and output impedances to the 

conjugate reflection coefficients, respectively. 

Ds

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  and  as the center points and 

radii, respectively, [14]. 

Fkd Fkr

k

opt
Fk Q

d
+

Γ
=

1
 

 
(32) 

( )
k

kkopt
Fk Q

QQ
r

+

+Γ−
=

1

1 22

 
 

(33) 

Here  is a constant which controls the noise level of each circle in the form kQ

⎟⎟
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⎛ −
Γ+=

0
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4
1

ZR
FF

Q
n

k
optk  

 
(34) 

 
In Equation (34) the quantities , minF optΓ , and  0ZRn  are specifications given by the 

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

with and 

minF

optΓ 0ZRn as the optimum reflection coefficient and equivalent noise resistance 

respectively.   determines the radius of the circle.  For example, if  and 

, when moving from  to the circle of 

kF dBFk 7.0=

dBF 5.0min = minF dBFk 7.0=  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  and 

 as the center points and radii respectively, 

1gd

1gr

( )1
2

11

*
111

1
11 gS

Sgd g
−−

=  
 

(35) 

( )
( )1

2
11

2
111

1
11

11

gS

Sg
rg

−−

−−
=  

 
(36) 

where  is the normalized gain of each circle [14].  Note that if  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. 

1g 11 =g

 

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].  

 

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 Ω50  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),  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−

−

0
0

lj

lj

e
e

S
β

β

 

 
(37) 

 

where LC=β  with L and C as the inductance and capacitance per unit length of the 

cable and l 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  into LR Ω50  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 

fgkTi md ∆⎟
⎠
⎞

⎜
⎝
⎛=

3
242  

 
(38) 

where, 
=2

di  the noise current from drain to source in A, 
=k  Boltzmann’s constant ( J/Kelvin), 231038.1 −×
=T  the absolute temperature in Kelvin ( ), 273+Co

=mg  the device transconductance at the operating point in Ω1 , 
=∆f  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 
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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: 

fqIi Gg ∆= 22  (39) 

where, 
=2

gi the noise current at the gate in A, 

=q  the electron charge ( C), 19106.1 −×
=GI  the current applied to the gate in A, 
=∆f  the bandwidth in Hz. 

 
Since the preamplifier is designed with PHEMT transistors, which have dc gate 

currents of typically less than , the addition of shot noise to the total noise budget 

will be insignificant [8].  

A1510−

Flicker noise, also known as one-over-f noise, is a noise source that has a spectral 

density that is proportional to nf1 , where 1≈n  [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 

f
f

IKi
a
D

d ∆=2  
 

(40) 

where, 
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=2
di  the noise current from drain to source in A, 
=DI  the drain bias current in A, 
=K  the constant for the given device, 
=a  a constant between 0.5 and 2, 

       the bandwidth in Hz. =∆f

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 , the contribution of flicker noise is 

insignificant.  Thus, only thermal noise will be considered in all subsequent noise 

calculations [8]. 

2510 −

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 

FNF 10log10 ⋅=  (41) 

where F is the noise factor.  The noise factor can be calculated by 
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Here quantities , , andminF optΓ 0ZRn are specifications given by the manufacturer of the 

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

transistor, with and 

minF

optΓ 0ZRn as the optimum reflection coefficient and equivalent noise 

resistance, respectively.  This noise factor can then be expressed as the ratio of output 

noise power ( ) to input power ( ): noP niP

ni

no

P
P

F =  
(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  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

n

av

P
P

SNR 10log10  
(44) 

 

Equation (44) has  as the average power, and 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. 

avP nP

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  of a coil is defined as: avP
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(45) 

where  is the peak voltage produced by the induced pulse and  is the coil resistance 

at resonance.  The noise power  in the coil can be derived from the thermal equation 

expressed in terms of a MOS transistor as  
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To obtain the SNR of a single coil, Equations (45) and (46) are then inserted into 

Equation (44), yielding 
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(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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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 , capacitors  and resistors  and .  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].     

CL CC 1R 2R

 

Figure 4-2 - Inductive coupling between two coils. 
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When looking into coil 1, the impedance  under resonance is equal to  if coil 2 

does not exist.  If the coupling of coil 2 is considered,   will no longer be equal to 

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

(49) is solved for and inserted into Equation (48) to solve for  
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(50) 
 

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 by  and 

taking into account resonance, Equation (50) simplifying to  

1i

12

2

1 ZR
MRZcoil +

+=  
 

(51) 
 

where  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 

1Z
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(52) 
 

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  grows larger, the second term 

approaches zero.  This increase in  causes the SNR of the two coils to approach the 

SNR of a single coil.  From another perspective one can observe that as  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. 

