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Thesis directed by Professor Zoya Popovié¢

This thesis addresses analysis and design of high efficiency microwave power amplifiers and
rectifiers. The focus of this body of work is to optimize narrow band power amplifiers for
maximization of Power-Added-Efficiency (PAE) and rectifiers for maximization of RF-DC power
conversion efficiency. A power amplifier performs DC-RF conversion while a rectifier performs
RF-DC conversion, therefore a strong analogy exists between the two.

Design with non-linear devices suffers from lack of accurate models characterizing large signal
behavior, therefore measurement based techniques are often adopted in order to create high per-
formance designs. The theoretical analysis presented in this thesis provides the microwave circuit
designer intuition concerning performance expectations of design options rather than a recipe
for creating a successful design. The complexity of non-linear device physics results in behavior
which is often limited to qualitative description, complicating accurate model development.

The presented theoretical analysis is applied to load-pull based design of S-Band and X-Band
power amplifiers and S-Band power rectifiers. The measured circuits exhibit high efficiency
consistent with the analysis. An implementation of a high efficiency pulsed S-band AM radar
transmitter is presented along with measured results. An extension of the presented analysis is
investigated in the form of a harmonic injection amplifier, which conceptually allows realization
of a high power, high efficiency broadband amplifier.

In summary, this thesis details 1) the load-pull measurement based design technique applied
to microwave power amplifiers and rectifiers, 2) a theoretical analysis technique characterizing
the performance limitations of harmonically terminated power amplifiers which may be applied
to power rectifiers as well, 3) the design and measurement of several successful high efficiency
power amplifiers and rectifiers and 4) interesting implementations of the presented theory in a

system context.
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The requirements of modern radar and communication systems are driving the use of advanced
waveforms. Conceptually, the use of these advanced waveforms allows efficient use of available
spectrum while meeting system performance goals. However, advanced waveforms are both phase
and amplitude modulated resulting in a varying envelope signal, which stresses the capability
of the transmitting portion of the microwave system, particularly in terms of efficiency. The
impacts and consequently the research problems are addressed in Section 1.2. However, prior
to the discussion of the research problems, some background information in basic concepts is
required, which is presented in Section 1.1. Section 1.2 also provides the reader with an overview

of the chapters contained within this thesis and the specific research problems they address.
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As an example of the importance of efficiency, consider current cellular base stations. As of
2011, a typical third generation (3G) base station consumes between 500-1000 W of power to
generate 60-120 W of RF output power, resulting in an average total efficiency of 12% [3]. A 3G
base station consumes between 4.9-9.0 MWh yearly, and in China there are approximately 700,000
base stations. Therefore, the cost in powering the base station portion of a cellular network is
very high and any improvement in efficiency can have a dramatic impact on the operating cost
of a cellular network. Additionally, improving amplifier efficiency will not only reduce the power
consumed by the PA, but will also reduce the energy consumption of the associated power and
cooling systems.

The main theme of the work presented in this thesis is improving efficiency of PAs for
microwave communication and radar transmitters. In order to provide an understanding of the
role of the impedance presented to the active device at the harmonic frequencies, a generalized
Fourier analysis was developed and applied not only to amplifiers with harmonic terminations at
the output, but also to microwave rectifiers and power amplifiers with external injection of waves
at harmonic frequencies. In addition, the challenge of simultaneous efficiency and linearity in a
transmitter is addressed for radar waveforms, and a possible approach to solving the even more

challenging problem of simultaneous efficiency, linearity and bandwidth is proposed.

BAasic EFFICIENCY CONCEPTS

Section 1.1 is not intended to be a power amplifier tutorial; it is intended to address the very
basics of power added efficiency and impacts of input power back-off. For an introduction to
microwave power amplifiers, a number of excellent books are recommended, e.g. [4, 5, 6, 7].
Fig. 1.1 shows the basic block diagram of a microwave transmitter. A baseband digital signal
is converted to an analog signal using a Digital to Analog Converter (DAC), which is then
upconverted to the fundamental frequency fy using a mixer. The output of the mixer is passed
through a bandpass filter to remove unwanted mixing artifacts and then amplified by the driver

amplifier and Power Amplifier (PA) prior to transmission. In general, the number of mixing



stages, filters, and amplifiers varies but the basic block diagram allows simplified explanation of
the concepts contained herein.

The prime focus of this thesis is the PA stage which typically dominates the power-added-
efficiency (PAE) of the transmitter, where the PAE is defined as

Pout - Pz
Ppe

(1.1)

NPAE =

where P,,; is the average microwave output power, P;, is the average microwave input power, and
Pp¢ is the consumed DC power. For continuous-wave (CW) signals, P,,; and P, are simply the
average output and input powers at the fundamental transmission frequency. Another efficiency

metric often encountered is drain efficiency, which is defined by

Pout
= 1.2
=B (1.2)
where it is evident that the drain efficiency and power added efficiency are related by
PAE = {1 ! (1.3)
= a D :

where G is the gain of the stage. The PAE may be defined between any two points within the
microwave transmitter chain, but for the purposes of investigating the driving factor in the PAE,
the input will be considered as the input to the driver amplifier and the output as the output of

the power amplifier as shown in Fig. 1.1.

fo Mixer  Filter Driver PA
O—R-Afa
DAC PAE; PAE,
Baseband
Signal

Figure 1.1: Generic microwave transmitter block diagram.
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Figure 1.2: Total PAE as a function of output stage PAE (PAE>) assuming G; = 20dB and
Gy =15dB.

Assume that the driver amplifier has a PAE and gain given by PAFE; and Gy while the power
amplifier has a gain and PAE given by PAF, and Gs. It is straightforward to derive the total

PAE, which is given by

1— L
G1G
NPAE = 171—121 (1-4)

__Go + Gy
PAE- GoPAE;

Equation (1.4) allows investigation of the impact of the driver amplifier and power amplifier
parameters on the cascaded PAE. For example, consider the case where G; = 20dB and
G5 = 15dB. Fig. 1.2 shows the impact of the driver and power amplifier PAE on the total PAE.
It is evident that the driver PAE starts to impact the total PAE when it is significantly lower
than the power amplifier PAE. For reasonable driver PAE, the total PAE is approximately that
of the power amplifier. Of course in some scenarios the driver PAE has an impact on the total
PAE, but for most microwave transmitters the output power amplifier PAE dominates the total
PAE.

The other basic concept to understand is how the efficiency is impacted by input power
back-off. A very basic example will serve to demonstrate the problem. Consider a class-A power
amplifier, which is the most basic of all power amplifiers where both the voltage and current can
vary without distortion. When the input power to the class-A amplifier is such that the voltage

and current could swing no more without distortion, the amplifier exhibits a theoretical efficiency
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Figure 1.3: Class-A amplifier performance versus input power back-off.

drain efficiency of 50 %. However, if the input power to the amplifier is reduced (power back-off),
the efficiency is reduced. Fig. 1.3 depicts the reduction of drain efficiency as a function of input
power back-off. If the input power is reduced by half, the efficiency is halved corresponding in a
1.76 dB increase in power dissipation along with the 3 dB reduction in output power. Although
more exotic power amplifiers will deviate from the performance shown in Fig. 1.3, the general
trend is the same: the efficiency is reduced as the input drive is reduced from the optimally

efficient operating point.

RESEARCH PROBLEMS & CHAPTER OVERVIEW

The work presented in each chapter is summarized below, with Chapter 7 concluding the completed
work and presenting future work. Rather than giving an overview of background in this chapter,
summaries of previous work and the context of the work in this thesis are given at the beginning

of each chapter.

CHAPTER 2 OVERVIEW

Chapter 2 provides an overview of the measurement based PA design technique known as load-

pull. Theoretical derivations relevant to proper input and output network design for performing
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load-pull are presented. A method for characterizing and calibrating a single-slug load pull tuner
is presented along with measured results. Many of the load-pull and tuner calibration concepts
were applied to the work in [8]. A load-pull based design of a hybrid S-band power amplifier
using a GaN transistor is presented with measured performance [9]. MMIC circuit designs for
performing load-pull on-wafer are also presented with measured results. The specific research

problems addressed are as follows:

Proper design of input and output load pull fixtures

Characterization and calibration of single-slug load pull tuners

Application of load-pull measurements to a high efficiency hybrid PA design

On-wafer load-pull design considerations

CHAPTER 3 OVERVIEW

Chapter 3 presents a harmonically terminated power amplifier analysis developed by the author
which was published in [10]. The analysis investigates the performance of power amplifiers
subject to a finite set of arbitrary harmonic terminations. The main goals of the analysis include

investigating the

(1) Fidelity of harmonic terminations required to achieve a specified efficiency.

(2) Impact of resistive, reactive and complex harmonic terminations on maximum PA efficiency

and corresponding fundamental output power and load resistance.

(3) Impact of fundamental frequency reactance on maximum PA efficiency and corresponding

fundamental output power and load resistance.

Extensions of the analysis to devices with a linear parasitic output network are presented along
with examples. A qualitative validation of the theory is presented based on measurements of a

GaN device.
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2.3

2.4

2.5

CHAPTER 4 OVERVIEW

Chapter 4 discusses the design and analysis of a supply modulated radar transmitter, of which
portions are contained in [11, 12]. The motivation for using a supply modulated radar transmitter
in terms of spectral confinement is presented. The impact on radar system performance in terms
of several relevant metrics is analyzed. These include transmitted spectrum, range resolution,
time side-lobe level and signal-to-noise ratio. A test-bed demonstrating the performance of an
implemented supply modulated radar transmitter is presented along with measured efficiency and
occupied spectrum. Specific attention is paid to linearity of the transmitter, which is necessary
for achieving the desired amplitude and phase modulated radar signal at the output of the

transmitter.

CHAPTER 5 OVERVIEW

Chapter 5 investigates harmonically terminated power rectifiers based on the prior analysis done
in harmonically terminated power amplifiers. Analysis of different classes of power rectifiers is

presented, including Class-C, Class-F and Class-F~!. The analysis of each class focuses on

e Derivation of the ideal current and voltage waveforms based up an ideal rectifying element

e Relationships between fundamental frequency and DC load resistance

e Impact of on-resistance and threshold voltage parasitics

A measurement based design of a class-C rectifier using a Schottky diode as the rectifying element

is presented along with measured output power and efficiency results [13].

CHAPTER 6 OVERVIEW

Chapter 6 presents the concept of the harmonic injection amplifier, which offers the possibility of
a broadband high efficiency power amplifier. This amplifier shapes the drain waveforms through
injection of harmonic power into the device output, which can result in efficiency improvement

if done appropriately. Specifically, the cases of second harmonic only and third harmonic only



injection are analyzed, of which some of the second harmonic only theory is contained in [14].

The analysis provides

e Derivation of the ideal current and voltage waveforms

e Total efficiency as a function of how efficiently the harmonic power can be injected (e.g.

injector efficiency)

e Expression of the injected power and impedance for optimal efficiency as a function of

injector efficiency

In order to allow injection of harmonic power into the device output a special three-port network
is required. The requirements of this network are analyzed fully and a methodology for achieving

a broadband injection network is conceptualized.



