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ABSTRACT

DRIVING MUTUALLY COUPLED COILS USING AN
ARRAY OF CLASS-E AMPLIFIERS

Ziba Arghiani
M.S. in Electrical and Electronics Engineering
Advisor: Ergin Atalar
September 2022

Linear radiofrequency (RF) power amplifiers are commonly used in magnetic
resonance imaging (MRI) to generate radiofrequency field (B;). These low-
efficiency amplifiers require cooling systems and lengthy transmission cabling,
increasing the MRI hardware cost. An array of on-coil class-E amplifiers is pro-
posed for the transmit system to mitigate these problems. Class-E amplifiers are
switching type amplifiers capable of achieving 100% power efficiency theoretically.
In this dissertation, a state-space model is proposed to simplify interpreting and
analysis, and provide insight into the system of on-coil class-E amplifiers. This
model can also be employed to find high power and efficiency modes of ampli-
fiers’ operation. Using the state-space model, phase delays are adjusted between
gate signals of the amplifiers to obtain high power and efficiency even in the
presence of highly coupled coils. In addition, a sampled-data system generated
from the state-space model is proposed to analyze the system’s transient behav-
ior by investigating the time constant of the system. To validate the state-space
model, a single class-E amplifier and two class-E amplifiers with coupled coils
are simulated in LTSPICE. Moreover, novel hardware is designed for the class-E
amplifier resulting in a cost-efficient design. Simulation and experimental results

are provided to demonstrate the effectiveness of the proposed model.

Keywords: MRI system, state-space model, class-E amplifier, transmit array sys-

tem.
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OZET

E-SINIFI YUKSELTEC DIZISI KULLANARAK
KUPLAJLI BOBINLERIN SURULMESI

Ziba Arghiani
Elektrik ve Elektronik Miihendisligi, Yiksek Lisans
Tez Danigmani: Ergin Atalar
Eylil 2022

Manyetik rezonans goriintillemede (MRG) lineer radyo frekans (RF) giic
yiikseltecleri RF manyetik alan1 (B;) olugturmak i¢in yaygm olarak kullanihir.
Verimliligi diigiik olan lineer yiikseltecler sogutma sistemleri ve uzun iletim kablo-
lar1 gerektirir ve bu da MRG donanim maliyetini artirir. Verici sistemde bu
sorunlar1 azaltmak i¢in bir dizi bobin iizerinde E-siifi yiikseltegler 6nerilmistir.
E-siifi gii¢ yiikseltecleri teorik olarak 100% gii¢ verimliligi elde edebilen anahtar-
lamali tip bir amplifikatordiir. Bu tezde, yorumlamay1 ve analizi basitlegtirerek ve
bobin-tistii E-sinifi yiikselteg dizileri hakkinda bilgi saglamak igin bir durum-uzay
modeli onerilmisgtir. Bu model ayrica ytikselteclerin calismasinda yiiksek gii¢ ve
verimlilik modlarim1 bulmak i¢in kullanilabilir. Durum-uzay modeli kullanilarak
yiiksek diizeyde etkilesim gosteren bobinlerin varliginda bile yiiksek gili¢ ve ver-
imlilik elde etmek icin yiikselteclerin kapi sinyalleri arasindaki faz gecikmeleri
ayarlanir. Ek olarak durum-uzay modelinden yola ¢ikarak elde edilen 6rneklenmis
veriler sistemin ani degigimler kargisindaki tepki hizin1 gostermigtir. Durum-uzay
modelini dogrulamak i¢in, LTSPICE’ta tek bir E-sinifi ytikselteg ve birlegtirilmig
bobinlere sahip iki E-sinifi yiikselteg simiile edilmistir. Ayrica E-sinifi yiikselteg
icin yeni ve daha uygun maliyetli bir donamm tasarlanmsgtir. Onerilen modelin

etkinligini gostermek icin simiilasyon ve deneysel sonuclar saglanmigtir.

Anahtar sézcikler: MRI sistemi, durum-uzay modeli, E-siifi yiikselteg, verici
dizisi sistemi.

v



Acknowledgement

I would like to thank the following people, without whom I would not have been
able to complete this research. First and foremost I am extremely grateful to my
supervisor, Prof. Ergin Atalar for his invaluable advice, continuous support, an
patience during my MSc study. His immense knowledge and plentiful experience
have encouraged me in all the time of my academic research and daily life. It is my
honor to have Prof. Abdullah Atalar and Prof. Barig Bayram in my dissertation
committee and I would like to thank them for their invaluable comments and
questions about my thesis. I would like to thank Dr. Manouchehr Takrimi for his
technical support on my study. I would also like to thank all the members in the
Ergin Atalar laboratory, Said Aldemir, Reza Babaloo, Abdullah Erkam Arslan,
Ehsan Kazemivalipour, Alireza Sadeghi-Tarakameh, Soheil Taraghinia, Fatma
Gul Uyar, Mehmet Tilegi, Bilal Tasdelen, Cemre Ariyurek and Elnaz Mahmoudi
Mahmoud Alilou. It is their kind help and support that have made my study
and life in Bilkent a wonderful time. I would like to express my gratitude to my
family. Without their tremendous understanding and encouragement in the past
few years, it would be impossible for me to complete my study. Finally, I owe
my deepest gratitude to Shahab, who is my love. I am forever thankful for the
unconditional love and support throughout the entire thesis process and every

day.



Contents

1 Introduction

2 Theory
2.1 Conventional Class-E Amplifier . . . ... ... ... ... ... ..
2.2 State-Space Model of a Class-E Amplifier . . . . . .. ... .. ..
2.3 Model of An Array of Class-E Amplifiers with Coupled Load . . .

2.4 Transient Behavior Analysis of Array of Class-E Amplifiers with
Coupled Loads . . . . . . . . . . ...

3 Methods
3.1 State-Space Model Simulations . . . . . ... ... .. ... ...
3.2 Hardware Implementation . . . . . .. .. ... ... ... ....

3.2.1 Driver Implementation . . . . . ... ... ... ......

vi

13

16

20

21

23



CONTENTS

3.2.2  Supply Modulation Implementation . . . . . . ... .. ..

3.2.3 Hardware Simulations . . . . . . . . . . . ... ... ...

3.24 Layout Implementation . . . . . . .. ... ... ... ...

3.3 Experimental Setup for Power and Efficiency Measurement

4 Results

4.1 Single Class-E Amplifier . . . .. .. .. ... .. ... ......
4.1.1 State-Space Model . . . . . . ... ...
41.2 LTSPICE .. ... ... . ...
4.1.3 Tuning Series and Shunt Capacitors . . . . . . . . . . . ..
4.1.4 Transient Analysis and Frequency Response . . . . . . ..

4.2 Two Class-E Amplifiers with Significantly Coupled Coils . . . . .
4.2.1 State-Space Model . . . . .. ...
422 LTSPICE . .. .. ... .. .. .
4.2.3 Effect of Input Phase Delay and Series Capacitor . . . . .
4.2.4 Transient Analysis and Frequency Response of the System

4.3 Three Class-E Amplifiers with Significantly Coupled Coils
4.3.1 Effect of Input Phase Delays Variations . . . . . . ... ..
4.3.2 Transient Analysis of the System . . . ... ... .. ...

4.4 Driver and Supply Modulation Simulation Results . . . . . . . ..

Vil



CONTENTS viii

4.5 Driver and Supply Modulation Experimental Results . . . . . . . 63

4.6 Power and Efficiency Measurement Results . . . . . . .. ... .. 69

5 Discussion and Conclusion 73



List of Figures

2.1

2.2

2.3

24

2.5

2.6

2.7

3.1

3.2

3.3

Conventional class-E amplifier circuit . . . . . . .. .. .. .. ..

Normalized voltage (blue) and current (red) of the switch of a

class-E amplifier versus normalized time . . . . . ... ... ...

Schematic of a class-E amplifier considering switch’s on-resistance,

An array of class-E amplifiers with coupled loads . . . . .. . ..

A simulation example demonstrating the continuous and the
sampled-data dynamics, suppose that X is the state of the sys-
tem and Xy, X5, and X3 are its values at sampling times, T, 27T,

and 37T, respectively . . . . . . ... L
The proposed driver diagram . . . . . . . ... .. ... ......

Supply modulation diagram . . . . . . ... ... ... ... ...

Amplifier’s block and the components . . . . . . . ... ... ...
Driver block and the components . . . . . . . .. ... ... ...

Supply modulation block and the components . . . . . . ... ..

1X



LIST OF FIGURES X

3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Schematic of the amplifier in LTSPICE . . . . .. ... ... ... 28
Schematic of the amplifier in ADS . . . . ... ... ... ... .. 29
Schematic of the circuit in Proteus . . . . . . . .. ... ... .. 31
Layout of the circuit . . . . . . . ... ... 32
3D illustration of the designed PCB . . . . . ... ... ... ... 32
Class-E amplifier’s PCB with a transmit coil . . . . . .. ... .. 33
Power and efficiency measurement setup . . . . .. ... ... .. 34

Steady-state waveforms of the class-E amplifier in MATLAB. (a)
Series inductor current. (b) Series capacitor voltage. (c¢) Choke

inductor current. (d) Shunt capacitor voltage. . . . . .. ... .. 37
Schematic of the class-E amplifier in LTSPICE . . . . . . ... .. 37

Waveforms of class-E amplifier in LTSPICE. (a) Series inductor
current. (b) Series capacitor voltage. (¢) Choke inductor current.

(d) Shunt capacitor voltage. . . . . . . ... ... ... ... ... 38

Efficiency of the class-E amplifier regarding shunt (Cy;,) and series

(Cy) capacitors’ values . . . . . ... ... 40

Output power of the class-E amplifier regarding shunt (Cy,) and

series (Cy) capacitors’ values . . . . . .. ... L 41
Choke inductor current versus time . . . . . ... ... ... ... 42

Amplifier’s frequency response (output power and efficiency). (a)
LTSPICE data. (b) The state-space model data. . . . . . . . . .. 43



LIST OF FIGURES

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16

Steady-state waveforms of two class-E amplifiers with coupled coils
in MATLAB for the first scenario. (a) Series inductors’ currents.
(b) Series capacitors’ voltages. (c¢) Choke inductors’ currents. (d)

Shunt capacitors’ voltages. . . . . . . . . . . . ... .. ... ...