1Z

1Z

1Z

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.   

 

 
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 
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where  (n = 1,2,3…) is the noise factor of each stage and  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 nG

 

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 , 21 =F 52 =F , 

, and  which would then be inserted into Equation (53) to produce 

Equation (54): 

51 =G 102 =G

8.2
5

152 =
−

+=totalF  
 

(54) 

or as a total noise figure 

dBNFtotal 47.48.2log10 10 =⋅=  (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 and  requirements to operate the ATF-551M4 transistor at 2.7V 

and 15mA respectively.   

dsV dsI

 
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.     

 
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 being  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. 

Ω50

 

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. 

 
Figure 5-4 – The simulated NF of demo board 1. 

 

 
Figure 5-5 - The simulated NF of demo board 2. 

 
Figure 5-6 and Figure 5-7 display the forward gain  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.   

21S
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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  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. 

11S

 46



0.2 0.4 0.6 0.80.0 1.0

0.84

0.86

0.88

0.90

0.82

0.92

freq, GHz

m
ag

(S
(1

,1
))

 
Figure 5-8 – Simulated  of demo board 1. 11S
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Figure 5-9 - Simulated  of demo board 2. 11S

 
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. 

 
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. 
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Figure 5-12 – Measured NF of demo board 2. 
 

Figure 5-13 and Figure 5-14 are the measured forward gain  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.  

21S
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Figure 5-13 – Measured  gain of demo board 1. 21S
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Figure 5-14 – Measured  gain of demo board 2. 21S

 
 

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  of demo board 1. 11S
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Figure 5-16 – Measured  of demo board 2. 11S

 
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. 

 

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.  

 

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 k, 

explained previously, and restated in Equation (56) 
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when analyzing stability of the active device.  If the overall gain  is decreased, and 

there is matching on the output (

21S

022 =S ), 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. 

 

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. 

 

Figure 6-4 - (a) Unconditional stability at the input, (b) unconditional stability at the output. 

 54



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), 
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(59) 

 

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

an right respectively [26].  These lines are equal to 

1Z 2Z

Ω50  and A is the attenuation factor 

calculated from Equation (60) where AdB is the attenuation in dB which equals 11.8dB 

[26]. 

1010
AdB

A
−

=  
 

(60) 
 

Through calculation, resistors R1, R2 and R3 are calculated to be ,  and 

, respectively. 

Ω5.84 Ω8.90

Ω5.84

With the first stage proving unconditionally stable, the second stage can be connected 

as shown in Figure 6-5.  

 

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.   

 
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 Ω93 , Ω77  and , respectively. Ω93

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. 

 
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. 

 
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 Ω120 , 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,  

75.0
100500

300
3 =

−
==

MHzMHz
MHz

BW
f

Q dB
C  

 
(61) 

 
Using Figure 6-8 (c) as a reference the Q circle of 75.0=Q  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  from 

 is computed first.  Then the Q from the virtual resistor  to  is calculated.  As 

long as the Q from the  to  is 

75.0=Q

PR VR SR

VR SR 75.0≤Q , 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   can be calculated  VR

1−=
V

P

R
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(62) 

 
The Q from  to  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. 
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(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.   

S
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(64) 
 

The calculated inductance shown in Equation (64) is the series component that will take 
the place of . 1SX
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The calculated capacitance shown in Equation (65) is the shunt component that will take 

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

value of 0.73 from Equation (63) and that  is the center frequency of the network. 
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This calculated inductance shown in Equation (66) is the series component to take the 
place of . 2SX
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(67) 
 

This calculated capacitance shown in Equation (67) is the shunt component to take the 

place of .  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. 

2PX
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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  and an 

inductance of .  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. 

Ω75

nH2.2
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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. 
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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.  

 
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. 

 

Table 1- Component values for dual stage preamplifier. 
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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   to ensure no mutual induction.   o90

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 preamp1ifier. 

 
Figure 6-20 is a plot of the magnitude of the input reflection coefficient .  Upon 

investigation, this matches up with the simulated ADS plot of the magnitude of .  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 . 11S
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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 .  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 

21S

%5±  the network biasing might be off 

which could affect each stage by a gain 2dB each.   
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Figure 6-21 – The measured gain in dB. 21S

 
Seen in Figure 6-22, the measured  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. 