CHAPTER 2

LoAD PurLL BASED POWER

AMPLIFIER DESIGN

CONTENTS

2.1 Introduction 10

2.2 Load Pull Measurement Theory 11

2.3 Load Pull Measurement Network Design 13

24 Tuner Characterization & Calibration 18

2.5 Load Pull With Fixed Class-F~* Harmonic Terminations 26
2.5.1 Prototype PA & Measured Performance 28

2.6 X-Band MMIC Load Pull 31

2.6.1 Calibration Procedure 32

2.6.2 Relevant GaN on SiC Design Parameters and Limitations
2.6.3 Test Structures 36

2.6.4 MMIC Measurements 48

2.6.5 Acknowledgements 54

2.7 Conclusion 54



2.

1

INTRODUCTION

Microwave transistors often lack a non-linear model suitable for efficient PA design, or an existing
non-linear model fails to accurately reproduce measured performance in high efficiency operation
points near the I-V axes. This usually means that several design iterations are required in order
to realize an efficient PA. Alternatively, a measurement-based design technique involving source
pull and load pull may be adopted [6].

Traditional passive source pull and load pull make use of fundamental-frequency mechanical
tuners to vary drain (output) and gate (input) impedance for a common source device [15].
Source pull refers to characterizing transistor performance as function of the impedance presented
to the input while load pull refers to characterizing transistor performance as a function of the
impedance presented to the output. However, for the remainder of this chapter the term load
pull will be assumed to refer to both source pull and load pull.

Using traditional passive load pull, transistor performance is measured over a constellation of
fundamental frequency impedances while the impedances at the harmonics of the fundamental
are allowed to vary arbitrarily. Passive harmonic load pull incorporates additional mechanical
slugs in order to control both the fundamental-frequency and harmonic impedances [16]. Active
load pull, introduced in [17], uses signal injection to electrically synthesize load impedances.
Elaborate active and passive harmonic load pull techniques [18] are available but are less common
and significantly more expensive. Recently, a large signal network analyzer was used to perform
real-time active harmonic load pull in development of a 2 GHz PA having 75% PAE [19].

In Section 2.2, load pull measurement theory using passive tuners is presented with Section 2.3
discussing the measurement network design. Section 2.4 discusses a method for characterizing and
calibrating single-slug passive tuners. Section 2.5 discusses the implementation of fundamental
frequency (fo) load pull with Class-F~! harmonic terminations (up to third harmonic) on a
TriQuint 12 W 0.25 um GaN device at 2.14 GHz. Section 2.5.1 presents the prototype PA designed
based upon the measurements presented in Section 2.5 and includes measured performance. The

PA exhibits 7W output power and 84.6% PAE with a drain voltage of 31V at 2.14 GHz. A
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Input | | Source | | Input Bias & DUT OutputBias & [ | Load | [ Output || Measure
3-Port Tuner Pre-match Pre-match Tuner 3-Port Power

Measure Monitor
Power Spectrum

Figure 2.1: Basic fundamental frequency load pull block diagram.

0.69dB improvement in output power and 84.9% PAE is obtained at 2.15 GHz. Full wave EM
modeling of the die-to-matching-network transition is used in order to accurately determine the
2fy and 3fy impedances at the virtual drain. Input and output pre-match circuits are designed and
class-F~! harmonic traps are verified. Fundamental frequency source and load pull with class-F~!
harmonic terminations are performed to determine optimal fundamental frequency source Zg
and load Zj, impedance. Finally, the prototype PA is designed with integrated bias lines. The
straightforward design procedure results in a first-pass success, yielding an efficient PA using an
un-modeled device. It is noted that Class-F and class-E PAs having greater than 80% PAE and
over 5W output power near 2 GHz have been reported [20]-[21]. However, this chapter details a
class-F~1 design which achieves over 80% PAE, with the results being published in [9]. Section 2.6
discusses the design of X-Band load pull circuits using the TriQuint 0.25 um GaN MMIC process.
The calibration technique is discussed and measured load pull results are presented. Future work

for developing a high efficiency PA design based upon the collected measurements is discussed.

LoAD PurLL MEASUREMENT THEORY

Fig. 2.1 shows a basic block diagram of a fundamental frequency load pull measurement setup.
The Device Under Test (DUT) is connected in some fashion to an input pre-matching and output
pre-matching circuit which provide DC bias to the DUT as well as pre-matching the impedance
to reasonable values. Proper design of the pre-matching circuits is vital to taking good load pull

measurements. The designs of the pre-matching circuits should take into account the following:

e The pre-matching circuit should have low insertion loss (or more appropriately, low dissipa-

tive loss [22]). Any power dissipated in the pre-matching circuits will reduce the tuning

11



range which the tuners can achieve at the DUT reference planes.

The pre-matching circuits should pre-match the input and output impedances such that
minimal tuning of the source and load tuners is required. This improves measurement
accuracy due to the limited range over which the tuners are required to tune. For example,
if it is expected that the optimal output impedance should be in the neighborhood of 102,
then the output pre-match should be designed such that 102 is presented to the DUT

with the load tuner set to the 502 position.

The pre-matching circuits should fix the harmonic terminations presented to the DUT,
particularly at the output. Device performance is strongly impacted by output harmonic
terminations as discussed in Chapter 3. It would be incorrect to make conclusions based on
fundamental frequency load pull where the harmonic terminations varied as a function of

fundamental frequency impedance.

The pre-matching circuits should incorporate a well designed bias-tee in order to stabilize

the device (e.g. prevent low frequency oscillations) and minimize insertion loss.

The pre-matching circuits should be measurable at the fundamental and harmonic frequen-
cies. This is important for impedance verification of the pre-matches. It is also necessary
for power measurement calibration in the load pull setup. It is necessary to have the full
2-port scattering parameters of the pre-matching fixtures in order to properly calibrate the

load pull setup.

The characterization of the output pre-matching circuit should incorporate the parasitics
associated with the attachment to the DUT as well as the internal parasitics of the DUT
which are relevant to theoretical amplifier classes. Most amplifier classes are defined at the
virtual drain of the DUT. For example, the characterization should take into account the
parasitic output capacitance of the DUT as well as the bond wire parasitics in the case
of a discrete device. For a packaged device, the additional packaging parasitics should be

characterized. This is vital to theoretical interpretation of load pull measurements and

12



2.3

making valid conclusions based upon the measurements.

The source tuner and load tuner in Fig. 2.1 allow tuning of the input impedance and output
impedance presented to the DUT. These tuners can be thought of as individual scattering
parameters boxes which are a function of some controllable physical parameters of the tuners
themselves. For performing load pull, it is important to be able to control the impedances
presented to the DUT, and therefore it is necessary to know how to control the tuners to
synthesize the desired impedances. Section 2.4 discusses this in more detail.

The input 3-port network allows an input signal to drive the DUT and also be coupled to
a power measurement device in order to measure the available input power to the DUT. The
available power is measured rather than the delivered power because, in general, the DUT serves
as an unknown termination which does not allow calculation of delivered power. The output
3-port network allows the delivered output power from the DUT to be measured as well as the
spectral content. The spectral content is typically monitored in order to ensure the DUT is not
oscillating. For high power devices, it is important that the network sufficiently attenuate the
signal output from the DUT in order to measure the power with standard laboratory equipment,
which typically limits input power to 20 dBm. In the case of the output network, the delivered
output power is calibrated rather than the available output power because, in general, the DUT
again serves as an unknown termination which does not allow the available output power to be
determined. Section 2.3 discusses the specific requirements of the input 3-port and output 3-port

networks in more detail.

LoAD PurLL MEASUREMENT NETWORK DESIGN

As discussed in Section 2.2, appropriate design of the input 3-port and output 3-port networks
depicted in Fig. 2.1 is vital to taking good load pull measurements. To understand the requirements
placed upon the networks, a scattering parameter analysis may be performed. The input 3-port
network shown in Fig. 2.2 is analyzed first. For the purposes of this analysis, it is assumed that

the 3-port network incorporates the source tuner, input bias & pre-match, and any additional

13



parasitics that are desired to be absorbed in the network. The reflection coefficients at each

network port in Fig. 2.2 are expressed as

Zs — Zy
I'¢g=——+ 2.1
*T Zs+ 2 21
Zy, — Zy
I'y = —+ 2.2
YT 20+ Zy (22)
Zp— Z
| N e — 2.
P Ze ¥ Zy (23)

where Z; is the system impedance, Zg is the source impedance (e.g. the RF signal generator
impedance), Z, is the terminating impedance on the DUT port and Zp is the terminating
impedance on the power measurement port. The relationship between the forward and reflected

waves at each port can be written given the scattering parameters as

by Si1a1 + Si2az + Si3as3
by | = | Se1a1 + Sa2az + Sasas (2.4)
b3 Sz1a1 + S32a9 + Szzas

When only port-1 is driven, the input waves at the remaining ports are the product of the
outgoing wave from the port and the reflection coeflicient at that port, which allows (2.4) to be

expressed as

by Si1a1 4 S12l' by + S131'pbs

bo | = | S21a1 + S22l pba 4 So3l'pbs (2.5)

b3 Sz1a1 4 S32' by + S331'pbs
: by N\~ r, :
I e ;\/\ 43 Power 1
I S S I
| <_| i | | ensor :
I RF S I
1 | Source | in r I
[ a; "N\ * L 1
I b 2 — I
I N by DUT I
| b, N+ | |
| |

Figure 2.2: Load pull 3-port input network analysis block diagram.
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The goal is to solve for by, the reflected wave at port-1, in terms of a1, the incident wave, and
the remaining known quantities. Therefore, it is first necessary to solve for the reflected waves at
port-2 and port-3 in terms of the incident wave at port-1 and the remaining known quantities.

The second and third row of (2.5) may be written as

1—=98I' —Sx3I'p by So1
= aq (26)
=Sl 1—S330p bs Sz1
Solving (2.6) results in
ba a S21 = T'pS21833 + I'pS23531
1 -T1S9 —I'pSs3 + T p(S22533 — S35
by S22 — I'pS33 + I'LT p (822533 — S23532) 41+ T'1.S9155 — T't.SonSar
(2.7)

Given that the reflected waves at port-2 and port-3 are solved for, the reflected wave at port-1

may be solved for by substitution of (2.7) into the first row of (2.5), resulting in

a1 [S12I'L(S21 — T'pS21S33 + T'pS23S31) + S13L p(S31 4+ I'S21S32 — I'1.522.551)]

b1 = S11a1 +
! ne 1 —T1S2 —T'pSs3 +I'1l'p(S22533 — S23532)

(2.8)

The input reflection coefficient I';, 1 at port-1 is then given by

Ty q = ﬁ — S+ S120'1(S21 — I'pS21S33 + I'pS23S31) + S13Tp(S31 + I'1.S21532 — I'1.5822.531)
e ay 1 =TS22 —T'pSs3 + Tl p(S22533 — S23552)

(2.9)
Similar expressions for the input reflection coefficients at the other ports can be derived when

only the respective port is being driven, and are given by

Ty o= by — Syt S21T5(S12 — T'pS12533 + I'pS13532) + S23l' p(S32 + 5512531 — 5511 532)
T ar 1 —TsS11 —'pS33 +'sI'p(S11533 — S13531)

(2.10)

I 5= bs — St S39l'1,(S23 — ['gS23511 + T S21513) + S51Ts(S13 + T'n.S23512 — I'1,S22513)
7 ag 1 —TrS2% —T'sS11 +T'rls(522511 — S21512)

(2.11)