Steady-state waveforms of two class-E amplifiers with coupled coils
in MATLAB for the second scenario. (a) Series inductors’ currents.
(b) Series capacitors’ voltages. (c¢) Choke inductors’ currents. (d)

Shunt capacitors’ voltages. . . . . . . . . . . . ... .. ... ...

Schematic of two class-E amplifiers with coupled coils (the first
scenario) in LTSPICE . . . . . ... ... ... .. ... .....

Waveforms of two class-E amplifiers with coupled coils resulting
in LTSPICE or the first scenario. (a) Series inductors’ currents.
(b) Series capacitors’ voltages. (c¢) Choke inductors’ currents. (d)

Shunt capacitors’ voltages. . . . . . . . . . . ... .. .. ... ..

Schematic of two class-E amplifiers with coupled coils (the second
scenario) in LTSPICE . . . .. ... ... .. ... ... ...

Waveforms of two class-E amplifiers with coupled coils resulting in
LTSPICE or the Second scenario. (a) Series inductors’ currents.
(b) Series capacitors’ voltages. (c¢) Choke inductors’ currents. (d)

Shunt capacitors’ voltages. . . . . . . . . . .. .. ... ... ..

Efficiency of two class-E amplifiers with coupled coils regarding

series (Cy) capacitor values and phase delays . . . . . . ... ...

Output power of two class-E amplifiers with coupled coils regarding

series (Cy) capacitor values and phase delays . . . . . ... .. ..

Switches’ waveforms of two class-E amplifiers with coupled coils
at different selected C; and phase delay values. The output power
(Pyu) and efficiency (n) are found using Fig. 4.14 and Fig. 4.15. .

x1

33



LIST OF FIGURES xii

4.17 Time constant of the system with respect to Cs and phase delay . 55

4.18 Output power of two class-E amplifiers with coupled coils regarding

to frequency and phase delay variations . . . . . . ... ... ... 56

4.19 Efficiency of two class-E amplifiers with coupled coils regarding to

frequency and phase delay variations . . . . .. .. ... ... .. 57

4.20 Efficiency of three class-E amplifiers with coupled coils regarding
phase delays between channels 1&2 and 1&3 . . . . . . . . . . .. 59

4.21 Output power of three class-E amplifiers with coupled coils regard-
ing phase delays between channels 1&2 and 1&3 . . . . . . . . .. 60

4.22 Switches’ waveforms of three class-E amplifiers with coupled coils
at different selected phase delay values between channels 1&2
(Adyg0) and 1&3 (APyg3). The output power (P,,;) and efficiency
(n) are found using Fig. 4.21 and Fig. 4.20 . . . . .. . ... ... 61

4.23 Time constant of the system with respect to phase delays between
channels 1&2 and 1&3 . . . . . . . . .. ... L. 62

4.24 Driver simulation results in ADS. (a) LVDS signals. (b) Single-

ended signal. (c) Driver’s output signal. . . . .. ... ... ... 64

4.25 Driver simulation results in LTSPICE. (a) Single-ended signal. (b)

Driver’s output signal . . . . . . . ... ... oL 65

4.26 Supply modulation simulation results in ADS. (a) High-side and
low-side input signals of H-bridge (EPC2106). (b) H-bridge’s out-
put with and without low-pass filter. (¢) Choke inductor current.

(d) Drain voltage of the switching transistor. . . . . . . ... ... 66



LIST OF FIGURES

4.27

4.28

4.29

4.30

4.31

Supply modulation simulation results in LTSPICE. (a) High-side
and low-side input signals of H-bridge (EPC2106). (b) H-bridge’s
output with and without low-pass filter. (c¢) Choke inductor cur-

rent. (d) Drain voltage. . . . . . . . . . ... ... ...,

Driver measurement results. (a) LVDS signals from FPGA. (b)
Single-ended signal. (c) Driver’s output signal (gate signal of
EPC2036) . . oo

Supply modulation measurement results. (a) High-side (pink) and
low-side (blue) input signals of H-bridge when the duty cycle is
about 60%. (b) Output of the supply modulation. (c) Choke

inductor current profile. . . . . . .. ...
Drain voltage of the transistor (EPC2036) . . . . ... ... ...

Output voltage of the pick-up coil . . . . . .. ... ... ... ..

xlil



List of Tables

4.1

4.2

4.3

4.4

4.5

Comparison of simulation results of the state-space model and LT-
SPICE (single class-E amplifier) . . . .. .. ... ... ... ... 39

Comparison of simulation results of the state-space model and LT-

SPICE (two class-E amplifiers with coupled coils, the first scenario) 48

Comparison of simulation results of the state-space model and LT-
SPICE (two class-E amplifiers with coupled coils, the second sce-

nario) ..o 50

Comparison of the experimental and simulation results for the

driver output . . . . . . ... 65

Comparison of the input and output power, and the efficiency in

the experiment and simulations . . . . .. ... ... ... . ... 72

X1iv



Chapter 1

Introduction

Magnetic resonance imaging (MRI) is a non-invasive and non-destructive tech-
nique for imaging the internal structures and specific aspects of function within
the body [1, 2]. MRI scanners consist of a magnet, which provides a powerful
static magnetic field (By) that forces protons in the body to align with its di-
rection, gradient, and radiofrequency (RF) systems [3, 4]. The gradient system,
including gradient amplifiers and coils, generates three gradient fields, orthogonal
to each other, for spatial encoding within an imaging volume [4, 5]. The radiofre-
quency (RF) system consists of an RF power amplifier and transmit and receive
coils. The power amplifier provides RF pulses for the RF coils, which generate
RF magnetic field (B;) to excite the aligned spins and receive an RF signal back
from the target [6, 7, 8, 9].

In conventional MRI systems, linear RF power amplifiers are commonly em-
ployed. The efficiency of these amplifiers is relatively low. Therefore, a bulky
cooling system is needed to cool them down. They are required to be located
in the MRI system room, far from the transmit coils in the MRI scanner. The
requirement for long transmission cables between the amplifier and the RF coils
leads to additional power loss. The above-mentioned problems result in a more

expensive and complex system with low efficiency [10, 11].



Radiofrequency coils are essential to MRI systems. These coils that excite and
receive MRI signals can be designed as transmit-only (Tx), receive-only (Rx),
and transmit/receive (Tx/Rx) coils [12, 13]. Volume coils, such as birdcage coils,
are typically used as transmit coils to achieve a homogeneous RF excitation (B)
field for the entire covered volume [9]. In ultra high-field MRI systems (>3T),
birdcage coils can not provide a uniform and homogeneous B; field due to the
shorter wavelength and standing wave effect [13, 14]. It is investigated in [15] that
parallel excitation with an array of transmit coils can enhance the transmit field
(B;) inhomogeneity at ultra high fields [16], leading to more accurate excitation.
Transmit array technology is proved to be useful in systems with conventional
field strengths such as 1.5 and 3T. Parallel excitation using transmit (Tx) arrays
improves RF excitation, becoming multidimensional and spatially selective RF
excitation [17]. This method also shortens selective RF pulses in two or three
dimensions, minimizes local specific absorption rate (SAR), and achieves the extra
degrees of freedom of the system [17]. Moreover, this method allows independent

control of the phase and amplitude of transmit coil elements [15].

Several studies are conducted to implement TxArray systems [18, 19]. For
example, in the work presented in [20], the efficient modes of operation of TxAr-
ray coils are investigated by applying an eigenmode analysis of the scattering
matrix. Implementing these TxArray systems becomes complicated as the num-
ber of elements increases. For instance, controlling and supplying multiple linear
power amplifiers need more cabling and high cost. Furthermore, using multiple
power radio frequency (RF) cables leads to cable coupling and mechanical stress,
which needs to be considered. Also, tuning, matching, and decoupling the arrays’
elements become more complex [21]. Therefore, considering these issues, some

different RF amplifier designs are proposed for TxArrays [22, 23].

As a novel idea to tackle linear RF power amplifiers’ problems, high efficient
on-coil amplifiers are employed [11, 21, 16, 24]. Recently, in work by Gudino [25],
an eight-channel parallel transmit-receive system is implemented with optimized
on-coil current mode class-D amplifiers. These amplifiers can deliver more than
100W power and provide enough amplifier decoupling (less than -15dB) in the

system.



Class-E amplifiers are switching type amplifiers capable of achieving 100%
power efficiency theoretically. The amplifier can reach the highest efficiency when
two conditions of zero-voltage switching (ZVS) and zero-voltage derivative switch-
ing (ZVDS) are achieved. It consists of a choke inductor, a shunt capacitor, and
an RLC load network [26]. This amplifier was initially presented by Sokal, and
Sokal [27]. In our research group in UMRAM, class-E amplifiers have been pro-
posed as on-coil amplifiers for MRI transmit array systems. Poni designed a
modified class-E amplifier for 3T that was digitally controlled, with 100W power
and efficiency up to 88% [28]. In his design, the transmit coil is considered as the
RLC network. Therefore, matching is not required at 50¢2 in both coil and am-
plifier sides. Zahra implemented a class-E RF amplifier with supply modulation
with an output power of 300W and maximum power efficiency of 92% [29]. In
work by Ashfaq [30], a novel technique for gate modulation of modified class-E
amplifiers is proposed. Optimizing coupled class-E power amplifiers for a trans-
mit array system in 1.57T is also presented by Aldemir [10]. The author of [10]
proposed the state-space model of an ideal class-E amplifier. Then the model
is applied to two class-E amplifiers with coupled coils to optimize the circuits’
parameters for high power and efficiency in the system. A 600W on-coil class-E
RF power amplifier array with dynamic phase control is presented for 3T MRI
by Erkam Arslan [31].

This thesis proposes a state-space model for an array of on-coil class-E am-
plifiers considering switches’ on-resistance and coupling effects between the coils.
Using this model and applying phase delays between the gate signals of the ampli-
fiers, modes of the system associated with high power and efficiency can be found.
The sampled-data system generated from the state-space model equips the de-
signer with a powerful tool for analyzing the transient behavior by investigating
the efficiency and time constant. In addition, novel hardware is also designed for
the class-E amplifier. In this design, the goal is to retain high efficiency while
reducing the size of the PCB and price.