22S
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Figure 6-22 – Measured output reflection coefficient . 22S

 
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  cable with a 

length of 

Ω50

43λ ; it will shift the high impedance of the preamplifier to a low impedance (a 

short).  The matching network will then match the Ω50  cable to the coil.   

 

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

In constructing the two coils for testing, a Reykowski based design was used with the 

addition of a 4λ  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.   

 

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 0≈AmpZ  being the transformed impedance seen by the 

matching network and  being the characteristic impedance of the cable.  Also noted is 

the resistance and reactance of the coil R and , respectively.  Equation (71) is used to 

calculate the reactance of the inductor 

0Z

LX

nHL 421 =  at the test frequency of 200MHz.  This 

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

AmpL XRZXA ⋅+= 0
310827.2 ×=  (68) 

 
( )2

0
2

0 ZXZRB Amp +⋅−=  994.375−=  (69) 
 

AmpL XXZRC −⋅= 0 549.56=  (70) 
 

14 LX ⋅= ω      648.514 =X  (71) 
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Equation (72) is used to calculate the value of  from the reactance component .  In 

the matching network  controls the appropriate resonance frequency of the coil.  To 

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

1C 1X
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040
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(72) 
 

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

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

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

6pF.  

2C 2X

2C

2C

( )
B

CZAX
X 04

2
−−

=  

pF
X

C 21

2
2 ==

ω
 

 
 

(73) 
 

Equation (74) is used to calculate the value of  from the reactance component .   

controls the phase correction needed to tune the coil.  In order to fine tune,  will be a 

tunable capacitor with a range of 4.5 to 20pF. 
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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 4λ .  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 4λ .  This can be seen in Figure 7-3. 

 

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 

 and 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. 

pFCL 271 = pFCL 122 =
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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 4λ balun.   

 
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 coefficient , while probe 2 was used 

to measure the forward gain .   

11S

21S

 

 
Figure 7-7 - The Tuning setup for each coil. 

 
Figure 7-8 is the measured and  after tuning the coil.  Note that the coil is 

tuned to the test frequency of 200MHz and that the gain  is maximized at the desired 

resonance frequency.  The same tuning was performed with the second coil. 

11S 21S

21S
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Figure 7-8 – Measured resonance at 200MHz and forward gain . 21S

 
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.  

 
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 Ω50  load.   
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Figure 7-10 – The resonance splitting when coil 2 is connected to a 50Ω  load. 

 
When the second coil is connected to the preamplifier instead of the  load, the 

preamplifier does in fact decouple the two coils due to the reflection coefficient (depicted 

as  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.   

Ω50

11S

 
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. 

 
Figure 7-12 - Test simulation of coils connected to the 50Ω   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]. 
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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 Ω50  load or the preamplifier are connected 

to coil 2. 

 
Figure 7-13 - (a) Splitting of resonance when coil 2 is connected to 50 , Ω

 (b) one resonance when coil 2 is connected to the preamplifier. 
 

To investigate the degree of isolation between coil 1 and coil 2 , which is the 

received signal at port 2 when the source is at port 1 (coil 1), and , 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  is 14dB less then  thus concluding that the preamplifier is indeed 

decoupling the two coils. 

21S

23S

23S 21S

 
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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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. 

 

 
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 a Ω50  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. 

 

 
Figure 7-17 - The resonance spliting in the magnet with 50Ω  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. 

• 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. 

 87



• 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 50Ω  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  

relaxation decreasing exponentially. 

2T

• 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 
 

 
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. 
 
 

Measured Results on the Resistive Biased Board 
 
 
 

 
Figure A-3 - (a) S11, (b) S21, (c), S12 and (d) S22. 

 
 

 93



0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

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

N
F 

(d
B

)

 

 
 
 
 

Figure A-4 - Measured noise figure. 
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Simulated Results on the Active Biased Board 
 
 
 

 
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. 
 
 
 

Measured Results on the Active Biased Board 
 

 
Figure A-7- (a) S11, (b) S21, (c), S12 and (d) S22. 
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Figure A-8 - Measure noise figure. 
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Appendix B 
 
 
 

Simulated Results on dual stage Boards 
 

 
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. 
 

 
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. 

 
 

 100



 
Figure B-5 – Measured results on board 2- (a) S11, (b) S21, (c), S12 and (d) S22. 
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Figure B-6 - Measured noise figure on board 2. 
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Figure B-7 – Measured results on board 3- (a) S11, (b) S21, (c), S12 and (d) S22. 
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Figure B-8 - Measured noise figure on board 3. 
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Figure B-9 – Measured results on board 4- (a) S11, (b) S21, (c), S12 and (d) S22. 
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Figure B-10 - Measured noise figure on board 4.
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Appendix C 
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Appendix D 
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Appendix E 
 
 
 
 
 
 
Surface Coil Components List. 
 