Equations (2.9)-(2.11) are in general complicated, but many simplifications can be made
starting from these general cases. However, it is important to have the general expressions

if an error analysis of calibration factors is to be performed, for example. Typically a power
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sensor matched to the system impedance Z; is used to measure power on port-3, therefore
I'p =~ 0. Additionally, the RF source is typically matched to the network, therefore I's =~ 0. These

assumptions simplify (2.9)-(2.11) to

S121'1, 521
T'in1=S _— 2.12
1 11+ 1—T,5 ( )
Fin’g = 522 (213)
S320'1, 523
Tins =S —_— 2.14
3 =983+ T} 5o (2.14)

As discussed in Section 2.2, it is desirable to measure the available input power to the DUT.
A straightforward manner to do this is to measure the power delivered to a power measurement
device on port-3 and use this measurement along with the 3-port network parameters to determine
available power to the DUT at port-2. Following [23], the average power delivered to the load at

port-3 and available power from port-1 are given by

|b3|2 2
Pps=—-(1-| 2.15
D,3 2Zo( ITp[%) (2.15)
2a1(1-T'sTin,1) 2 |1 r |2
1—FS - S
Py, = 2.16
Al 87, 1— sl (2.16)
The transducer gain from port-1 to port-3 is then given by
|b3|? 2
Pp 3 27, (1_‘FP|)
G = = = v 2.17
T3 Pja 2a1(1-TgTin,1) |° ( )
ts [1-Ts|?
82, T-[Ts|?
which simplifies to
P bs|?> (1 —|Tp|*)(1—|Ts]?
G = 123 _ | 3|2( Cp)( - | 2S| ) (2.18)
Par |1 =TsTin )]
Substituting in the solution for b3 from (2.7) results in
Grat = Pps S31 + ['1S21 532 — '1,522.551 21— rpP)a—Ts)
31 = =
Py 1 —T1S2 —T'pSs3 +T'pl'p(S22533 — S23532) [(1—=TsTin1)l?
(2.19)

At this point it is necessary to make design choices concerning the input network to allow
practical measurements to be taken. The issue with the generality presented in (2.19) is that the

transducer gain from port-1 to port-3 is a function of I'y, which is an unknown value due to the
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DUT. At this point it is assumed that an isolator is placed between the 3-port input network

and the source tuner at port-2. This effectively results in T'y, = 0, reducing (2.19) to

Pos _ g2 (1= ICp[*)(1 = Tsf?)
Paq 1 =T pS332|(1 = TsTin,1)|?

Gr31 = (2.20)

For a practical application, port-3 is typically well matched given that it is terminated with a
power sensor having a high return loss. Additionally, the source is typically well matched. Given

these assumptions, the transducer gain simplifies to
Grs1 = |S5]? (2.21)

which is most often the expression used in practice for this application. Using this expression,
the available input power at port-1 is easily calculated from the measured power at port-3 by

the equation

P, Pps  Ppgs
N = o = 5
Grsi |Ss1]

(2.22)

Basically, what has been concluded from the theoretical analysis of the input 3-port relevant to

load pull measurements is the following:

e An isolator should be placed on port-2 of the input network prior to the source tuner in
order to eliminate variation in the transducer gain from port-1 to port-3 as a function of

load impedance.

e The input network should be well matched to the RF source and power measurement device,

allowing the simplified form of the transducer gain given in (2.21) to be used.

An additional practical requirement is that typically only 20 dBm of input power can be delivered
to the power measurement device. This is an absolute maximum limit, so a good rule to follow is
try to optimize G 31 such that at the maximum available input power required for driving the
DUT, only 0dBm of input power is delivered to the power measurement device.

Now that measurement of the available input power at port-1 has been made possible, it is

necessary to scale this measurement to determine the available input power to the DUT at port-2.
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2.4

The scaling factor is a byproduct of deriving the available gain from port-1 to port-2, given by

Py
= 2 2.2
Gazt Pa (2.23)

Given that P4 ; is known based upon the measurement at port-3, P4 o is directly related to Pp 3

by

Pp 3

D8 2.24
EE (2.24)

Pio=Gan

The assumptions made up to this point allow the available gain from port-1 to port-2 to be
simply expressed as given in [23] as

|Sa1|?

2.25
1— 15222 (225)

Gao1 =

The load pull calibration factor ©;, yielding the available input power to the DUT based on the

measurement at port-3 is then given by

|Sa1|?
[S31]2(1 — [Sa22|?)

Oin = (2.26)

Using a similar procedure, the load pull calibration factor yielding the delivered output power
from the DUT based upon the measurement at port-2 of the output network (assuming port-3 is

connected to a well-matched spectrum analyzer) is given by

1—|S11)?

e ., =
out |5,21‘2

(2.27)

where the scattering parameters in (2.27) refer to those of the cascade of the network connected
to the output of the DUT rather than the input. The main additional requirement for the output
3-port network is that it must have sufficient attenuation based upon the maximum output power

of the DUT to prevent damage to both the spectrum analyzer and power measurement device.

TUNER CHARACTERIZATION & CALIBRATION

For the load-pull measurements performed within this thesis, FOCUS Microwaves single slug
computer controlled mechanical tuners were used. Due to the desired measurement flexibility,

custom load-pull software was developed in MATLAB®. However, given the choice was made
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Figure 2.3: Mechanism by which single slug mechanical tuner synthesizes impedances. A metallic
probe is inserted vertically towards the center conductor of a slab-line to increase the reflection
coefficient magnitude, and moved horizontally along the slab-line to shift the reflection coefficient
phase.

to develop custom software, it became necessary to calibrate the tuners in the absence of
manufacturer provided calibration software. This section discusses the method developed for
performing tuner calibration. The method is general, and certainly could be extended to other
single slug type tuners.

Fig. 2.3 depicts the mechanism by which a single slug mechanical tuner is able to synthesize
impedances [24]. A slug, denoted by the probe in Fig. 2.3, may be moved vertically in towards
the central conductor of a slab-line as well as horizontally along the slab-line. With the probe at
a fixed vertical distance from the central conductor, motion along the horizontal axis corresponds
to a phase shift in the reflection coefficient shown as arc b in Fig. 2.3. At a fixed horizontal
location, motion vertically towards the central conductor of the slab-line transforms the 50 €2
impedance to a highly reflective impedance shown as arc a. Therefore, characterization of this
type of tuner simplifies to modeling the phase shift in the reflection coefficient as a function of
the horizontal slug position x and the reflection coefficient phase and magnitude behavior as a
function of the vertical slug position y.

At this point, a reasonable question to ask is, "Why not measure the scattering parameters at
each (z,y) tuner position?" The answer to this question is simple: This would take an unreasonable
amount of time. The tuners used for this research have approximately 7,000 unique x positions
and 2,800 unique y positions, resulting in 19.6 million positions. Taking into account that the

tuner is mechanical, assume it takes approximately 0.5 s to move from one unique (z,y) to another.
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Measuring all unique positions would then take about 113 days. Considering two tuners are
required to perform source pull and load pull, the better part of an entire year would be spent
just calibrating the tuners, which certainly is unreasonable.

In order to calibrate a tuner, a small set of data is collected such that the reflection coefficient
phase as a function of z and the phase and magnitude as a function of y can be modeled. In
general, this simply requires measuring the scattering parameter of interest on a network analyzer
at constant x as a function of y as well as the same scattering parameter at a constant y as
a function of x. Once the phase as a function of z and the magnitude and additional phase
as a function of y have been modeled, the (z,y) pair required to synthesize a target reflection
coefficient can be predicted.

As an example of the procedure, the calibration of a tuner at 4.9 GHz will be described,
where it is assumed that port-2 of the tuner is connected to the DUT. In this case the scattering
parameter of interest is Sao. First, Soo is measured as a function of y for several unique x positions
as shown in Fig. 2.4. Note how the shape of each arc appears the same with the exception of the
initial phase for each arc. If each arc is normalized by its initial phase and re-plotted, Fig. 2.5
results, validating the assumption that the arcs have relatively consistent shape as a function of
Y.

The measured and modeled initial phases as a function of x are plotted in Fig. 2.6(a). As
expected, the initial phase exhibits linear behavior as a function of x and can be modeled as such.
The error in the model of the initial phase is shown in Fig. 2.6(b), with the error being limited to
42.5°. The magnitude and phase behavior as a function of y following normalization by the initial
phase as a function of x can be modeled using polynomial fits. Through experimentation, it was
found that fourth-order polynomial fits to the phase in degrees and magnitude in decibels yielded
accurate results. The measured magnitude and phase behavior versus the fitted magnitude and
phase behavior is shown in Fig. 2.7. The fit errors are shown in Fig. 2.8. The phase error is
within +0.3° while the magnitude error is within £0.1dB.

Following the development of the mathematical model which describes the magnitude and
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Figure 2.4: Initial points measured for tuner characterization at 4.9 GHz. Points at the center of
the Smith chart correspond to the slug being fully retracted from the slab-line while points at
the edge correspond to full insertion of the slug.

Figure 2.5: Initial measured points following phase normalization.

phase of the scattering parameter versus (x,y), a set of impedances can be defined for which
to calibrate the tuner. This means that it is desired to use the tuner to synthesize this set
of impedances, and the full 2-port scattering parameters of the tuner must be measured for
proper calibration as discussed in the previous section. Once this set of points is defined, the
magnitude and phase of the scattering parameter associated with each point is evaluated and
the mathematical models are used in an inverse fashion to calculate the (z,y) to measure the

tuner at. Fig. 2.9(a) shows the desired calibration points which cover the entirety of the Smith
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Figure 2.6: (a) Initial measured and modeled reflection coefficient phase as a function of horizontal
slug position z. A first-order polynomial (line) was used to fit the measured data. (b) Error
between the measured and modeled phase as a function of x.
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Figure 2.7: (a) Measured and fitted reflection coefficient phase as a function of vertical slug
position y. A fourth-order polynomial was used to fit the measured data. (b) Measured and fitted

magnitude behavior as a function of y. A fourth-order polynomial was used to fit the measured
data. Note that y = 0 corresponds to the slug being fully retracted from the slab-line.
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Figure 2.8: (a) Error between the measured and modeled reflection coefficient phase as a function

of y. (b) Error between the measured and modeled reflection coefficient magnitude as a function
of y.
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(b)

Figure 2.9: (a) Measured calibration points. (b) Predicted calibration points.

Chart, with Fig. 2.9(b) showing the measured calibrated points. It is evident that the method
does a very good job at allowing the user to determine the appropriate (x,y) points to move the
tuner to in order to synthesize an impedance and to calibrate the necessary power measurements

for load pull.
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Figure 2.10: Load pull block diagram with defined reference planes for impedances. The transition
model characterizes the S-parameters of the bare die to microstrip two-port network. For a two
harmonic class-F~! PA, open circuit and short circuit terminations are presented at plane P1 at
2fy and 3fy, respectively.
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MINATIONS

A specific application of the theory presented in Sections2.2-2.4 is the fabrication of a high
efficiency PA in the absence of a device model. The DUT was the TriQuint TGF2023-02 12 W
bare die power GaN on SiC which operates up to 18 GHz [25]. A 0.68 pF output capacitance
(Cout) was calculated using the linear model provided in the device data-sheet. The low C,,; of
the device coupled with significant gain at multiple harmonics of 2.14 GHz made this device an
excellent candidate for a high efficiency PA design. A full wave EM model of the transition model

™

indicated in Fig. 2.10 was developed in Ansoft HFSS ™ to model the impedance transformation
due to the fringing capacitance from the die to the ground plane, as well as the impact of the
two bond wires connecting the die to the microstrip [8]. The two port S-parameters from plane
P, to P were calculated by cascading the S-parameters of the ideal C,,; with the S-parameters

™

of the transition model exported from HFSS ~. Fig. 2.11 depicts the resultant S1; and Soo of the
model from 2 to 7 GHz, showing that the C,,; and transition model must be taken into account
in order to present specific impedances at the virtual drain (plane Py).