The main motivation of this work is to find a model that can enable us to
investigate and analyze an array of on-coil class-E amplifiers in the presence of

coupling between coils. In order to deliver more power, it is required to increase

3



the number of on-coil amplifiers, and consequently, the coupling between coils
becomes problematic. This causes power and efficiency reduction in the system.
There are some methods, such as adding decoupling circuits to eliminate coupling
effects. In this work, using the state-space model, it is shown that the system can
reach high power and efficiency even in the presence of high coupling between
coils. This is done by adding proper phase delays between the gate signals of the
amplifiers. In addition, the proposed state-space model provides a comprehensive
insight into the system even with a high number of channels. Also, a sampled
data system is derived from this state-space model, which provides a tool for

analyzing the system’s transient behavior.

This thesis is organized as follows. Chapter 2 introduces a state-space model
for an array of class-E amplifiers considering the coupling effects between coils.
Then, the steady-state solution of the system is explained in detail, and transient
analysis is proposed for the system. Chapter 3 presents the methods for analyzing
the behavior of a class-E amplifier and an array of class-E amplifiers with coupled
coils. The hardware design, simulations, implementation, and lab experiments are
also explained in this chapter. Simulation results of the state-space model of a
single class-E amplifier, two and three class-E amplifiers with significantly coupled
coils are presented in chapter 4. This chapter also compares the experimental and
simulation results of the designed amplifier. Finally, in chapter 5, a summary of

the proposed methods is provided, and future works are discussed.



Chapter 2

Theory

This chapter presents a state-space model for a class-E power amplifier using
differential equations for capacitors’ voltages and inductors’ currents. Class-E
amplifier is a switching type amplifier, and a gate driver signal turns on and off
the amplifier’s switch periodically. Since this switch is not ideal, its on-resistance
is also considered when deriving the equations. Then, the steady-state solution
of the proposed model is obtained to analyze the amplifier’s behavior. This is
done by finding the steady-state waveforms, input and output powers, and power
efficiency. The state-space model is also developed for an array of class-E ampli-
fiers while there is coupling between its inductive loads. Using this model, the
whole system’s behavior can be analyzed, and similarly, the powers and efficiency
can be calculated for each amplifier and the system. A sampled-data system is
introduced using the state equations at each period. This sampled-data system
can be used to analyze the transient behavior of the system and find prominent
information about the system, like time constant. Finally, a new design for the
class-E amplifier’s circuit is proposed, which includes driver and supply modula-
tion. Since the amplifier can be controlled digitally, a driver circuit is designed to
provide enough current and voltage levels to the gate of MOSFET. In addition,
to improve efficiency, a supply modulation circuit is also designed for envelope

control.
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Figure 2.1: Conventional class-E amplifier circuit

2.1 Conventional Class-E Amplifier

A class-E power amplifier is a non-linear and switching amplifier with a theoretical
100% drain efficiency. As illustrated in Fig. 2.1, the class-E amplifier consists of
a switch which is a transistor typically, a shunt capacitor (Cy), a choke inductor
(Len), a supply voltage (Vy.), and a load network which includes a series resonator
(Ls-C5) and a load resistor (Ry).

The choke inductor is used to supply a DC current between the voltage source
and the switch while blocking the RF signal. To achieve 100% efficiency from the
class-E amplifier, two conditions of zero-voltage switching (ZVS) and zero-voltage
derivative switching (ZVDS) should be satisfied by tuning the load network and
adjusting the parallel capacitor value at the same time. In addition, it is also
assumed that the switch is ideal and all capacitors and inductors are lossless.
The input signal, a square wave, controls the switch’s condition. In this case, a
sinusoidal RF current flows across the load resistor (Ry) by considering that the

series resonator circuit’s quality factor (Q) is high enough.

Figure 2.2 shows the switch voltage and current waveforms. As can be seen
in this figure, when the switch is off for the first half of the period, the switch’s
voltage is non-zero, and its current is zero. Similarly, when the switch is turned

on for the second half of the period, the current only flows through the switch,
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Figure 2.2: Normalized voltage (blue) and current (red) of the switch of a class-E
amplifier versus normalized time

and the voltage across it is zero.

The following equations explain the operation principles of a class-E amplifier
[32]. The switch is off in the first half of the period, and its current is zero.

Therefore, the current and voltage of the shunt capacitor can be found as

iy, = Ir,, — iRy, (2.1)
dVe, (t .
CShC;i;ZU == ILch — IR, - (22)

Assuming that the load current is a sinusoidal signal, it can be written as
ir, (t) = aly, sin(wst + @), (2.3)

where w, and ¢ are the fundamental frequency and the phase shift respectively.
Therefore, the voltage of shunt capacitor can be found:

%(wst + a(cos (wst + @) — cos (9))). (2.4)

Sh

Ve, = Vew =

In order to find maximum efficiency for class-E amplifier the ZVS and ZDVS
conditions should be applied.

Vsw (t) =0 (2.5)
dVew(t)|
T 0 (2.6)



After considering the boundary conditions, « and ¢ are calculated as below:
a=186 ; ¢=—-32.5° (2.7)

By solving the above equations, the voltage and current of the switch can be
found for both on and off cases, Eq. 2.8-2.9.

IL_ch(wSt + a(cos (wst + ¢) —cos (¢))) 0L weit <

Ve = { o - (2.8)
0 T <w,t <27
0 O0<wst <m
Isw = (2.9)

I, (1 —asin(ws + ¢)) 7 <wst < 2w

In the implementation of the amplifiers, non-idealities occur. If only the on-
resistance is considered, the power loss in the switch and the amplifier efficiency

can be found as follows [33]:

R son
Prason = 1.37=2 P, ., (2.10)
Ry

Ry + 1.37TRyson

n 100% (2.11)

2.2 State-Space Model of a Class-E Amplifier

The state-space model of an ideal class-E power amplifier has been proposed in
the previous work by Aldemir [10]. Since an actual switch, like a MOSFET is
not ideal and has a low-on resistance, there will be voltage drop and power loss
across it when it is on. Furthermore, it is important to analyze the transient
behavior of the amplifier. To develop the previous model for the circuit shown in
Fig. 2.1, the switch is assumed to have a small turn-on resistance (Rgs,,) while
the differential equations of the system are derived (see Fig. 2.3). The state

variables of the system are inductors’ currents and capacitors’ voltages that are
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Figure 2.3: Schematic of a class-E amplifier considering switch’s on-resistance,

Rdson

given in Eq. 2.12.

Z(t) = (2.12)

The state-space model of the system can be expressed by a set of first-order
non-homogeneous differential equations for a a single period as below:
dz(t) | AenT(t) + b 0<t <ty

={" i (2.13)
dt Ao pZ(t) + bogy 8 <t<T,

where t; determines the switch’s on time and it depends on the duty cycle and

0 0 0 o 0
1 Vie
z _ 0 O _Lch O B — Lih (2 14)
on 0 1 . 1 _ 1 ) on O ) *
Csh Rdsoncsh Csh
1 1 R
-+ 0 L_s —Tt 0
0 0 0 Ci 0
— 0 0 -2+~ 0 _ L
AOff = 1 L 1 ;o bopp = ben ’ (2'15)
0 Csh 0 o Csh 0
1 1 R
L 0 L Li
bon = bopp =, (2.16)



and where f:lon and b,,, represent the state matrix and the input vector for “on”
state respectively. Similarly, f:loff and b, explain “off” state. The input vectors
are the same for both states, Eq. 2.16. In the steady state condition, the solution

of Eq. 2.13 is as follows:

Ton(t) = e21Z(0) + AL (et — )b 0<t<t
Z(t) = () ©) ( ) =T (@

Tops(t) = eMorr =z (1)) + E;}}f(ejoff@*tl) — Db t, <t<T
where z(0) and x(%) are initial conditions for on and off states respectively and
e is the matrix exponential of A given by Eq. 2.18.

iy, T t = 2= 3= th
At __ AN - Y 72 Y A3 Y Ak
et = n!A _I+1!A+2!A +3!A +...+k!A + ... (2.18)

n=1

To simplify the expressions, the following notations are applied:

Fon(t) = 47, Gon(t) = Ay (M = 1D, (2.19)

on

Foff(t) = ej"ff(titl), Cjoff(t) = jgflf(eg"ff(tftl) — [)B (2.20)

After the amplifier reaches the steady-state, the waveforms repeat at switching
frequency. In this case, the final value of state vector at each time interval should

be chosen as the initial condition for the next time interval as follows:

&I
—~

o
S—

Il

Zon(0) = Togs(T) = Fors(T)Z(t1) + Gogs (T), (2.21)

T(t1) = Ton(t1) = Tops(t1) = Fon(t1)Z(0) + Gon(t1). (2.22)
By solving Eq. 2.21 and Eq. 2.22, Z(0) and Z(%) can be found as:

#(0) = (I = Fogp(T)Fon(t)) " (Fogs(Dhan(ts) +aogs (1)), (223)

#(0) = (1= Fonlt)Fogs (1)) (Font)ogs (1) + donlt)) . (229)

After initial values of the state vector are determined, the differential equations
which represent the behavior of the circuit can be solved in MATLAB for the
steady-sate condition. This model enables to simulate and analyze the circuit in
different ways such as plotting the waveforms, efficiency and power measurements,

tuning capacitors of the amplifier by swiping the circuit parameters, and etc. In
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addition, it has lower computational burden compared to the existing circuit

simulators.