Reference Manufacturer  Part Number Description Supplier Supplier 

Part Number 

C1, C3,Cc Sprague-
Goodman GKG20066-07 VAR-CAP, 

4.5-20pF Digikey SG2003CT-
ND 

C2 Sprague-
Goodman GKG6R066-07 VAR-CAP, 

2.0-6pF Digikey SG2001CT-
ND 

CL1  Voltronics 
Corp 11 Series   11 Series 

Cap 24pF 
Voltronics 

Corp   11 Series 

CL2  Voltronics 
Corp  11 Series  11 Series 

Cap 12pF 
 Voltronics 

Corp  11 Series 

L1 Toko America 656LZ-08K=P3 41.1nH Digikey TKS2680CT-
ND 

L2 J W Miller 
Magnetics PM1008-1R5K 1.5uH Digikey M1202CT-

ND 

D1 MACOM   MA4P7470F1072
T Diode   MACOM MA4P7470F-

1072T  

Cable Belden #9222 Cable Belden #9222 

 
 
 
 
 
 
 
 
 
Dual stage Preamplifier Components List. 
 
Reference Manufacturer  Part Number Description Supplier Supplier Part 

Number 

LD1, LD2 API Delevan 
Inc 1210-561K 0.56uH Digikey Dn10561CT-

ND 

LM1 Murata 
Electronics  

LQW18AN22NJ0
0D 22nH Digikey 490-1173-1-ND 

LM2 Murata 
Electronics  

LQW18AN27NJ0
0D 27nH Digikey 490-1174-2-ND 

LF1, LF2, 
LF3, LF4 Panasonic ELJ-FJR39GF2 390nH Digikey PCD1609CT-

ND 
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LM3 Panasonic ELJ-RE2N2DF2 2.2nH Digikey PCD1143CT-
ND 

CD1, CD2 Panasonic  ECJ-3FB2J102K 1000pF Digikey PCC2291CT-
ND 

CM1 Murata 
Electronics  

GRM1885C1H5R
0CZ01D 5.0pF Digikey 490-1390-1-ND 

CM2 Murata 
Electronics  

GRM1885C1H3R
6CZ01D 3.6pF Digikey 490-1385-1-ND 

CB1,CB2, 
CB3,CB4 

Murata 
Electronics  

GRM1885C1H10
2JA01D 1000pF Digikey 490-1451-1-ND 

C1, C2, 
C3 C4 Panasonic ECJ-1VB0J105K 1.0uF Digikey PCC1915CT-

ND 

C5, C6 Panasonic ECJ-1VB1C104K 0.1uF Digikey PCC1762CT-
ND 

RL1, RR1 Yageo 
America 

9C06031A4301F
KHFT 4.30KΩ Digikey 311-4.30KHCT-

ND 

RL2, RR2 Yageo 
America 

9C06031A5761F
KHFT 5.76KΩ Digikey 311-5.76KHCT-

ND 

RL3, RR3 Yageo 
America 

9C06031A1430F
KHFT 143Ω Digikey 311-143HCT-

ND 

RL4, RR4 Yageo 
America 

9C06031A10R0F
KHFT 10Ω Digikey 311-10.0HCT-

ND 

RL5, RR5 Yageo 
America 

9C06031A1002F
KHFT 10KΩ Digikey 311-10.0KHCT-

ND 

RL6, RR6 Yageo 
America 

9C06031A1001F
KHFT 1.0KΩ Digikey 311-1.00KHCT-

ND 

RM2,RM4 Yageo 
America 

9C06031A93R1F
KHFT 93Ω Digikey 311-93.1HDR-

ND 

RM3 Yageo 
America 

9C06031A76R8F
KHFT 76.8Ω Digikey 311-76.8HCT-

ND 

RM6 Yageo 
America 

9C06031A75R0F
KHFT 75Ω Digikey 311-75.0HCT-

ND 

M1, M2 Agilent ATF-551M4-BLK ATF-551M4 Agilent ATF-551M4-
BLK 

PNP1, 
PNP2 Panasonic 2SB1219ASL PNP Digikey 2SB1219ASLC

T-ND 

D1, D2 Panasonic MA2SP0100L Pin diode  Digikey MA2SP0100LC
T-ND 
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