Using the impedance transformation model, a microstrip pre-match was designed on a 30-mil
Rogers 4350B substrate. The load pre-match was designed to present the ideal class-F~! 2f;

and 3fy terminations at plane Py shown in Fig. 2.10. A source pre-match was designed without

any specific input harmonic terminations. The S-parameters of the pre-match circuits were
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Figure 2.11: Simulated Sq; and Sss versus frequency from 2 GHz to 7 GHz. The transformation
from plane Py to Ps depicted in Fig. 2.10 is significant and must be accounted for in order to

present harmonic terminations at the virtual drain. Additionally, the impact of the transformation
increases with frequency.

measured using modular fixtures as mentioned in [26] to verify the harmonic terminations of
the output pre-match and calibrate the load pull measurements. The DUT bias current was set
to approximately 50 mA with a drain voltage of 30 V. An initial approximation to the optimal
Zg of 3.1+ j13.8€2 was determined by performing a small signal fundamental frequency source
pull for gain using a single slug tuner from FOCUS Microwaves. Zg is referenced to the bonding
plane on the input pre-match. It was found that the initial Zg did not change for drain voltages
between 25V and 35V.

Large signal load pulls were performed to determine the optimal Z; having maximum PAE,
with at least 5 W output power. For each fundamental impedance point, a small input power
sweep was performed to find the input drive level resulting in maximum PAE. An optimal Zj, of
164.5-j4.5Q was determined for a drain voltage of 30V resulting in a PAE of 84.2%. A final
large signal source pull was performed to refine the source impedance, resulting in an optimal Zg

of 1.5+ j10.49Q, resulting in a PAE of 85.7%.
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2.5.1

Figure 2.12: Photo of prototype amplifier. Note that no tuning of the amplifier was required
to achieve the presented performance. Bias lines are implemented with A\4 transmission lines
shorted to ground with resonant capacitors at 2.14 GHz. Several decades of capacitors (100 pF -
10 uF) are implemented in the design to suppress low frequency oscillations. A 10 series resistor
on the gate bias line is used to improve stability.

ProTOTYPE PA & MEASURED PERFORMANCE

The prototype PA is shown in Fig. 2.12. The circuit was fabricated using an LPKF S62 milling
machine. The input matching section was realized with parallel Open Circuit Shunt Stubs (OCSS)
to present the low Zg while reducing insertion loss. The output matching section used A\4 OCSSs
to present open and short circuits at 2fy and 3fy, respectively. An additional OCSS is used to
match the fundamental Zy. American Technical Ceramics 100B and 600S capacitors were used
for the DC block and bias line resonant capacitors, respectively. The microstrip ground plane is
sweat soldered to a copper block, which serves as both a heat sink and continuous ground plane.

The PA exhibited over 80% PAE at Vpp = 30V for a wide range of drain currents (50 mA -
200 mA). The best balance of PAE, output power, and gain performance was measured using
a drain current of 170 mA at 30V, therefore all subsequent measurements were taken at this
corresponding gate bias point. Measurements of the prototype PA performance at 2.14 GHz versus
input power are shown in Fig. 2.13 for the design point drain voltage of 30 V. The non-linearity of
the amplifier is evident by investigation of the gain versus input power. The peak 2.14 GHz PAE

is achieved under 3.6 dB gain compression. The harmonic powers relative to the carrier power at

Table 2.1: Harmonic power at PA output

Harmonic 2fy 3fy 4fy 5fy
Power (dBc) —47.2 —52.3 —-329 —495
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Figure 2.13: Measured PA performance at design point of 2.14 GHz versus input power, Vpp =
30 V. The gain undergoes a slight expansion from 21.0dB to 21.5dB prior to entering compression.
A peak PAE of over 84% is realized at the 3.6 dB gain compression point, corresponding to
20.2dBm input power and 6.5 W output power at the design point.

the 2.14 GHz, 30V peak PAE operating point are listed in Table 2.1 up to 5fy. The second and
third harmonics are on the order of —50 dBc, while the fourth harmonic is significantly higher
at —32.9dBc. This is most likely due to the fourth harmonic termination not being explicitly
controlled in the design. The significant harmonic power measured at 4f; and 5fy suggests that
additional efficiency may be realized by terminating these harmonics in short and open circuits,
respectively. However, it is possible that the additional insertion loss incurred by the matching
topology would negate the benefits of terminating additional harmonics or degrade the efficiency
achieved with only 2f; and 3fy terminations.

The prototype PA peak PAE performance at 2.14 GHz versus supply voltage is shown in
Fig. 2.14. The PA exhibits over 80% PAE from 20V to 35V with over 15dB of gain. The PA
exhibits over 10dB of gain and 65% PAE for supply voltages greater than 10V, making it well
suited for envelope tracking applications [27]. The output power exceeds 5 W for supply voltages
greater than 26 V, peaking at 8.8 W output power for a supply voltage of 35V.

The performance of the PA over the 2.10 - 2.18 GHz bandwidth is shown in Fig. 2.15 for a
supply voltage of 34 V (chosen to show peak measured PAE operating point). The PA exhibited

its peak PAE of 84.9% at 2.15 GHz while maintaining over 70% PAE from 2.11 - 2.17 GHz. The
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Figure 2.14: Measurements of transducer gain, delivered output power, drain efficiency and PAE
at 2.14 GHz. Peak 2.14 GHz PAE of 84.6% occurs at Vpp = 31V, having 7W output power,
18 dB Gain, and 86% drain efficiency.
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Figure 2.15: Measurements of transducer gain, delivered output power, drain efficiency and PAE
versus frequency at Vpp = 34 V. Peak PAE of 84.9% occurs at 2.15 GHz. The amplifier exhibits
over 70% peak PAE, 7.8 W output power, and 17.7dB gain over the entire 2.11 - 2.17 GHz
W-CDMA bandwidth. For most of the W-CDMA bandwidth, the peak PAE exceeds 80%.

significant reduction in PAE realized as the frequency departs from 2.14 GHz is expected, due to
the narrow-band harmonic terminations presented by the OCSSs. An output power level between
7.7W and 8.4 W was maintained, while the gain exceeded 16 dB across the bandwidth, peaking

at 19.3dB at 2.13 GHz.

This particular power amplifier was submitted to the IEEE IMS 2010 PA Student Competition.
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2.6

PAs entered to the competition must have an operating frequency between 1 GHz and 20 GHz,
produce greater than 5 W output power and require less than 25 dBm input power. The entrant
must inform the engineer measuring the amplifier at the competition (a representative from
Agilent) of the DC bias points, input drive level and frequency. The Agilent representative then
measures the PA and the entrant’s score is calculated as the the PAE multiplied by fJ-2°. The
PAE of the prototype amplifier was measured as 82.6% with 38.20 dBm output power at 2.15 GHz
for a score of 100.02, good enough for second place [28]. The winning design was a class-J design

which achieved a PAE of 74.67 % at 3.50 GHz for a score of 102.13.

X-BAnNnD MMIC LoaD PUuLL

High power X-band amplifiers are necessary for radar and communication system transmitters.
As an example, the B1B Bomber uses the APQ-164 X-band pulse-doppler radar for navigation
and weapon delivery [29]. Military communication systems, such as MILSATCOM, operate in
lower X-band (7-8 GHz). For high power X-band transmitters, both power consumption and
heat dissipation become important design constraints. Improvement of the transmitter efficiency
reduces both the power consumption and heat dissipation and is therefore highly desirable.
Typically, the output stage power amplifier is the dominant component of the transmitter
efficiency, therefore this is often the component which receives the most attention [5].

In order to achieve high output power and efficiency, the active device is driven until it operates
non-linearly [30]. Therefore, linear design techniques are non-applicable and either non-linear
model-based techniques or measurement-based techniques are used for design. Non-linear models
are often created by using data collected from source pull and load pull measurements [6]. However,
often times the models fail to accurately model the performance of power amplifiers operating
with high efficiency. Therefore, power amplifier design often involves taking source pull and load
pull measurements, then designing the final power amplifier based upon the measurements.

Monolithic Microwave Integrated Circuit (MMIC) technology offers the ability to miniaturize

microwave circuits and limit the parasitics entailed with fabrication. Not surprisingly, many
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2.6.

1

X-band power amplifiers have been realized in MMICs. The state of the art in terms of efficiency
with over 5 W output power was achieved by Tayrani using a class-E design where he achieved
67% power added efficiency with 6 W output power at 7.5 GHz under 10% duty cycle pulsed
conditions [31]. Recently, MMIC processes using GaN as the semiconductor have become available
which allow the possibility of realizing power amplifiers with improved efficiency for a given
output power. This is mainly due to the higher power density achievable with GaN relative to
other semiconductors [32]. For the work presented in this section, TriQuint’s 0.25 yum GaN on
SiC MMIC process is used. This process has been used to created impressive wide-band power
amplifiers with over 9W of power and 20% power added efficiency from 1.5 GHz to 17 GHz [33].

The following subsections detail the design of the MMIC structures necessary to perform
on-wafer source pull and load pull in order to realize a high efficiency X-band PA using the
TriQuint GaN on SiC process. Prior to discussing the specific structures, Section 2.6.1 discusses
the calibration procedure to motivate the development of the test structures. Section 2.6.2
discusses some of the TriQuint GaN on SiC design parameters and their impact on the test
structure design. Section 2.6.3 details the design and performance of the individual test structures.
Section 2.6.4 presents measurements of the test structures along with source pull and load pull

measurements.

CALIBRATION PROCEDURE

First it is important to define the relevant calibration reference planes for the test setup. The
term "calibration reference plane" refers to a reference plane at which a the network analyzer
measurement is calibrated to. Fig. 2.16 provides a definition of the calibration reference planes
which will be used for the remainder of the subsection.

A network analyzer may be calibrated to reference plane A through use of a commercial
calibration kit, such as a Short-Open-Load-Through (SOLT) or Through-Reflect-Line (TRL)
kit. However, calibrating to the other planes requires more care. The scattering parameters of

the source tuner and load tuner can easily be measured, however this is unnecessary because
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Figure 2.16: Definition of the calibration reference planes. The calibration method drives the
required on-wafer test structures.

the tuners will never be used in absence of the probes. Additionally, it is undesirable to have
any circuitry between the tuners and the Ground-Signal-Ground (GSG) Coplanar Waveguide
(CPW) probes because this will further restrict tuning range due to dissipative loss. Therefore, it
is reasonable to measure at least the cascade of the tuners and their respective probes.