Power loss in the amplifier happens for two following reasons. First, since
the switch is not ideal, there is a power loss due to its on-resistance. Second,
when the two conditions of ZVS and ZVDS are not satisfied, the shunt capacitor
may contain a nonzero charge while the switch is turning on. Therefore, the
shunt capacitor discharges through the switch, leading to a power dissipation
independent of the switch’s on-resistance value. The input and output powers
and efficiency of a single class-E amplifier are computed over a period using the

following equations:

R R
P, = Pryon+ Pryors = o | B0+ 22 [ a2
on of f
R, [T
Pp, = ?L / I3 (t) dt, (2.26)
0
Vae [T
0
Output RF power Pr

L (2.28)

creney =1 Input DC supply power Py,

By defining €., = [0 1 0 0]7, I, can be written as I1_, = e, z. Thus, we have
‘/dc T ‘/;lc T T - Vdc _ T _
Py, = = /0 L, (8) dt = = /0 enx(t) dt = ?efh/() T(t) dt

= %efh (/Ot z(t)dt + /tlTa:(t) dt) : (2.29)

Using Eq. 2.17, Eq. 2.29 can be rewritten as

‘/;10 - t1 T
PVdc = Téch (/O‘ Eon(t) dt +/t‘ i‘off(t) dt)
1

t1 _ B
= %é{h( / etz (0) + A, (et — Ibdt
0

T = = -
# [ M) £ AR Db . (230

t1

11



By substituting Eq. 2.19, 2.20, and 2.22, Eq. 2.30 can be simplified in terms of
z(0) as

P =5 ([ ota0) + a0 e+ [ (Frsa(e) + 1500 )

Vie = _
= ren(Kaz(0) + Ky), (231)
where
= t = T = =
K; :/ F,.(t) dt+/ Forp(t)Fon(ty) dt, (2.32)
0 t1
_ t1 T _ T
Kzz/ Gon(t) dt+/ Foff(t)gon(tl)dwr/ Qoss(t)dt. (2.33)
0 t1 t1

It is noted that K; and Ko are constant matrix and vector, respectively.

By defining €, = [0 0 0 1]7, I, can be written as I, = .z, thus we have

RL T 2 RL T T — T /=T =
Pr, = T ), L(t)dt = T, (e, 2(t))" (e, z(t)) dt
T
_ % 77 ()e,e 2 (t) dt. (2.34)
0

Following a similar procedure for Py, , and using Eq. 2.19, 2.20, and 2.22, Eq.
2.34 can be written in terms of z(0) as

_ B

Pgr, -

(fT(O)élir(O) +27(0)Gy + GT3(0) + Gg) , (2.35)

t1 _ _ T _ = =
G = / FT (t)e,el F,,(t) dt + / El () F)p(t)esel Fopp(t) Fop(ty) dt, (2.36)
0 t1
B t1 _ T — - =
Gy = / Foj;z<t)éségqon(t> dt + / Foj;z<t1)Fg}f(t)éSéZ(Foff<t>qon(tl) + qoff@)) dt,
0 t1
(2.37)

t1 T =
Gy = / 0 ()6 o (t) di + / 00 () T (0887 By (8)on ()
0

t1

T _ T
+2/t Qo (1) F 1 (1) 8L Gopy (1) dt+/t Qopr(t)Esl Qops(t) dt.  (2.38)

1 1
It is noted that él is a constant matrix, G5 is a constant vector, and G is a
constant. This implies that the input and output powers (2.26 and 2.27) can be
written in terms of initial values of the states, as indicated in Eq. 2.31 and Eq.

2.35.
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Figure 2.4: An array of class-E amplifiers with coupled loads

2.3 Model of An Array of Class-E Amplifiers
with Coupled Load

The state-space model for a single channel class-E amplifier has been introduced
in the previous section. In a real MRI scanner, multi-channel class-E amplifiers
are required to achieve highest output power. When the number of amplifiers are
increased, the inductive coupling between amplifiers may affect output power and
efficiency of the system. In order to understand the behavior of such a system
and analyze it, the state-space model is developed for an array of coupled class-E

amplifiers as shown in Fig. 2.4.

Since each amplifier has 4 storage elements (2 capacitors and 2 inductors), the
total number of state variables is 4 x N. The state vector of the the system is

defined as follows:

(2.39)
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where
T

Veut) = Vo () Vel Vou®) -+ Vo] . (240)
B0 = (110 ®) L1 D@ Ln@], o 24D
Vo) = (Ve () Veua®) Veuald) - Vo], o (242
F®) = [ ®) Leoa®) L) - 1,0)], (2.43)

By considering the coupling between the amplifiers, the following set of differ-
ential equations can be written for load inductors currents

dIL

.
Lgi——+ M, 2 244+ M N =Vo,, — Vs1 — Rpalr,,
dI dI
Moy Pt £ 1552 4o My 5V —Viy — Ryl
dIL Iy,
| Mna +MN2 d P+ Lan—3 = Vouny — Ven — RN, s

(2.44)
where M, ,, represents the mutual inductance between m' and n'™ amplifiers.

Equation. 2.44 can also be expressed as following

= dl (1) - . -
M= O Ve () = Ve (1) — Bl (1), (2.45)
dI_ t — — = — = = —
Ll N, () Ve () - PR, (246)
where
Ls,l M1,2 - M1,N
— M271 LS72 ‘e MQ,N = .
M = . . . . s RL = dzag(RL,l, RLQ, Ce ,RLJ\]), (247)
_MN,I MNQ e Ls,N_

and diag(a,b) provides a diagonal matrix with diagonal elements a and b.

Each period can be discretized into small time intervals, therefore, the state-
space representation of the system in &% time interval can be obtained by using
the following differential equation:

dz(t = -
:;ES ) =Ax(t) +b ey <t <y, (2.48)
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where f:lk is the state matrix and it’s elements depend on the switches’ state and
b is the input vector and it’s elements are only function of circuit parameters over

a period. The state matrix and the input vector can be written as:

0 0 0 5 0

_ 0 0 % 0 _ b

A= - . _ . b=~ , (2.49)
0 55 % S 0
—]\:4_1 (:) ]\:4_1 —ﬂ_léL 0

AN x4N 1x4N

where 0 and 0 indicate N x N and 1 X N zero matrices, respectively. Here, the

elements of A, and b are given as:

= 1 1 1
Z = d ) AR ) ) 2-50
' lag(os,l CS,Q CS,N) ( )
= 1 1 1
Yo = diag(———, ——— ... 2.51
? g( Lch,l Lch,Z Lch,N ( )
= = 1 1 1
S = —%, = dia : . : 2.52
’ ! g( Csh,l C(sh,2 CYsh,N) ( )
Sy = diag(— —— ! L diag(Ty),  (2.53)
= atag\— — ey — ia )
g g RdsonCsh,l 7 RdsonCsh,Q Y RdsonCsh,N IR,
7 Vdc,l Vdc,2 Vdc,N
b= |T00 Tos 0 Tow)in (2.54)

As mentioned before, /zlk is a time-varying matrix, dependent on the switching
state. The only element of A, that varies by time is S matrix, which is dependent
on the switching vector, Uy. It is noted that the elements of Uy, are 0 or 1 according

to the switches’ status (off or on) in each time interval.

The solution of Eq. 2.48 can be expressed as:

(

Z1(t) = eMtz(0) + A7 (et — b 0<t<t,

lh <1< 1y,

\i»n(t> = eZn(t—tnfl)f(tnil) 4_14:1;1(6%(15_%71)

— Db t, <t<t,=T,
(2.55)

where n determines the number of time intervals and it is enough to plot the

waveforms with a similar resolution to the circuit simulators. By considering the
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steady-state condition, Z(0) = Z,(0) = Z,(t, = T), and defining Fj(t) and (t)

as

Fip(t) = eM0=t)  qt) = A (eM00=0) _Nh 0<t, <T,  (2.56)

the initial value of z is calculated as

z(0) = (I — ﬁn(tn) n—1(tn-1) ... Fl(t1)>_1

+
L (t)@o(t2) + -+ Falta)dus (tamt) + (b)) (2.57)

Therefore, by using the above results, the dynamics of the system in the steady-
state can be simulated in MATLAB. In addition, the input and output power,
and the efficiency of the whole system can be found by the following formulas

[10]:

N T
R
Total output RF power = E Pr,, = ;’1 / ]1%5,1(t) dt
i=1 0

RL,Q r 2 RL,N r 2
+T ILS72<t)dt+"'+ T ILs,N<t)dt7
0 0

(2.58)
N v T
Total input DC supply power = Z Py, . = ;f’l / Ir, . (t)dt
i=1 0
V;lc2 r ‘/(-icN /T
: I t)dt+--- : I t) dt
w22 a2 [,
(2.59)
Total Output RF P,
Total efficiency = M1 = oral upt powet AL (2.60)

Total input DC supply power - PVdc‘

2.4 Transient Behavior Analysis of Array of
Class-E Amplifiers with Coupled Loads

In this section, the state-space model is used to investigate the system’s behavior

before reaching its steady-state. Since the input signals of the amplifiers (gate
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and supply signals) may be changed suddenly, therefore, the time takes to reach
steady-state is important. By using Eq. 2.55 and Eq. 2.56, the system from
the beginning of the period to the end of a period can be described using the

following set of equations:

T = ﬁlfo + a1,
Ty = ]325731 + Q2.
(2.61)

Tp—1 = Fn—lfn—Z + Gn—1,

Ty =

)

njn—l + @L»

Ve

As mentioned above, Eq. 2.61 provides a set of difference equations which
represent the dynamics of the system from the beginning to the end of each
period. In order to indicate the period number, we add another subscript, e.g.

Top, T1p, -y Tnyp for the p™ period instead of Zg, Ty, ..., T, in Eq. 2.61.

Investigating the behavior of the dynamics at the end of each period equips us
with some tools to analyze the transient behavior of the system. To this end, we
define X, as the value of Z at the end of p'* period, that is, X, = z,,,,. Therefore,

the dynamics of the sampled-data at the end of each period can be given as

b1 = CX, +d, (2.62)

C=FypnFypniFpp .. Fpy, (2.63)

J = 7nﬁ;z),n—l s ﬁp,l(jp,Q + -+ p,nﬁp,n—1Qp,n—2 + ﬁp,n@p,n—l + Qp7n~ (264)

Hs’1j||

To clarify this sampling process, a continuous process (blue line) and its

sampled-data at each 7' sampling time is illustrated in Fig. 2.5.

Equation 2.62 is a key equation for analyzing the transient response of the sys-

tem, since it provides important information about the system like time constant,
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J

0 T 2T 3T 4T

Figure 2.5: A simulation example demonstrating the continuous and the sampled-
data dynamics, suppose that X is the state of the system and X, X5, and X3
are its values at sampling times, T', 27", and 37, respectively
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settling time. Using this information, one can measure how fast the dynamics

reach its steady state.