It must be decided whether or not to measure the cascade of the tuner, probe and its respective
on-wafer fixture. This is a more difficult decision to make. Measuring the full cascade involves a
single calibration step, which is an advantage. The disadvantage is the scattering parameters of
the tuner cascaded with its respective probe are unknown, therefore using a different on-wafer
fixture would require full re-calibration. The disadvantage of not measuring the full cascade is
that two distinct calibration procedures are required: one in which the cascade of the tuner and
its respective probe are measured and one in which the scattering parameters of the individual
fixtures are measured. The full cascade is then performed by cascading the scattering parameters
collected from the separate measurements. However, due to the flexibility this method provides,
it has been selected by the author. This method does require two distinct on-wafer TRL kits:
one which allows calibration of the tuner and probe cascades, and one which allows measurement

of the fixtures. The calibration steps are summarized as follows:

e Calibrate the network analyzer up to plane A depicted in Fig. 2.16 using a commercial

calibration kit.

e Use an on-wafer TRL calibration kit to calibrate the source tuner - probe and probe - load

tuner cascades. This procedure begins by performing on-wafer TRL calibration with the
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tuners in their 50 Q2 positions to extract de-embedding blocks. Then the source tuner -
probe cascade scattering parameters are measured as a function of position by changing
the source tuner position with the load tuner in its 50 Q position and de-embedding the
probe - load tuner cascade which was characterized from the on-wafer TRL calibration. The

characterization of the probe - load tuner cascade as a function of position is analogous.

e Use a TRL calibration kit to measure the input fixture and output fixture. To perform this
step the tuners are tuned to their 50 2 positions and a TRL calibration is performed to
extract the de-embedding blocks following the probes. The scattering parameters of the
input and output fixtures are then measured by cascading them with the appropriate TRL

section and de-embedding accordingly.

The TRL algorithm which allows extraction of de-embedding blocks is found in [34] and has
been implemented in MATLAB® by the author. Given the calibration procedure, the required

set of on-wafer test circuits is the following:

e TRL Kit 1: input section - output section cascade

e TRL Kit 1: input section - line - output section cascade

e TRL Kit 1: input section reflect

e TRL Kit 1: output section reflect

e TRL Kit 2: input section - output section cascade

e TRL Kit 2: input section - line - output section cascade

e TRL Kit 2: input section reflect

e TRL Kit 2: output section reflect

e Input Fixture - TRL Kit 2 output section cascade

e TRL Kit 2 input section - output Fixture cascade
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2.6.2

Table 2.2: SiC Substrate Parameters

Dielectric Constant 9.7
Loss Tangent 0.001
Conductivity 2.05 x 107(2)
Height 100 pm
Thickness 6.77 pm
DC Current Handling 16 r:—lﬁ

e Input Fixture - DUT - output Fixture cascade

It is also important to design a well matched, low loss probe pad to allow good on-wafer
measurements. Since Cascade Microtech 150 um pitch GSG CPW probes are available, corre-
sponding probe pads were designed. The design of the probe pads and each of the test structures
is discussed in Section 2.6.3. Prior to discussing the designs, some relevant GaN on SiC design
parameters are highlighted and their impact on the test circuit design is presented in Section

2.6.2.

RELEVANT GAN oON S1C DESIGN PARAMETERS AND LIMITATIONS

TriQuint’s 0.25 pm GaN on SiC MMIC process is a 3-Metal-Interconnect (3MI) process [35].
Microstrip transmission lines have been used by the author where applicable. In order to minimize
the conduction losses of the microstrip lines, Type 7 lines are used which form the top conductor
of the microstrip lines from all three metal layers (M0, M1, and M2). The substrate parameters
which dictate the transmission line parameters of the Type 7 line are summarized in Table. 2.2.
Using the parameters in Table. 2.2 as inputs to TX-LINE®, the line width corresponding to a
50 € characteristic impedance at 10 GHz is 93.6 um. The DC current handling capability of this
line is then evaluated as approximately 1500 mA. For an amplifier having 5 W output power at a
40V drain bias, this line width could support an amplifier with down to 8.34% drain efficiency,
which should be more than adequate for performing load pull measurements. Further discussion

of DC current handling capability will be presented during discussion of the drain bias tee design.
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2.6.3

TEST STRUCTURES
PRrROBE PADS

It was necessary to develop RF probe pads to allow on-wafer measurements of the testing
structures using GSG CPW probes. Given the availability of 150 pm pitch GSG RF probes,
150 pm pitch probe pads were designed. The design goals were to minimize the parasitics of the
probe pad while providing a transition from the CPW probe to an on-wafer 50 €2 microstrip line.
The layout of the probe pad design is shown in Fig. 2.17.

The red squares in Fig. 2.17 depict the landing pads for the RF probe, where the passivation
layer has been removed. The ground pads are 75 um long x 100 um wide. The signal pad is
75 pm long x 75 pm wide. This is larger than the minimum pad size of 35 pm long x 25 ym wide
suggested by Cascade Microtech [36]. Although Cascade suggests using 100 um square pads, the
presented design achieves significant improvement in parasitics.

The ground landing pads are grounded using substrate vias as depicted in Fig. 2.17. The
signal landing pad tapers to a 502 line width of 93.6 um. The design was initially arrived at
using a linear simulator in Microwave Office® which modeled the CPW to microstrip transition.
The design was then verified using AXIEM®, which is a Method of Moments simulator offered
in the AWR Design Environment™. Fig. 2.18 depicts the scattering parameters of the probe

pad resultant from the AXIEM® simulation. The return loss is in excess of 35dB up to 36 GHz.

S ‘&
@ &)

Figure 2.17: Layout of the RF probe pad, with the central structure being the signal and the
remaining structures being ground. The pad is design for use with 150 pm pitch GSG probes.
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Figure 2.18: AXIEM® simulation of RF probe pad layout. Minimal parasitics are realized up to
36 GHz, which was chosen as the highest simulation frequency because if is the third harmonic of
the highest X-band frequency (12 GHz).

Given the excellent match, the insertion loss is set by the scattering parameter Ss; and is less
than 0.05dB up to 36 GHz. This design provides a low parasitic probe to microstrip transition
which will be useful not only for RF probing but for bonding to if the MMIC is used within a

hybrid circuit.

DEVICE SELECTION

The device selected for fabrication is shown in Fig. 2.19 and has a 70 um gate width with 10
gate fingers, corresponding to 700 um of gate periphery. This device was selected because it was
the largest available device in the design kit library and therefore the device which is capable of
delivering the most output power. The 0.25 um GaN 3MI process data sheet quotes 5-7 W/mm
for output power, therefore a rough estimate of output power for this device is 4.9 W [37]. This is
lower than the required 5 W, however this is just a rough estimate of the output power. Simulation
using the non-linear model provided by TriQuint indicated that more than 5 W output power
could be achieved with this device. The dimension of the microstrip line which would mate
seamlessly with the gate and drain manifold for this device is 300 pm. This is an important
dimension which will drive the input/output matching circuits as well as the TRL kit used for

characterization of the respective structures.
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Figure 2.19: Active device selected for load pull measurement. The gate is the top side, with the
drain being the bottom side. The circular structures are substrate vias. The device has a 70 ym
gate width with 10 gate fingers, corresponding to 700 um of gate periphery.

It is important to characterize the output capacitance of the device in order to allow termination
of harmonics at the virtual drain of the device [8]. The output capacitance of the device was
extracted using the method presented in [38]. This is done by measuring the small signal scattering
parameters at 10 MHz as a function of bias point and then converting these to small signal
admittance parameters Y. The gate-to-source, gate-to-drain, and drain-to-source capacitances
are then calculated using the following equations, where port-1 is the gate and port-2 is the

drain.

Im(Ylg)
=12 2.2
Cep 21 x 107 (228)
Im (Y5
Cps = 5 E( i?))7 —Cep (2.29)
Y11 + Yia|?

Cas (2.30)

T 27 x 107 x Im(Yq1 + Yi2)

The output capacitance Coyr of the transistor is then calculated using the following expression.
Cour = Cps + Capl|Cas (2.31)

Initially, the non-linear model from the design kit was used with the above procedure to
calculate Copyr but invalid results were arrived at (e.g. Coyr was negative). The linear model
was then used to calculate an output capacitance of 0.2478 pF. Given the author’s experience
with TriQuint’s discrete 0.25 um GalN on SiC devices, this is a reasonable result for the output

capacitance, corresponding to 0.354 pF per mm of gate periphery.
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Figure 2.20: 50 Q2 TRL kit. The line length is 1300 um and the reflect standards are open circuits.

TRL CALIBRATION KITS

Section 2.6.1 discussed the calibration technique selected by the author in order to calibrate
the load pull measurements. Given the selected technique, design of two TRL kits was required.
The first TRL kit has a 502 line that should allow calibration between 8 GHz and 36 GHz. This
provides coverage down to the lowest X-band frequency and the third harmonic of the highest
X-band frequency. The designed 502 TRL kit is shown in Fig. 2.20. The line phase resultant
from an AXIEM® simulation is shown in Fig. 2.21.

The second TRL kit requires a taper to a 300 um line given the width of the active device
which was discussed in Section 2.6.3. Due to the wider line width, a different line length than
the previous TRL kit is required. The designed TRL kit with a 300 um line width is shown in

Fig. 2.22. The line phase resultant from an AXIEM® simulation is shown in Fig. 2.23.
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Figure 2.21: 50Q TRL kit line phase simulated with AXIEM®. The phase is well within the
recommended range of 20° - 160° over the frequency range 8 GHz - 36 GHz [1].
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Figure 2.22: 300 pm line width TRL kit. The line length is 1200 pm and the reflect standards are

open circuits.
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Figure 2.23: 300 pm line width TRL kit line phase simulated with AXIEM®. The phase is well
within the recommended range of 30° - 150° over the frequency range 8 GHz - 36 GHz.
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Figure 2.24: Gate bias tee layout. The upper left is the RF input port (port-1), the upper right is
the RF+DC output port (port-2) and the lower open ended trace is the DC input port (port-3)

GATE Bias TEE

The gate bias tee design is significantly simpler than the drain bias tee design, however it still
presents its own design challenges. The insertion loss and isolation of the bias tee are paramount
in order to maximize the compressed gain of the amplifier, thus maximizing power added efficiency
and minimizing the waste of input drive power. For design simplicity, a bias tee matched to 502
on both RF ports is designed such that once the matching circuit is designed the bias tee can
simply be added to the circuit without transforming the match. The main reason the gate bias
tee design is simpler is DC current handling requirements. Minimal current is drawn into the
gate of the transistor, and in compression minimal current is sunk into the supply, therefore the
current handling capability of the bias tee is not substantial. From experience, it has been found
that maximum PAE is obtained when the current draw is less than 1 mA. Given the minimal
current draw, use of a spiral inductor as the RF choke presents no problem. Fig. 2.24 depicts the
gate bias tee design layout.

The design includes a blocking capacitor and a 102 low frequency stabilization resistor on
the DC line prior to the spiral inductor. The spiral inductor acts as a 90° transmission line at
10 GHz and is shunted to ground through a resonant capacitor to optimize RF-DC isolation.
The DC current handling capability of this design is limited by the stabilization resistor current

handling and the inductor’s under-bridge current handling which is based on its width. The
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Figure 2.25: Gate bias tee relevant scattering parameters.

resistor is designed to support up to 54 mA of current while the under-bridge line type can support
6.4 mA /pm line width. The line width of the under-bridge was designed as 15 um, therefore the
under-bridge can handle 96 mA of DC current. Therefore the stabilization resistor limits the DC
current handling capability of the gate bias tee to 54 mA. However, 54 mA is more than sufficient
for performing the necessary tests as discussed above.

Fig. 2.25 depicts the AXIEM® simulation of the gate bias tee scattering parameters. Port-1 is
the RF input port, port-2 is the RF+DC output port, and port-3 is the DC input port. The
match at port-1 and port-2 is excellent, exhibiting better than 24 dB return loss over the entire
8-12 GHz band. The isolation is better than 25 dB over the entire band. Given the excellent match
and isolation, the insertion loss is driven by So; and is less than 0.10 dB over the entire band.
While the performance of the bias tee is excellent, another very important parameter is size. The
size of the rectangle fully enclosing the bias tee is approximately 640 ym long by 500 ym wide.

This is relatively large, but as will be shown later is not a driving factor in the total MMIC size.

INPUT MATCHING CIRCUIT

Prior to designing the load pull input matching circuit, the nominal impedance to present to the
device must be defined. This was done by using the non-linear model provided by TriQuint and

measuring the fundamental frequency input impedance to the gate of the transistor while varying
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Figure 2.26: Constellation of optimal small-signal source pre-match fundamental impedances.
Given the constellation, a 52 pre-match is selected.

the fundamental frequency load presented to the drain in small-signal. For these measurements a
bias point of -3.5V on the gate and 40 V on the drain was used. The conjugate of these measured
impedances gives a good approximation of the impedance to present to the gate of the transistor.
Of course the source tuner will be used to modify this impedance, but it is preferable to pre-match
to a good location to maximize the validity of the calibration. Fig. 2.26 shows the constellation
of optimal input impedances to present to the gate at 10 GHz as a function of the termination
at the drain. Based upon the results, a 52 pre-match impedance at the fundamental frequency
is selected. The harmonic terminations at the input to the transistor will not be specifically
terminated, although that is an option for future work.

Fig. 2.27 shows the layout of the designed input matching circuit. The input match includes
the gate bias tee as discussed in the previous subsection and uses a linear taper and two shunt
capacitors to realize the impedance match. The impedance presented to the gate of the transistor
from 7-13 GHz is shown in Fig. 2.28 with the insertion loss being shown in Fig. 2.29. The circuit
provides an inductive match with near 52 real part which should allow source pull over the
8-12 GHz frequency band. The insertion loss of the match at 10 GHz is 0.63 dB which is large
but expected due to the dramatic impedance transformation (10:1). The size of the rectangle

fully enclosing the matching circuit is approximately 1400 um long by 700 pm wide.
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Figure 2.27: Input matching circuit with bias tee layout.
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Figure 2.28: Input matching circuit with bias tee input impedance. The blue trace is from the
linear simulator while the pink trace is from simulation using AXIEM®.
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Figure 2.29: Input matching circuit with bias tee insertion loss simulated with AXIEM®.

44



Source Pull Coverage

5/0hm Smith Chart

--5(1,1)
Source Pull Coverage Swp Min

10GHz

Figure 2.30: Source pull coverage at 10 GHz assuming tuner with maximum reflection coefficient
of 0.8.

Since this structure will be used to perform source pull, it is important to look at the
fundamental impedance tuning range when a tuner is used. Fig. 2.30 shows the range over
which the input impedance the gate of the transistor sees can be tuned at 10 GHz. A tuner
with maximum reflection coefficient magnitude of 0.8 has been assumed. It is expected that this

tuning range is sufficient to find the optimum source impedance.

DRAIN Bias TEE

Design of the drain bias tee proved more difficult than the design of the gate bias tee due to the
DC current handling requirements. Using a spiral inductor would have required a prohibitively
large bridge width. Therefore, a design was adopted which used a meandered transmission line to
effectively act as the RF choke inductor. Fig. 2.31 shows the layout of the drain bias tee. A coupled
line model was used to arrive at a design which yielded 90° of phase at the design frequency of
10 GHz. The design was then refined using the AXIEM®. The meandered transmission line is
then shorted to ground through a 10 GHz shunt resonant capacitor to cause the bias line to look
like an open circuit at RF at its connection point to the through line. The scattering parameters
of the structure are plotted in Fig. 2.32. The insertion loss at 10 GHz is approximately 0.18 dB,

with approximately 30dB of RF-DC isolation. The structure is large, taking up a footprint of
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Figure 2.31: Drain bias tee layout. The upper left is the RF+DC output port (port-1), the upper
right is the RF output port (port-2) and the lower open ended trace is the DC input port (port-3).
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Figure 2.32: Drain bias tee S-parameters.

approximately 1 mm?.

OuTPUT MATCHING CIRCUIT

The output matching circuit is shown if Fig. 2.33. It implements fixed class-F~! terminations at
the virtual drain using shunt capacitors for resonators. The size of the rectangle fully enclosing

the output matching circuit is approximately 2000 ym long by 1100 um wide. The fundamental
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Figure 2.33: Layout of output matching circuit. The far left connects to the transistor drain.
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Figure 2.34: Insertion loss of the output matching circuit.

impedance at the virtual drain is pre-matched to approximately 70 Q2 at 10 GHz, with an open
circuit at 20 GHz and a short circuit at 30 GHz. The insertion loss of the structure versus frequency
is shown in Fig. 2.34. Less than 0.7 dB insertion loss is achieved at 10 GHz.

As with the input fixture, the tuning range of the fundamental impedance is important.
Additionally, it is desired that the harmonic terminations are fixed, which given the topology of
the match should be the case. Fig. 2.35 shows the tuning range at the fundamental frequency of
10 GHz and its second and third harmonics. The terminations at the second and third harmonics

are relatively fixed, while the fundamental impedance may be tuned substantially.
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2.6.4
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Figure 2.35: Load pull coverage at 10 GHz and harmonics assuming tuner with maximum reflection
coefficient of 0.8.

MMIC MEASUREMENTS

The MMIC designs presented in the previous section were fabricated at the TriQuint foundry in
Richardson, TX. The foundry made the decision to split the circuits up into two separate 2 mm
x 4 mm MMICs, of which photos are shown in Fig. 2.36. The structures on the MMICs have

been labeled with the lettering corresponding to the list below.

e (A) TRL Kit 1: input section - output section cascade

e (B) TRL Kit 1: input section - line - output section cascade

e (C) TRL Kit 1: input section reflect

e (D) TRL Kit 1: output section reflect

(E) TRL Kit 2: input section - output section cascade

e (F) TRL Kit 2: input section - line - output section cascade

e (G) TRL Kit 2: input section reflect
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Figure 2.36: (a) MMIC 1 containing the majority of the TRL calibration kits and impedance
verification structures. (b) MMIC 2 containing the remainder of TRL calibration structures, a

device for measuring scattering parameters and the full cascade for load pull measurements. Each

MMIC is 2mm x 4 mm.
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e (H) TRL Kit 2: output section reflect

(I) Input Fixture - TRL Kit 2 output section cascade

e (J) TRL Kit 2 input section - output Fixture cascade

e (K) Input Fixture - DUT - output Fixture cascade

e (L) Foundry test structure (process requirement)

e (M) Device with TRL Kit 2 standards

The scattering parameters of the input and output pre-matching circuits were measured in
order for calibrated load pull measurements to be taken, as well as for impedance verification.
Fig. 2.37 shows the simulated and measured input pre-matching fixture impedance match
versus frequency. The measured impedance is slightly shifted in frequency from the simulation.
However, the impedance presented by the measured fixture is more than sufficient for load
pull measurements. The insertion loss of the measured fixture at 10 GHz was 0.60 dB, with the
simulated value being 0.62dB. For all intensive purposes, the measured and simulated input
pre-matching fixture behaved very much the same. Given the agreement in insertion loss and
presented impedance, it can be inferred that the RF-DC isolation of the structure is satisfactory.
It was also noted during testing that the termination on the DC port did not impact the measured
scattering parameters.

Fig. 2.38 shows the simulated and measured output pre-matching fixture impedance match
versus frequency. The measured impedance is slightly shifted in frequency from the simulation.
However, the impedance presented by the measured fixture is more than sufficient for load
pull measurements. The insertion loss of the measured fixture at 10 GHz was 0.47 dB, with the
simulated value being 0.63 dB. This is a welcomed improvement in insertion loss of the fixture.
The improvement in insertion loss is attributed to inaccurate modeling of the conductor loss in
the AXIEM® stackup, as both the input and output pre-matching fixtures measured as having

lower loss than the expected loss from simulation.
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Figure 2.37: Simulated versus measured input pre-matching fixture impedance match. The

measured results are slightly shifted in frequency relative to the simulation. The Smith Chart is
normalized to 5 €).
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Figure 2.38: Simulated versus measured output pre-matching fixture impedance match. The

measured results are slightly shifted in frequency relative to the simulation. The Smith Chart is
normalized to 50 €.
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Table 2.3: Output Impedance vs. Frequency

fo = 10GHz fo = 9.79GHz
Z(fo) =502-311.8Q | Z(fy) = 48.3-j1.1Q
Z(2f0) = 25.9 - j90.6Q | Z(2fo) = 291.8 - j1.09
Z(3fo) = 0.0 +3j0.9Q | Z(3fy) =0.0-j0.5Q

For the output pre-matching fixture, the harmonic terminations are also important. Table 2.3
lists the measured fundamental frequency and up to third harmonic terminations for the output
fixture at both 10 GHz and 9.79 GHz. It is evident that the phase of the second harmonic
termination at 20 GHz is significantly off from the design, however at harmonics of 9.79 GHz
the harmonic terminations are very good. Given the fidelity of the harmonic terminations at
9.79 GHz, this frequency was selected as the frequency at which load pull measurements would
be performed.

Initially, fundamental frequency source pull at 9.79 GHz was performed in small signal. For
these measurements, the DC drain voltage was set to 30 V and the quiescent drain current was
set to 40 mA. The load impedance was set to 50 Q2 for these measurements. The small signal gain
contours are shown in Fig. 2.39. The peak small signal gain of 15.1 dB occurred at 3.1 4 j16.3 (2.

Load pull was then performed with the same quiescent drain voltage and current, with the
input impedance set to 3.1 + j16.3€2. The PAE contours are shown in Fig. 2.40. A peak PAE
of 51.4 % occurred with a load impedance of 139.1 + j45.1 2, which isn’t particularly far from
the real axis, verifying the model of the output capacitance. It is evident that the PAE contours
are not closed, therefore the optimal impedance was not found. Unfortunately, the tuning range
was was limited to |I'| = 0.5 due to the loss of the matching circuit and probe-tuner cascade.
The load tuner is particularly lossy due to a second harmonic resonator carriage, which limits
how close the fundamental frequency carriage can be placed to the DUT. For comparison, the
tuning range of the load tuner - probe cascade is approximately |I'| = 0.65, while the tuning
range of the source tuner - probe cascade is approximately |T'| = 0.75, demonstrating the impact
which the harmonic resonator carriage has on the tuning range. The power contours are not

interesting to investigate due to the tuning range achieved. In this case, the power varied between
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Figure 2.39: Measured small signal gain contours with 30 V drain voltage and 40 mA quiescent
current. The Smith Chart is normalized to 5 ().

34.0dBm and 35.5 dBm over the range measured in Fig. 2.40, with the output power at the peak
PAE being 34.5dBm (2.8 W). Further testing at 35V improved the output power to 35.5dBm
(3.6 W) with an associated PAE of 49.6 %. No significant change in the optimal input and output
impedances was noted between 30V and 35V. Testing at 15V showed a shift in the optimal
output impedance, with no significant shift in the input impedance.

Given the tuning range of the output cascade was limited to |T'| = 0.5, the usefulness of
the measurements is limited. It is also evident that the output impedance yielding optimal
PAE is going to be high for a device of this size, and comparable to an achievable open circuit
harmonic termination. Therefore, for a future design it would be desirable to increase the device
size to improve the difference between the fundamental impedance and achievable open circuit
termination at the second harmonic, or to investigate a different class of amplifier with the same
device size. Most likely, this class should have a short circuit second harmonic termination given

the high fundamental impedance required for optimal PAE.
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Figure 2.40: Measured power added efficiency contours with 30V drain voltage and 40 mA
quiescent current. The Smith Chart is normalized to 50 2.