The first step for analyzing the dynamics of Eq. 2.62 is to check whether it
remains stable. This can be achieved by finding the eigenvalues of C'. Once the
eigenvalues of C' are inside the unit circle, we can guarantee that the dynamic is

asymptotically stable and X, reaches its steady-state as p increases.

Consider ); as the i eigenvalue of C, and define a = max; |Re{);}|. Assuming
that 0 < a < 1, the time constant of the system 2.62 can be calculated by

comparing the response of discrete and continuous systems as [34]

eV =a" — U= (M =erinl@ 0 — pin(a). (2.65)
a

Since we are sampling at the end of each period, we substitute t = nT', thus we
get the maximum time constant of the system, 7, as
—nT =T

- =nln(a) — T:ln(a)'

(2.66)

Notice that the response of a stable system reaches 98% of its steady-state at
about 47 [35]. Using this approach, one can find the time constant by observing

the response of the system.

By changing the coordinate of the state space model, we can look at the
dynamics of the system from a new point of view. Suppose that Z, = pr,

where T is a non-singular matrix. Then, we have

Zpiy = TXpi1 = TCX, +Td=TCT ' Z,+ Td. (2.67)

This change of coordinate also retains the eigenvalues of the system,
N = TCT | = |N[T~' —=TCT™ | = |T(\ — C)T|
— |T||\ = C||T | = |\ = C, (2.68)

where | - | calculates the determinant of a matrix.

Consider that C has distinct eigenvalues. By defining T as

T = [01,..., U, (2.69)
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where vy, ..., U, are the independent eigenvectors of 5, the change of coordinate

leads to the diagonalization of the system [36]

A 0
TCT™' = . (2.70)

2.4.1 Driver

The class-E power amplifier can be controlled digitally [28]. FPGA (XILINX
Inc., KCU105, California, USA) is used to generate and send digital signals to
the amplifier using low voltage differential signaling (LVDS) since it can improve
the noise performance. The input signal’s frequency is 64MHz, and phase delay
can be added to the signal by FPGA. A two-stage driver circuit is designed to
receive FPGA outputs and supply the proper voltage and current levels to turn
on and off the switch. The block diagram of the designed driver is illustrated in
Fig. 2.6.

The driver receives a pair of LVDS signals and then converts them into a 0-
3.3V single-ended signal as an input to a low-side gate driver [31], which provides
enough levels of the voltage and current to charge and discharge the switch’s
input capacitance. Using only a pair of LVDS signals, a low-side gate driver can
improve the input signal’s voltage level up to its supply 0-5V and provide enough

output current.
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2.4.2 Supply Modulation

As explained in the previous section, FPGA controls the phase and frequency
of the input signals into the driver circuit. To enhance the amplifier’s efficiency,
envelope modulation must be applied to the pulse [37]. It can have a particular
shape, such as Sinc, Gaussian, or triangular. It can be written in the following

form

F(£) = A(t)sin(2r fot + ), (2.71)

where A(t), f,, and ¢ are desired envelope modulation, carrier frequency, and

phase of modulated pulse, respectively.

The supply modulation method is used for envelope modulation purposes.
Using this method, the load voltage is linearly proportional to the supply voltage
in the ideal case, but in reality, it is not linear due to the switch. To address this
issue, a feedback circuitry such as a buck converter as proposed in [21] can be
utilized. This work uses a half-bridge converter instead of a buck converter, as
explained in [28]. It consists of two switches and a filter. For designing the half-
bridge, it should be noted that the switching frequency must be larger than the
bandwidth of the envelope. In addition, the low pass filter’s delay should be kept
at its minimum while it can adequately filter the switching frequency component.

Therefore, the switching frequency of 1MHz is considered. In a half-bridge
Vo =Vu D, (2.72)

where D is the duty cycle, it can be calculated in MATLAB to acquire different
pulse shapes. Considering a 5nsec step size in FPGA, the output of the half-
bridge circuit changes between 5% to 95% of V. with 0.005V,,. resolution. The
bitstream is generated in MATLAB and then sent to FPGA, which controls the
PWM of the half-bridge circuit [28, 29].

The block diagram of supply modulation is illustrated in Fig. 2.7. Firstly, the
circuit receives a pair of LVDS signals from FPGA and then converts them to a
single-ended signal 0-3.3V. In the second stage, the single-ended signal is given

to a switch driver, which provides high and low side signals to turn on and off
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Figure 2.7: Supply modulation diagram

the switches. A low pass filter is implemented in the last stage to smooth out the

output.
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Chapter 3

Methods

This chapter presents methods for analyzing the operation of class-E amplifiers
using the state-space model. The details of simulations in MATLAB and LT-
SPICE are given. Transient analysis of the system using the state-space model
is also explained. Next, the class-E amplifier’'s hardware design, simulations,
and implementation are presented in detail. Finally, the experimental setup for

testing the PCB and measuring power and efficiency is described.

3.1 State-Space Model Simulations

The state-space model of an array of class-E amplifiers with coupled coils is
developed in MATLAB. This model provides current and voltage waveforms of
state variables, input and output powers, and efficiency of each amplifier and the
whole array. The reliability of the state-space model is validated by comparing
its results with LTSPICE simulation results. For a single class-E amplifier, the
effect of series and shunt capacitors’ variations on the efficiency and power is
shown. The time constant of the amplifier (considering choke inductor current)
is calculated using state-space model, and the result is compared with LTSPICE.

The frequency response of the amplifier is also found using the state-space model
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and LTSPICE data.

A two class-E amplifiers with coupled coils are also simulated using the state-
space model and the results are verified by simulating the same circuit in LT-
SPICE and comparing the results. The efficiency and power of the system is also
investigated regarding to phase delay and series capacitor values variations. The
frequency response and time constant of the system are presented. Finally, the
effect of input phase delays on output power, efficiency and time constant of a

three channel class-E amplifiers with coupled coils is provided.

3.2 Hardware Implementation

The hardware implementation process contains competent selection, simulations,
and layout design. The main switch is selected based on some key factors that
are given as follows. It should have a low on-resistance compared to the load
to decrease switch losses. Since the amplifier operates at 64MHz, charging and
discharging large capacitance values with low rise and fall times are difficult.
Therefore, the switch input capacitance should be as small as possible. Addition-
ally, the maximum drain to source voltage (Vgs,...) should be high enough because
the drain voltage of the Class-E amplifier can increase up to 3.56V,, [28]. Consid-
ering these factors, the Gallium Nitride (GaN) power FET, EPC2036, is selected
as the main switch for this design. It has low on-resistance (Rgson, =73mS2), and
its maximum drain to source voltage is 100V. The other advantages of EPC2036
are its small size (0.9mmx0.9mm) that shrinks the PCB size, and its low price,
which leads to a cost-efficient final product. The design blocks are illustrated in
Fig. 3.1.

3.2.1 Driver Implementation

The driver circuit is designed in 2-stages and is implemented with an LVDS to

single-ended converter, a low-side gate driver, as illustrated in Fig. 3.2.
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Figure 3.2: Driver block and the components
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Figure 3.3: Supply modulation block and the components

DS90LVO018A is a low-power, low-noise LVDS to a single-ended converter that
supports high switching rates. In the first stage, it receives 64 MHz LVDS signals
and then provides a 0-3.3V single-ended signal as the input to the LMG1020
device. LMG1020 is a single, low-side driver which can derive Gallium Nitride
Field Effect Transistor (GaN FET) in high frequencies. The supply voltage of
this integrated circuit (IC) is 5V, and it can supply the output signal 0-5V with
enough current level to charge and discharge the input capacitance of the switch

(75pF). The rise and fall time of the output signal is less than 1ns.

3.2.2 Supply Modulation Implementation

The supply modulation block and its components are shown in Fig. 3.3. It
consists of an LVDS to single-ended converter, a half-bridge gate driver, two

switches, and an LC low-pass filter.

DS90LVO18A receives LVDS signals and converts into a single ended signal
0-3.3V. Then the signal is given into LMG1210 which is half-bridge MOSFET
and Gallium Nitride Field Effect Transistor (GaN FET). It has two control input
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modes, Independent Input Mode (IIM) and PWM mode. In IIM, the outputs
can be controlled independently using two input signals while in PWM mode,
the output signals can be generated using a single input signal. In our case, since
there is only one input signal into LMG1210, PWM mode is used. In PWM mode,
the dead time can be adjusted from 0 to 20ns for each edge. For the half bridge,
EPC2106 is used which is an enhancement-mode monolithic GaN transistor and
it includes two low on-resistance eGaN power FETs. Using this low cost IC,

prevents the interconnect inductances and the interstitial space needed on the
PCB.

Finally, an LC low pass filter which is built from 1uF capacitor and 2uH air
core inductor is made to decrease ripple of the modulated signal. Two parallel
2() damping resistors are used in the filter to increase stability of the system and

prevent switching overvoltage [38].

3.2.3 Hardware Simulations

In order to make sure that the amplifier works properly, the designed circuit is
simulated in LTSPICE (see Fig. 3.4) and Advanced Design System 2021 (ADS)
(see Fig. 3.5). In the LTSPICE simulation, DS90LV018A model can not be
imported, therefore, instead of using this IC, a pulse signal generator (64MHz,
0-3.3V) is placed to simulate the output of this stage.

3.2.4 Layout Implementation

The PCB layout of designed circuit is drawn in Proteus 8.0 software. The
schematic and and layout of the circuit are illustrated in Fig 3.6 and Fig 3.7
respectively. As explained in the previous sections, the whole amplifier design
consists of driver, main switch, supply modulations, power regulators, and the
filter. In order to make an efficient board while working properly, several factors

are considered during designing the PCB such as minimizing the space between
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components as possible while there is no interference on their operation, proper
grounding, and including some test points on the board. In addition, some sen-
sitive ICs are used in this design, therefore, it is very important to consider the

manufacture’s recommendations in data sheet for the layout design.

Finally, by considering our circuit’s features, a four-layer PCB is designed. The
top layer contains components and signal traces, the second and fourth layer are
the ground, and the third layer includes DC signal traces. The board thickness
and dimensions are 1.48mm and 66.02mm x 32.74mm respectively. 3D illustration

of the circuit is shown in Fig. 3.8.
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Figure 3.6: Schematic of the circuit in Proteus
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66.02mm _

Figure 3.7: Layout of the circuit

a
.

Figure 3.8: 3D illustration of the designed PCB
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Figure 3.9: Class-E amplifier’s PCB with a transmit coil

3.3 Experimental Setup for Power and Effi-

ciency Measurement

In this section, power and efficiency is measured for a single channel Class-E
amplifier. The amplifier’s PCB is connected to a rectangular loop-shape RF coil

which is placed on top of a phantom as it is shown in Fig. 3.9.

The output power is found by measuring the power in a small pick up coil as
can be seen from Fig. 3.10. The pick up coil is matched to 5082 at 64MHz and it
is placed close to the main coil. In order to find the relation between the pick up
coil’s power and the output power, S;; and Sy; parameters are recorded using a
network analyzer. It should also pointed out while recording the S-parameters,
the main and pick up coils are connected to port 1 and port 2 of the network

analyzer. Therefore, the output power can be found using the following equation
Pout = aPpick—upa (31)

where Pc;—vp and « can be defined as

V2 e
Pick—up = w) (3‘2)
e Rypickup
1 — 10
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Figure 3.10: Power and efficiency measurement setup
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Chapter 4

Results

In this chapter, simulation and experimental results are presented and compared
with the state-space model. Firstly, the state-space model is employed to tune the
capacitors of a single class-E amplifier. To verify the state-space model results,
the circuit is simulated in LTSPICE. A comparison between these two results
is also provided. Effects of shunt and series capacitors’ values on the amplifier
characteristics, such as output power and efficiency, are investigated. Secondly,
the state-space model of two class-E amplifiers with significantly coupled coils is
simulated, and the results are verified in LTSPICE. Also, using the state-space
model, high efficiency and power modes of operation are found with respect to
series capacitor values and phase delays between the gate signals of the ampli-
fiers. Then, high efficiency and high power modes of operation for three class-E
amplifiers with significantly coupled coils are investigated. Analysis of transient
behavior of two and three class-E amplifiers is also given. Finally, the simulation

and experimental results of the designed hardware for the amplifier are illustrated.
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4.1 Single Class-E Amplifier

4.1.1 State-Space Model

The state-space model of a class-E amplifier is simulated in MATLAB. Some
circuit parameters such as Cy, and Cy values are calculated theoretically [27]
considering the transistor’s model and coil measurement (R, and L). The
circuit parameters are as R;=2(), L,=317nH ,L.=5uH, V,;.=25V, C,,=130pF,
C,=19.86pF, period (T)=15.625nsec, and duty cycle=50%.

It should be noted that the effect of the transistor’s capacitor, which is parallel
to Cyp,, is considered in the state-space model. Therefore, the overall shunt capac-
itor value is calculated as 215pF instead of 130pF in MATLAB. The simulation is
performed for two periods, and the differential equations are solved numerically
by considering 2000 points per period. After providing circuit parameters to the
state-space model, the steady-state waveforms of a single class-E amplifier are
plotted as shown in Fig. 4.1. The input and output powers and efficiency of the
amplifier are found as 183W, 174W, and 95%, respectively.

4.1.2 LTSPICE

To verify the simulation results of the state-space model, a circuit with the same
parameters is simulated in LTSPICE as shown in Fig. 4.2. Figure 4.3 illustrates
the waveforms of inductors’ currents and capacitors’ voltages in LTSPICE. The
input and output power and efficiency are also computed for this circuit. Simu-
lation results for the state-space model are compared with LTSPICE results in
Tab. 4.1. It can be seen that the error between these two simulations is not
significant. One reason for this error is that the estimated values of transistor’s
capacitor and on-resistor are used in MATLAB simulations. In addition, MAT-
LAB generates an ideal pulse as a gate signal while in the LTSPICE, the gate
signal is not an ideal pulse and its rise and fall times are 100psec, which may also

affect the simulation results.
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Figure 4.1: Steady-state waveforms of the class-E amplifier in MATLAB. (a)
Series inductor current. (b) Series capacitor voltage. (c¢) Choke inductor current.

(d) Shunt capacitor voltage.
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Figure 4.2: Schematic of the class-E amplifier in LTSPICE
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Figure 4.3: Waveforms of class-E amplifier in LTSPICE. (a) Series inductor cur-
rent. (b) Series capacitor voltage. (¢) Choke inductor current. (d) Shunt capaci-
tor voltage.
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Parameters State-space Model | LTSPICE
Ir.,, (average value) 7.3A 7.6A
Ve, (peak value) 89V 96V
Ve, (peak value) 1673V 1691V
Ir,, (peak value) 13.3A 13.2A
Input power 183W 190W
Output power 174W 17TW
Efficiency 95% 93%

Table 4.1: Comparison of simulation results of the state-space model and LT-
SPICE (single class-E amplifier)

4.1.3 Tuning Series and Shunt Capacitors

A class-E amplifier can reach high efficiency when two conditions of zero-voltage
switching (ZVS) and zero-voltage derivative switching (ZVDS) are satisfied as
explained in Sec.2.1. In order to satisfy these conditions and achieve high effi-
ciency, the series and shunt capacitors (Cs and Cy;) should be tuned. For the
given single class-E amplifier, high efficiency operation points are investigated by
swiping C and CY, capacitors’ values. The simulation is performed in MATLAB
using the state-space model and the capacitors’ values, Cy, and Cj, are swept
from 80pF to 300pF and from 19.5pF to 20pF, respectively, as shown in Fig. 4.4.
The swept range of (s is considered smaller than the swept range of Cy,, since

the amplifier’s efficiency is more sensitive to the variation of C values.

It is observed in Fig. 4.4 that the efficiency is high enough for the most part of
Cs and (Y, values ranges. However, there are some limitations such as the max-
imum drain voltage and drain current of the switching transistor (EPC2036),
and the maximum power of the amplifier. Using EPC2036 datasheet, the maxi-
mum drain voltage and current are 110V and 18A in the pulsed mode. Also, the
maximum power and efficiency of the amplifier are calculated as 225W and 96%,
respectively. However, the power level that can be achieved is lower than 225W
in practical due to transistor’s current limit. Therefore, in addition to efficiency,
it is important to consider the output power at the same time. The output power
with respect to Cy, and C values is demonstrated in Fig. 4.5. Therefore, consid-

ering these figures and the limitations, the values of the capacitors can be found
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Figure 4.4: Efficiency of the class-E amplifier regarding shunt (Cy,) and series
(Cy) capacitors’ values

for high efficiency operation of the class-E amplifier.

4.1.4 Transient Analysis and Frequency Response

Figure 4.6 shows the choke inductor current (I, ) for the class-E amplifier, used
in Sec. 4.1.2. Consider the steady-state value of this current, which is 7.63A. In
order to find the time constant, one can calculate 98% of the steady-state value
(0.98 x 7.63 = 7.48), and find its associated time (5.74usec). These values are
indicated in Fig. 4.6. Then, the time constant is calculated as 5.74/4 = 1.43usec.
This result is consistent with the time constant, that is found by employing the

state-space model (Eq. 2.66). The time constant using the state-space model is
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Figure 4.5: Output power of the class-E amplifier regarding shunt (Cjp,) and series
(C5) capacitors’ values
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Figure 4.6: Choke inductor current versus time

calculated as 1.34usec.

Figure 4.7 shows the amplifier’'s output power and efficiency with respect to
frequency changes using the state-space model and LTSPICE data. It is seen that
the proposed state-space model behaves similar to the LTSPICE data in terms

of output power and efficiency.

4.2 Two Class-E Amplifiers with Significantly
Coupled Coils

In this section, simulation results of two class-E amplifiers with significantly cou-
pled coils are compared in the state-space model and LTSPICE. The simulations
are performed considering two different scenarios. In the first scenario, high
output power and efficiency are achieved for the amplifiers by adjusting series
capacitors’ values (Cs; and Cjq) while other circuits’ parameters are the same. In
the second scenario, high output power and efficiency are achieved for the simi-
lar amplifiers by introducing a phase delay between gates’ signals. The coupling
coefficient’s value (k) is assumed as —0.1 in all simulations. Finally, the effects

of series capacitor (Cj) values and phase delays are investigated on the output
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power and efficiency. In addition, the transient behavior of the sate-space model

is analyzed.

4.2.1 State-Space Model

In the first method, the state-space model of class-E amplifiers is simulated in
MATLAB by considering the following circuit parameters for the first and the

second amplifiers:

RL1:2Q, L51:317HH, Lch1:5uH, %61:25\/, Csh1:13OpF, 051:22pF, period
(T)=15.625nsec, and duty cycle=50%

RLQZQQ, L52:317HH, Lch2:5uH, ‘/(102:25\/7 C’Sh2:130pF, 052:223pF, period
(T)=15.625nsec, and duty cycle=50%.

The effect of the switching transistor’s capacitor is also considered as explained
in Sec. 4.1.1. The steady-state of the variables for both amplifiers are shown in
Fig. 4.8. The total input and output power and the total efficiency of the system
are calculated as 342W, 325W, and 95%, respectively.

In the second method, the amplifiers’ parameters are selected as:

Rp1=Rr2=2Q, Lg=Lu=31TnH, Ly1=Lpa=5uH, Vi1 =Va2a=25V, Csp1=Clpa
=130pF, C3=Cs»=22.17pF, period (T)=15.625nsec, and duty cycle=50%.