2.6.5 ACKNOWLEDGEMENTS

The author would like to acknowledge Dr. Charles Campbell of TriQuint for useful discussions

concerning the GaN on SiC process.

2.7 CONCLUSION

This chapter presented some of the basics of load pull based power amplifier design, including
some basic load-pull theory and measurement network design. A method for calibrating and
measuring a single slug mechanical tuner was presented and verified with a FOCUS Microwaves
tuner. The load pull method is necessary for high-efficiency PA design when good models are not
available, which is commonly the case, especially for new device technologies such as GaN used

in this thesis. The specific contributions described in this chapter are:

e Application of the basic load pull theory to the design of a high-efficiency 2.14 GHz cell-phone

band PA.
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e The resulting design was implemented in a hybrid circuit with a TriQuint 12 W GaN die.
This PA was measured independently by Agilent at the 2010 IEEE International Microwave
Symposium, resulting in 82.6 % PAE with 38.2dBm output power and 18 dB large signal
gain. This PA won second place at the 2010 IMS PA Student Competition and is also

reported in [9].

e The load-pull design method was scaled to 10 GHz in a GaN MMIC test structure with
implicit harmonic terminations on-chip. The TriQuint 0.25 yum GaN process was used and
resulted in an efficiency of 50 % at 10 GHz with 3.5 W of output power in a test MMIC.
The measured results from this test circuit serve as input characterization information for
the next iteration of a high-efficiency 10 GHz PA design, with estimated potential PAE of

70 %.
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3.

1

INTRODUCTION

Power amplifier (PA) efficiency is traditionally controlled by the current conduction angle of
the transistor, which results in sinusoidal voltage and clipped sinusoidal current time-domain
waveforms at the virtual drain (collector) [6]. In the frequency domain, the clipped sinusoidal
current waveforms correspond to generation of harmonic current components by the transistor.
Given that the voltage waveform is a pure sinusoid, no harmonic voltage components are produced,
requiring that harmonic shorts are presented to the transistor at the virtual drain. Other classes
of PAs, such as class-F and class-F~!, present specific harmonic impedances at the virtual drain,
using either harmonic voltage or current components to shape the drain waveforms, therefore
improving efficiency. Non-linearities inherent to the transistor such as knee voltage, etc. are
viable methods of producing harmonic voltage components [5]. At higher microwave frequencies,
parasitics inherent to the transistor, as well as its package can limit the ability to present specific
harmonic impedances.

Investigation of PAs via Fourier analysis was published as early as 1932 [39]. In [40], Raab
analyzed efficiency and output power capability of an ideal PA having a finite number of reactive
harmonic terminations. This method maximized PA efficiency through optimization of the drain
voltage and current waveform Fourier coefficients and fundamental frequency reactance, under
the restriction of a finite set of harmonic terminations. In [41], an analytical treatment of ideal
class-F amplifiers subject to finite harmonic terminations was presented, in which purely reactive
harmonic terminations were also assumed. Using a technique similar to [40], a set of PA classes
with class-B efficiency has been treated [42]. In [43], an analytical solution to finite harmonic
class-C PA maximum efficiency was derived, which is equally applicable to analysis of a finite
harmonic class-C~! PA. Cripps recently discussed the waveform analysis of a second-harmonic

only PA in [44].
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To the best of the authors’ knowledge, a general analysis with arbitrary sets of resistive and
reactive harmonic terminations has not been presented to date. However, in practice harmonic
terminations are complex due to resistive loss of the PA output network. Therefore, it is of interest
to understand the impact of arbitrary impedances at harmonic frequencies on PA efficiency,
output power, and load impedance. This chapter generalizes the classical method of [40] in order

to investigate several issues of practical interest:

(1) Fidelity of harmonic terminations required to achieve a specified efficiency.

(2) Impact of resistive, reactive and complex harmonic terminations on maximum PA efficiency

and corresponding fundamental output power and load resistance.

(3) Impact of fundamental frequency reactance on maximum PA efficiency and corresponding

fundamental output power and load resistance.

In Section 3.2, a generalized theoretical analysis of PA efficiency, output power, and load
impedance is presented. Section 3.3 presents the optimization procedure by which the optimal
waveforms for a given set of finite harmonic terminations are evaluated. Sections 3.4 and 3.5 detail
the results for PAs having up to third harmonic voltage and current components for real and
complex fundamental load impedances, respectively. Section 3.6 presents a practical application
of the theoretical analysis for a 2.14 GHz PA with a constant device output capacitance assumed.
Section 3.7 discusses an alternate set of normalization conditions which can be applied to the
analysis presented in Section 3.2. Section 3.8 contains an example of harmonic load pull data

using a practical 50 W GaN HEMT demonstrating trends predicted by the theory.
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3.2
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Figure 3.1: Circuit diagram of ideal common source FET-based PA. The DC Block (Cp) and RF
Choke (RFC) are assumed to be ideal, therefore Z;, is equivalent to the impedance Zp presented
to the virtual drain at the fundamental and harmonic frequencies.

HARMONICALLY TERMINATED PA ANALYSIS APPROACH

Fig. 3.1 depicts an ideal PA, which will be described in terms of a Field Effect Transistor (FET)

without loss of generality, and with the following assumptions:

e The device has zero on-state resistance, R,,. While non-zero R,,, may be considered, the
intention of the following analysis is to investigate the performance ceiling rather than the

performance as a function of R,,.

e The drain is biased through an ideal RF Choke (RFC).

e The load Zy, is DC isolated from the supply by an ideal blocking capacitor C that acts as

a short circuit at the operating frequency fo and corresponding harmonics.

e A sinusoidal voltage at fj is applied to the gate. Harmonics are present only at the output
of the transistor, and they are assumed to be generated by the various non-linearities of

the transistor, which include non-linear capacitances such as gate-to-source capacitance.

e The DC drain voltage Vpp and DC drain current Ipp are strictly greater than or equal to

Zero.

e The drain current and voltage waveforms have fixed maximum values I,,4, and Vy,qz,

regardless of harmonic content. This allows a fair comparison of output power and funda-
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mental load impedance for amplifiers having different harmonic terminations. Alternate

parameters may be fixed as discussed in the Appendix.

The time-harmonic drain voltage vp(6) and current ip () waveforms of an ideal PA limited

to m harmonics can be represented by Fourier series as

vp(0) =Vpp + Y [y cos(nd) — by sin(nd)] (V) (3.1)
in(0) =Ipp+ Y _[aincos(nf) — b, sin(nd)] (A) (3.2)

where 6 = 27 fot is angular time [7]. In principle, m may extend to oo, but practically is finite due
to the device gain roll-off in frequency and in the case of this chapter up to m = 3 is analyzed.
The minimum values of the drain waveforms defined in (3.1) and (3.2) are required to be greater
than or equal to zero, where the case when the waveforms have minima of zero corresponds
to (3.17) being maximized. This corresponds to the DC power being minimized for the given
fundamental output power. Under this restriction, the ideal PA with no harmonic voltage or
current components corresponds to a class-A PA with full 360° conduction angle, as expected. By

inspection of Fig. 3.1, the load network voltage v, (#) and current iy, (f) waveforms are given by

S
=

I
hE

[@yn cos(n) — by, sin(nd)] (V) (3.3)
ir(0)=— Z[ai’” cos(nf) — b; , sin(nd)] (A) (3.4)

Due to the definitions of the load voltage in (3.3) and current waveforms in (3.4), the voltage

and current fundamental frequency and harmonics components are expressed as
Vi(nfo) = ayn + jbon (V) (3.5)

IL (nfo) = —aim — ]b%" (A) (36)
The load impedance at frequency n fy is given by

o VL(nfO) _ _av,n +jbv,n
Zunfo) = I(nfo)  @in+3jbin @) (37)
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The time average power delivered to the load at frequency n fy is given by

Re{VL(nfo) I} (nfo)}
2

Ay nlin + bv,nbi,n
= —fentin d (W)

Pr(nfo) =
(3.8)

where * denotes the complex conjugate operator. For analysis of an ideal PA, it is convenient to

define the fundamental frequency drain voltage Fourier coefficient a, ; as

ay1 =0 (V) (3.9)

Any other choice of a,,; would simply shift the phase of the fundamental component of the drain
voltage waveform with respect to the higher order components, therefore requiring the same
phase shift to higher order components to restore waveform alignment. Consequently, the time

average power delivered to the load at the fundamental frequency simplifies to

by, 1bi1

Pr(fo) = — 5

(W) (3.10)

In order to perform a generalized analysis of an ideal PA, it is convenient to normalize the drain
and load waveforms by the maximum drain voltage V4., which can be withstood without device

breakdown, and the maximum drain current I,,,, the device can support, such that

() = —=—op(6) (V) (3.11)
ip(f) = ﬁlilax ip(0) (A) (3.12)
o1.(0) = avim v (0) (V) (3.13)
w(0) = 7 —n(0) (A (3.14)
where a and (8 are scaling factors defined as
1 -1
o= o (@] (V™) (3.15)
8= ooy A7 (310

The maximum values of the drain voltage and current waveforms are fixed at Vi,q, and Inaz,

respectively, regardless of the harmonic content and are easily scaled. PA efficiency is expressed
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as

Pr(fo) _ Pu(fo)

B VDDIDD N VDDjDD

(3.17)

where PL( fo)s Vpp and Ipp are the fundamental power, DC drain voltage, and DC drain current,
respectively, calculated via optimization of the normalized equations (3.11) - (3.14). (3.17) refers to
drain efficiency, or an upper bound to power added efficiency. (3.17) shows that PA efficiency can
be maximized using the normalized equations. Once efficiency optimization using the normalized
equations is performed, the corresponding fundamental output power and fundamental load
impedance are calculated. Let the normalized fundamental frequency voltage Fourier coefficient

and normalized fundamental frequency load impedance be defined as
bop =—V2 (V) (3.18)

zr(fo) = 1+ jrr(fo) (Q) (3.19)

where the normalized fundamental load resistance rr,(fo) is unity and z1,(fo) is the normalized
fundamental load reactance. Defining l_)ml and zp,(fo) in this manner results in 1 W normalized
output power when x,(fo) = 0. The freedom to choose convenient definitions of these quantities is
due to the normalized equations given in (3.11) - (3.14). Alternate definitions would simply result
in different values for the normalized quantities Vpp, Ipp, max[vp(6)] and max[ip(0)] without
impacting the efficiency, fundamental output power, and fundamental load impedance. Given the
definitions of (3.18) and (3.19), the normalized fundamental frequency Fourier coefficients of the

drain current are derived as

_ V2x1(fo)

i1 = W (A) (3.20)
big = x%(;{;l (A) (3.21)

Substituting (3.18) and (3.21) into (3.10) yields an expression for the normalized fundamental

frequency average power, given by

Pr(fo) = w775 (W) (3.22)
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The fundamental frequency average power is then expressed as

PL(fO) = aﬂvmazImamPL(fO) (W) (323)

which through substitution of (3.15) and (4.54) simplifies the fundamental frequency average

power to

VmaxImamPL (fO)
max[vp (0)] max[ip(6))]

Pr(fo) = (W) (3.24)

In order to compare PA’s having different sets of arbitrary harmonic terminations with constant
Vinaz and 4., the output power is normalized by the output power of a class-A amplifier, which
is given by

VmawImaw
Py = marTmar () (3.25)

Dividing (3.24) by (3.25) produces an expression for fundamental output power normalized to

class-A output power given by

8P (fo)
= _ 3.26
Pralfo) = o @) maxlin(@)] (3.26)
The fundamental frequency resistance is expressed as
oaViaz . oVimax
- ar q = 0 2
Ru(fo) = Re { G722 1+ jan (o) | = 72 (@) (3.27)

which by substitution of (3.15) and (4.54) becomes

max[ip (0)]Vinas

Rp(fo) = X0 (0) o Q) (3.28)

To compare the impact of harmonic terminations on the fundamental frequency resistance, it is

useful to normalize by the class-A load line resistance given by

Ry = Vinae () (3.29)

Imaaz

Dividing (3.28) by (3.29) produces an expression for fundamental load resistance normalized to

the class-A load line resistance given by

max|[ip(6)]
max|vp(0)]

rra(fo) = (3.30)
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3.3

Similarly, the fundamental load reactance normalized to the class-A load line resistance is given

by
max[ip(6)]

zra(fo) = rr,(fo) (3.31)

max[vp ()]
Additional parameters of interest include the drain waveform peaking factors dy and é; as

discussed in [45]. These factors relate the peak values of the drain waveforms to their respective

DC components, and are defined as

~ max[vp(0)]
oy = 7‘7DD (3.32)
and
Sy = ma}E[ED(G)} (3.33)
Ipp

These parameters give insight into the waveform peaking characteristics of different amplifier
classes, allowing the designer to scale DC supply values in order to operate within the peak

voltage and current limitations of the amplifying device. Note that §y, = d; = 2 corresponds to a

class-A PA.