In this case, the phase difference of 3.5°, equivalent to 0.15nsec, is set between
the amplifiers’ signals. The resulting waveforms in steady-state for both amplifiers
are illustrated in Fig. 4.9. The total input and output power and the total
efficiency of the system are found as 323W, 307W, and 95%, respectively.
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Figure 4.8: Steady-state waveforms of two class-E amplifiers with coupled coils
in MATLAB for the first scenario. (a) Series inductors’ currents. (b) Series ca-
pacitors’ voltages. (c¢) Choke inductors’ currents. (d) Shunt capacitors’ voltages.
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Figure 4.9: Steady-state waveforms of two class-E amplifiers with coupled coils
in MATLAB for the second scenario. (a) Series inductors’ currents. (b) Series
capacitors’ voltages. (c¢) Choke inductors’ currents. (d) Shunt capacitors’ volt-

ages.
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Figure 4.10: Schematic of two class-E amplifiers with coupled coils (the first
scenario) in LTSPICE

4.2.2 LTSPICE

The simulation results of the state-space model of two class-E amplifiers with
coupled coils are verified in LTSPICE. Figure 4.10 shows the schematic of the
amplifiers for the first tuning method. The simulation results are illustrated in
Fig. 4.11. The results of the state-space model and LTSPICE are compared in
Tab. 4.2. It is observed that the error between the results of these two simulations

is not significant.

Following the second tuning method, Fig. 4.12 demonstrates the schematic
of the amplifiers with coupled coils. The resulting waveforms are illustrated
in Fig. 4.13. A comparison between the results of the state-space model and
LTSPICE are given in Tab. 4.3. Similarly, the error between the results of these
two simulations is not significant. Therefore, the proposed state-space model
represents the behaviors of the system when the coils are coupled and a phase

delay is introduced between amplifiers’ gate signals.
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Figure 4.11: Waveforms of two class-E amplifiers with coupled coils resulting in
LTSPICE or the first scenario. (a) Series inductors’ currents. (b) Series capaci-
tors’ voltages. (c) Choke inductors’ currents. (d) Shunt capacitors’ voltages.
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State-space Model

LTSPICE

Parameters
It (average value)
VCS;L,l (peak value)

Ve, (peak value)
I, (peak value)
It , (average value)
Ve, (peak value)
Ve, (peak value)
I, (peak value)
Total input power
Total output power
Efficiency

6.9A
90.4V
1506V
13.2A
6.6A
87.4V
1402V
12.5A
342W
325W

95%

7.2A
97.7V
1475V
13.4A

6.9A
94.6V
1375V
12.6A
355W
331W

93%

Table 4.2: Comparison of simulation results of the state-space model and LT-
SPICE (two class-E amplifiers with coupled coils, the first scenario)

PULSE(0 50 100p 100p 7.7125n 15.625n)

K12 Ls1 Ls2 -0.1

RL2 ciz
2 22.17p v
Csh2
Lsl1  Ls2 = EPC2036
> 17nH 330p

Vin2

PULSE(0 5 0.15n 100p 100p 7.7125n 15.625n)

Figure 4.12: Schematic of two class-E amplifiers with coupled coils (the second
scenario) in LTSPICE
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Figure 4.13: Waveforms of two class-E amplifiers with coupled coils resulting in

LTSPICE or the Second sce

nario. (a) Series inductors’ currents. (b) Series ca-

pacitors’ voltages. (c) Choke inductors’ currents. (d) Shunt capacitors’ voltages.
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Parameters State-space Model | LTSPICE
Ir.,, (average value) 6.2A 6.5A
Ve, (peak value) 90.2V 97.2V
Ve, (peak value) 1408V 1390V
Ir,, (peak value) 12.5A 12.7A
Ir., ., (average value) 6.7 A 6.9A
Ve, (peak value) 87.4V 94.6V
Ve, (peak value) 1407V 1379V
I, (peak value) 12.4A 12.6A
Total input power 323W 334W
Total output power 307TW 314W
Efficiency 95% 94%

Table 4.3: Comparison of simulation results of the state-space model and LT-
SPICE (two class-E amplifiers with coupled coils, the second scenario)

4.2.3 Effect of Input Phase Delay and Series Capacitor

In order to achieve high efficiency for two class-E amplifiers with coupled coils, the
series capacitor value (Cj) and the phase delay are swept from 21.5pF to 23.5pF
and from 0° to 360°, respectively, as illustrated in Fig. 4.14. It is observed in Fig.
4.14 that the efficiency is high enough for some parts of C and phase delay values’
ranges. In addition to the efficiency, the output power are also required to be
considered at the same time due to the maximum power limitation (450W) of the
system. The output power with respect to Cs and phase delay values are shown
in Fig. 4.15. Considering these figures and the limitations, the values of Cy and
phase delay can be found for high efficiency operation of the class-E amplifiers.
Switches waveforms (Vogn and Vigne) are shown in Fig. 4.16 for different values
of Cs and phase delay. These values are selected using Fig. 4.14 and Fig. 4.15.
The obtained C; value is the same for both amplifiers. It should be noted that

the amplifiers are similar except the phase delay between their gate signals.
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Figure 4.14: Efficiency of two class-E amplifiers with coupled coils regarding series
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Figure 4.16: Switches’ waveforms of two class-E amplifiers with coupled coils
at different selected Cs and phase delay values. The output power (P,,) and
efficiency (n) are found using Fig. 4.14 and Fig. 4.15.
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4.2.4 Transient Analysis and Frequency Response of the
System

Since class-E amplifiers are controlled digitally by changing gates’ signals and
supply modulations, it is important that the dynamics of the sampled-data system
(Eq. 2.62) reaches its steady-state as fast as possible. To this end, it is required

to reduce the time constant of the system.

Using the mathematical results of Sec. 2.4, the transient behavior of two
class-E amplifiers with coupled coils is analyzed. This is done by investigating
the state-space model and finding its eigenvalues which are dependent on the
phase delay and Cy values (see Eq. 2.49, 2.56 and 2.63). The time constant of
the system with respect to Cs and phase delay is illustrated in Fig. 4.17. It is
seen that for the whole range of phase delay and C variations, the time constant

remains less than 2.2usec for the specified values of phase delay and C.

For the two class-E amplifiers with coupled coils (see Fig. 4.12), output power
and efficiency with respect to frequency changes are illustrated in Fig. 4.18 and
Fig. 4.19, respectively. It is seen that the system’s efficiency and power are highly
dependent on the phase delay between the amplifiers for the range of frequencies
around 64MHz.

4.3 Three Class-E Amplifiers with Significantly
Coupled Coils

The reliability of the proposed state-space model has been analyzed and demon-
strated in the previous sections. In this section, three similar class-E amplifiers
are considered when the coils are significantly coupled (k12 = k13 = —0.1). The

amplifiers’ parameters are assumed as follows

Riy=Rpo=Rr3=2Q, Lg=Lo=L=31TH, Ly1=Lepo=Lens=5uH, Vi1 =Vieo=

o4
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Figure 4.17: Time constant of the system with respect to Cs and phase delay
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Vdc3:25va Cshlzosh2:Csh3 :130pF7 05120522052:25PF; pel"iOd (T):15.625DSQC,
and duty cycle=50%.

In the following, the effect of phase delays between the amplifiers are investi-
gated to achieve high output power and high efficiency. In addition, the transient

behavior of the sate-space model is analyzed.

4.3.1 Effect of Input Phase Delays Variations

In order to achieve high efficiency for three class-E amplifiers with coupled coils,
the phase delays between channels 1&2 and 1&3 are swept from 0° to 360° as
illustrated in Fig. 4.20. It is seen in Fig. 4.20 that the efficiency is relatively
high for different phase delays’ ranges. In addition to the efficiency, the output
power is also required to be considered at the same time. The output power
with respect to the phase delays between channels 1&2 and 1&3 is demonstrated
in Fig. 4.21. Considering these figures and the limitations, the values of the
phase delays can be found for the high efficiency operation modes of the class-E
amplifiers. Switches waveforms (Vospi, Vosna, and Vogns) are shown in Fig. 4.22
for different values of phase delays between channels 1&2 and 1&3. These values

are selected using Fig. 4.20 and Fig. 4.21.

4.3.2 Transient Analysis of the System

The transient behavior of three class-E amplifiers with coupled coils is analyzed.
The time constant of the system with respect to phase delays between channels
1&2 and 1&3 is illustrated in Fig. 4.23. It is observed that for the whole range of
phase delays, the time constant remains less than 1usec for the specified values

of phase delays.

o8



Efficiency

350

©
o

w

o

o
(o]
o

~
o

N

(&)

o
(o]
o

200

N
(&)}
o

(€]
o
Efficiency(%)

N
o
o
N
(@)

Phase delay between channels 1 & 2 (degree)
(€)]
o

0 L 1 I
0 50 100 150 200 250 300 350

Phase delay between channels 1 & 3 (degree)
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4.4 Driver and Supply Modulation Simulation
Results

The amplifier’s circuit is simulated in ADS and LTSPICE as explained in Sec.
3.2.3. The values of resistors and capacitors are chosen according to the design
requirements. Figures 4.24 and 4.25 show the driver’s circuit signals in ADS and
LTSPICE, respectively. The rise and fall times of the driver signal are found
in ADS as 750psec and 780psec, and in LTSPICE as 980psec and 870psec. The
error between the rise and fall times in these two simulations may be due to
the simulation resolution, numerical errors, and some component mismatches. It
is also seen that the amplitude of the driver signal is 4.9V in both simulations.
Considering these results, it can be concluded that the driver circuit operates
properly since the rise and fall times are found less than 1nsec, and the amplitude

remains around 5V as expected.

Figures 4.26 and 4.27 illustrate supply modulation signals generated in ADS
and LTSPICE, respectively. It is noted that the supply voltage of 7.5V is applied
and the duty cycle of 90% is considered for the 1MHz signal in these figures.
There is a negligible error between the results of these two simulations. This

validates that the supply modulation circuit works properly.

4.5 Driver and Supply Modulation Experimen-
tal Results

This section provides the experimental results of the implemented amplifier. The
signals are measured using an active probe N2796A (Agilent). Figure 4.28 shows
the driver signals. The rise and fall times, and the amplitude of the driver output
are measured. The experimental and simulation results are compared in Tab. 4.4.
It is observed that the experimental results are pretty similar to the simulation

results. As expected, the rise and fall times are not greater than 1nsec.
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Figure 4.24: Driver simulation results in ADS. (a) LVDS signals. (b) Single-ended
signal. (¢) Driver’s output signal.
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Figure 4.25: Driver simulation results in LTSPICE. (a) Single-ended signal. (b)
Driver’s output signal

Parameters Simulation Experimental
LTSPICE ADS

Rise time (ps) 980 750 1000

Fall time (ps) 870 780 840

Amplitude (V) | 4.9 4.9 4.6

Table 4.4: Comparison of the experimental and simulation results for the driver
output

65



H-bridge signals

-
4
L
2
T
Fo 2
z 2
£}
— 0
-2 T T
3.6 4.6 5.6 6.4
time, usec
(a)
10 Signals before and after low pass filter
04
g.
ZE 6
PO ;
< 09
=< N
24
-39
1 2 3 4 5 6 7 8 9 10
time, usec
24 ‘Choke inductor current
2
2.
1.
i
Z 1.
= L2
~ 1.
=Ny
— 0.
0.
0.
0. vy
S o R RN TG A TR T Tt S S N ® @ e o =
S th © th © h © th © h © U @ h © th @ th @ W g
time, usec
(c)
Drain signal
3 30:
25
20
>
7 15
310
= 5
0
h - - - - - - - - - = U
S ° o 15 o © o o o ) o o
-l > — 0 [ S h = ~1 = e =
h w 2 2 2 w th wm h tn th @
time, usec

(d)

Figure 4.26: Supply modulation simulation results in ADS. (a) High-side and
low-side input signals of H-bridge (EPC2106). (b) H-bridge’s output with and
without low-pass filter. (c¢) Choke inductor current. (d) Drain voltage of the
switching transistor.
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Figure 4.28: Driver measurement results. (a) LVDS signals from FPGA. (b)
Single-ended signal. (c¢) Driver’s output signal (gate signal of EPC2036)
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Two air core inductors, 2uH and 4uH, are made for the low-pass filter and
the choke inductor. To reduce the coupling between these two inductors, they
are placed perpendicular to each other on the PCB (see Fig. 3.9). A 2msec sinc
envelope is also applied for the supply modulation. Using this envelope, the duty
cycle of the IMHz signal varies between 5% and 95% (see Sec. 2.4.2). Figure 4.29
illustrates supply modulation signals. The current through the choke inductor is
measured using a current probe 1146B (Agilent). The series and shunt capacitors
are tuned, and the drain voltage of the transistor (EPC2036) is shown in Fig.
4.30. By comparing the experiment and simulation results, it can be seen the
supply modulation circuit provides correct outputs. However, the drain voltage
of the transistor in the experiment is slightly less than its value in the simulation.

This difference is due to the measurement errors and using non-ideal components.

4.6 Power and Efficiency Measurement Results

The experimental setup explained in Sec. 3.3 is used to measure the amplifier’s
power and efficiency. The amplifier is connected to the RF coil loaded with a
phantom. Before performing power and efficiency measurements, the series and
shunt capacitors are tuned using the estimated values in the simulations. It should
be noted that these estimated values may be readjusted when tuning the amplifier
in the experiment. This adjustment is due to the measurement errors and using
non-ideal components. The pick-up coil’s signal, when the supply voltage is set
to 12V, is shown in Fig. 4.31.

Considering the peak amplitude of the pick-up coil signal, shown in Fig. 4.31,
and a=>500, the output power is calculated. The input power is also calculated
by measuring the supply current. Using the input and output powers, efficiency
can be found. The experimental and simulation results are provided in Tab.
4.5. It can be observed that the efficiency of the state-space model and LT-
SPICE are almost similar, however, there is a difference between their power
level resulting from the effect the shunt capacitor and on-resistance values ap-
proximation in MATLAB. It is also seen that the input power level in LTSPICE
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Input power (W)

Output power (W)

Efficiency (%)

State-space model
LTSPICE
ADS

Experiment

38
37
37
30

36
35
30
24

95
94
81
80

Table 4.5: Comparison of the input and output power, and the efficiency in the

experiment and simulations

and ADS are similar while their output power levels are different, which leads
to different efficiencies. The main reason is that the series and shunt capacitors
are not well-tuned in ADS (see Fig. 4.26d). The experimental results show a
proper consistency with state-space and simulation results. The power levels of
the experimental results are lower since the non-ideal components are employed.

Furthermore, measurement errors and imperfect tuning are the other reasons for

non-identical experimental and simulation results.
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Chapter 5

Discussion and Conclusion

This thesis proposes a state-space model for an array of on-coil class-E ampli-
fiers considering switches’ on-resistance and coupling effects between the coils.
For a single class-E amplifier, this is done by employing and solving the state
equations in both on and off switching conditions. Then, the state-space model
is extended for an array of class-E amplifiers with coupled coils. By having an
array of class-E amplifiers with coupled coils, instead of only two conditions (on
and off ), various combinations of switches’ conditions should be considered, com-
plicating the analysis. However, using the state-space simplifies the analysis and
provides an insight into each state’s behavior. In addition, employing the state-
space model shows that the input and output powers can be calculated using the
initial conditions. Moreover, the state-space model provides a simulation setup to
investigate the effects of applying different phase delays between the gate signals
of the amplifiers. The sampled-data system generated from the state-space model
equips the designer with a powerful tool for analyzing the transient behavior by

investigating the time constant of the system.

In addition, novel hardware is also designed for the class-E amplifier. In this
design, the goal is to retain high efficiency while reducing the size of the PCB and
price. The required number of amplifiers increases to provide enough power in

the transmit system. Therefore, the size of the PCB is crucial due to the lack of
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space inside the scanner’s bore. To this end, the previous PCB is redesigned to be
almost half the size of the previous one. Also, the number of DC voltage inputs is
reduced to one, resulting in a cost-efficient design with less cabling requirement.
The driver, controlled by an FPGA, is designed to keep its rise and fall times less
than 1nsec. The Gallium Nitride (GaN) power FET, EPC2036, is selected as the
switching transistor in this design. It has low on-resistance (Rgson, =73m(2), and
its maximum drain to source voltage is 100V. The other advantages of EPC2036
are its small size (0.9mmx0.9mm) that shrinks the PCB size, and its low price,
which leads to a cost-efficient final product. The final cost of the amplifier, in-

cluding manufacturing PCB and its components, is approximately 190 US dollars.

The simulations are performed for a single class-E amplifier and two class-E
amplifiers with coupled coils in MATLAB and LTSPICE. The state variables’
waveforms, input and output powers, and efficiency are compared in both sim-
ulations for a single class-E amplifier. It is shown that the results are pretty
close. Numerical values of input and output powers and efficiency are calculated
for both the state-space model and LTSPICE. It is reported that the difference
between the results of the state-space model and LTSPICE is less than 3% for
input and output powers, and efficiency. The reason for this small error is that
the estimated values of the transistor’s capacitor (Cys) and on-resistor (Rgson) are
used in MATLAB simulations. In addition, MATLAB generates an ideal pulse
as a gate signal, while in the LTSPICE, the gate signal is not an ideal pulse, and
its rise and fall times are 100psec, which may also affect the simulation results.
Deviations of efficiency and output power with respect to series (Cs) and shunt
(Cqp) capacitors’ values are illustrated. It is demonstrated that the efficiency is
high for most of the range of change of (Cs) and (Cj,). However, it is observed
that the pair of (C5) and (Cyy) values that leads to high efficiency may result in
low or impractical output power. In practice, due to the maximum transistor’s
voltage limit (Vygmae) and its current (Ip), the output power is also limited, and
its associated (Cj) and (Cjp,) values should not be utilized even if they lead to
high efficiency.

The simulation results of two class-E amplifiers with coupled coils are also
compared in MATLAB and LTSPICE for two scenarios. The state variables’
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waveforms, input and output powers, and efficiency are compared in both simu-
lations. It is shown that the results are pretty close. Numerical values of input
and output powers and efficiency are calculated for both the state-space model
and LTSPICE. It is reported that the difference between the results of the state-
space model and LTSPICE is less than 3% for input and output powers, and
efficiency. The reason for this small error is that the estimated values of the
transistor’s capacitor (Cys) and on-resistor (Rgysen) are used in MATLAB simu-
lations. In addition, MATLAB generates an ideal pulse as a gate signal, while
in the LTSPICE, the gate signal is not an ideal pulse, and its rise and fall times
are 100psec, which may also affect the simulation results. Deviations of efficiency
and output power with respect to series (C5) and shunt (Cyp,) capacitors’ values
are illustrated. It is demonstrated that the efficiency is high for most of the
range of (Cy) and (Cly,) values. However, it is observed that the pair of (C) and
(Csp) values that leads to high efficiency may result in low or impractical output
power. In practice, due to the maximum transistor’s voltage limit (Vignaz), the
output power is also limited, and its associated (C) and (Cy,) values should not

be utilized even if they lead to high efficiency.

The simulation results of two class-E amplifiers with significantly coupled coils
are also compared in MATLAB and LTSPICE for two different scenarios. The
first scenario shows that the system can achieve high output power and efficiency
by adjusting only series capacitor values (Cy; and Cyy). In the second scenario,
high output and efficiency are achieved by introducing a phase delay to the gate
signal of the second amplifier. Numerical values of input and output powers
and efficiency are calculated for both the state-space model and LTSPICE. It is
reported that the error between the state-space model and LTSPICE results is
less than 3% for input and output powers, and efficiency in both scenarios. Then,
the efficiency and output power of the system with respect to series (C;) capacitor
value and phase delays are shown. According to the results, the efficiency is high
for some of the range of Cy values and phase delays. However, practical limits
on output power should be considered for choosing the C value and phase delay.
Also, the efficiency and output power of three class-E amplifiers with significantly

coupled coils are plotted with respect to phase delays between channels 1&2 and
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1&3. It is shown that some modes of operation exist where the efficiency is high

and the output power is in the practical range.

After implementing the designed amplifier and testing the PCB, the power
and efficiency are measured and compared to the simulation results. It is shown
that the amplifier can achieve 24W output power and 80% efficiency when the
supply voltage is 12V. The experimental results have a proper consistency with

state-space and simulation results.

For future work, the current approach is going to be investigated by performing
experiments on more amplifiers with coupled coils. The effect of phase delays is
currently considered on up to three amplifiers. The other research direction for
the future is to analyze the phase delays effect for a higher number of amplifiers
in the system. In addition to phase delays, the impact of other parameters like

input amplitude may also need to be taken into consideration.
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