EFFICIENCY OPTIMIZATION PROCEDURE

In general, maximization of efficiency given a finite set of harmonic terminations must be
performed numerically via a global optimization procedure, although special cases exist in which
explicit expressions have been obtained [45]-[46]. A general procedure for numerical maximization

of efficiency given a finite set of harmonic terminations is as follows:

e Define a finite set of m normalized harmonic load impedances z1,(2fy), 2.(3/0), - .-, 2. (M fo)

where voltage and current harmonics greater than m are not generated by the active device.

e Apply a global optimization algorithm to maximize the efficiency by optimizing the normal-
ized fundamental frequency reactance xr(fo) and the normalized drain waveform Fourier
coefficients given the set of normalized harmonic load impedances. Either the current or
voltage coefficients may be optimized as convenient, given the remaining coeflicients are

explicitly defined by the harmonic impedances.
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e Once efficiency optimization is complete, use (3.26) to calculate the fundamental frequency
output power normalized to class-A output power. Use (3.30) and (3.31) to calculate the
fundamental frequency resistance and reactance, respectively, normalized to the class-A

load line resistance.

The implementation of the general efficiency maximization procedure is performed with the
MATLAB® optimization toolbox using the fminsearch function, which implements the direct
search Nelder-Mead simplex method described in [47]. The method does not require a gradient
of the function being minimized, and it is well suited for problems that exhibit discontinuities.
Because the fminsearch function may result in a local solution, multiple sets of drain waveform
Fourier coefficients and x 1, (fo) initial conditions are used to ensure the global maximum efficiency
is found. Given that fminsearch is a minimization function, the cost function is defined as negative
efficiency (—7) in order to solve for maximum efficiency. Solved efficiency, Fourier coefficients,
and xr(fo) results for specific sets of harmonic impedances were in agreement with those found
using alternate optimization methods, e.g. genetic and simulated annealing [48], [49].

The detailed efliciency optimization process which is applied given a finite set of normalized

harmonic load impedance constraints is as follows:

e Define the configuration parameters of the fminsearch function. These include the termina-
tion tolerances of the optimizer, the maximum number of cost function evaluations and the

maximum number of optimizer iterations.

e Initialize the fundamental frequency reactance and the normalized harmonic drain waveform

Fourier coefficients.

e Call the fminsearch function using the configuration parameters, —n cost function, nor-
malized harmonic load impedances, fundamental frequency reactance initial condition
and normalized harmonic drain waveform Fourier coefficients as inputs. As mentioned
above, multiple sets of initial conditions are used to ensure the global optimum is found by

fminsearch.
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3.3.

1

The cost function evaluates —n using values of fundamental frequency reactance and harmonic
drain waveform Fourier coeflicients pass to it by the fminsearch function along with the normalized

harmonic load impedance constraints and is implemented as follows:

e Evaluate the normalized fundamental frequency drain current waveform Fourier coefficients

using (3.20) and (3.21).
e Evaluate the normalized fundamental frequency average power using (3.22).

e Evaluate the global minima of the normalized drain current and voltage waveforms in the
absence of their DC terms in order to find the values of Vpp and Ipp which are added to

the normalized waveforms such that their minima is zero.
e Evaluate —n using the calculated values of Py, (fo), Vpp and Ipp.

The evaluation of the global minima of the normalized drain current and voltage waveforms
presents and interesting problem, especially as the number of finite harmonics assumed in the
analysis increases. While discrete evaluation of the waveforms may be used to approximately find
their minima, this would require increasingly fine evaluation steps as the number of harmonics
increases in order to ensure that the global minimum is found. A straightforward procedure for
evaluating the global minimum without requiring discrete evaluations of the drain waveforms is

presented in the following subsection.

EVALUATING THE GLOBAL MINIMUM OF A FuncTION FROM ITS

FOURIER SERIES REPRESENTATION

Many engineering and optimization problems require evaluation of the global minimum or global
maximum of a function. It is often the case that the function is of a single variable. For example,
a periodic voltage or current waveform may be expressed as a single variable function, where time
is the variable. A straightforward manner in which to find the critical points of any single variable
function is to differentiate the function and solve for the points at which the first derivative is

equal to zero. Unfortunately, as the Fourier series representation requires terms of increasing
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order to accurately represent the periodic function, this method presents significant difficulty.
As an example, a waveform having a Fourier series representation of order m will have a first
derivative with terms up to order m. A general analytical solution to the zeroes of the first
derivative do not exist in this case, therefore numerical techniques must be used to find the
zeroes. However, directly applying numerical techniques to the Fourier series can be problematic,
due to the large number of critical points which must be found when the order m is high.

The Weierstrass substitution is particularly applicable to the problem of finding the critical
points of function given it’s Fourier series representation [50]. This substitution allows expression
of the sine and cosine terms of the Fourier series as polynomials in an auxiliary variable, which
ultimately allows the evaluation of the waveform critical points to simplify to the problem of
finding the zeroes of a polynomial. The following sections present the method and provide an

example application of the method.
METHOD
Consider the problem of evaluating the critical points of a real valued function with a Fourier

series representation given by

m

flx)=C+ Z[an cos(nz) — by, sin(nz)] (3.34)

n=1

The standard procedure for evaluating the critical points is to differentiate (3.34) w.r.t = and

set it equal to zero, yielding

Z nlan sin(nx) + by, cos(nz)] =0 (3.35)

Solving (3.35) in its present form is rather cumbersome in the general case. However, consider

using the Weierstrass substitution. This substitution defines an auxiliary variable ¢ as

t = tan (g) (3.36)
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It can be shown that sinx and cosx can be expressed as ratios of polynomials, given by

1—¢?
COST =175 (3.37)
2t

Additionally, sin(nz) and cos(nz) may be expressed as ratios of polynomials as well using

the generalized multiple angle formulas given by

- 1
cosnx = Z (:) cos® z sin" %z cos (2(71 - k)ﬂ') (3.39)

k=0

- 1
sinnz = Z (Z) cost x sin" ¥ z sin (2(71 - k)w) (3.40)

k=0

Using (3.37) - (3.40), (3.35) can be expressed as a polynomial in ¢, for which robust root
finding techniques exist, such as Laguerre’s method [51]. Once the roots t,., are found, the

reverse substitution is performed to determined the critical points in terms of x, given by
Teritical = 2 tan_l troot (341)

The values of the original function at the critical points may now be directly evaluated using
(3.34) with the global minimum and global maximum being easily obtained. The polynomial
will have 2m roots, therefore requiring up to 2m evaluations of (3.34) in order to find the global
minimum and maximum. Fortunately, the complex roots are eliminated due to (3.41). If a
root exists at t,.o0¢ = 0, then it is necessary to ensure that both z iticer = 0 and xeriticar = 7
are evaluated due to the periodicity of the tangent function. It is important to note that the
coefficients of the polynomial in ¢ have closed-form expressions for any arbitrary Fourier series of
order m. Therefore, the accuracy of the solved critical points depends on the numerical accuracy

of the zero finding technique alone.

EXAMPLE

Consider an example where a waveform contains only up to second harmonic terms and is

represented as
2

fl)y=C+ Z[an cos(nx) — by, sin(nz)] (3.42)

n=1
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Table 3.1: Polynomial Coeflicients for Waveform Containing up to Second Harmonic Terms

Term | Coefficient
tt 2by — by
t3 20,1 - 8(12
12 —12b,
t 2a1 + 8as
0 b1 + 2by

Using the method in the previous section, the coefficients of the polynomial in ¢ which allows
evaluation of the critical points are evaluated and listed in Table 3.1. Using the expressions
for the polynomial coefficients in Table 3.1, the critical points of any waveform which can be
represented by a Fourier series limited to order m = 2 can be determined. For example, consider
a waveform represented by the Fourier coefficients given in Table 3.2. Table 3.3 lists the resultant
roots of the polynomial and associated critical points of waveform rounded to the fourth decimal
place. The critical points normalized to the waveform period are also listed in Table 3.3. Fig. 3.2
shows a single period of the resultant waveform, as well as the critical points calculated using the
presented algorithm. Fig. 3.3 shows an example of the evaluated critical points for a waveform
with the Fourier series limited to order m = 10 to demonstrate the ability of the presented
method. It is evident that each critical point is precisely evaluated by the presented method,
allowing for direct evaluation of the global minimum or maximum of the waveform by simply
finding either the minimum or maximum of the waveform evaluated at the critical points. For
these examples, the roots of the polynomial were determined using the MATLAB® function
roots(), which evaluates the eigenvalues of the companion matrix formed from the polynomial

coefficients.

Table 3.2: Example Fourier Coefficients

Term | Value
C 1
ay 0.3
b1 —0.6
as 0.1
ba 0.5
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Table 3.3: Example Roots and Critical Points

. Leritical
troot Leritical

21
-1.9706 4.0808 | 0.6495
+1.8539 | 2.1523 | 0.3425
+0.4090 | 0.7765 | 0.1236
-0.1673 | 5.9516 | 0.9472

‘ —— Waveform
O Evaluated Critical Point

1.5

1,

=

0.5}

0,
_05 i i i i

0 0.2 0.4 0.6 0.8 1

Waveform Period

Figure 3.2: Second-order critical point evaluation example.

40 w
—— Waveform

O Evaluated Critical Point

f(x)

_20 L i i i
0 0.2 0.4 0.6 0.8 1

Waveform Period

Figure 3.3: Tenth-order critical point evaluation example.
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3.4

3.4.1

REAL FUNDAMENTAL LOAD IMPEDANCE

In this section, the method is applied to optimizing a PA with real valued fundamental load
impedance with arbitrary complex harmonic terminations. The parameters of interest are efficiency,
fundamental output power, and fundamental load resistance. In particular, their sensitivity to

harmonic terminations is investigated.

SEcoND-HARMONIC ONLY PA

The real fundamental load impedance represents the PA configuration that will deliver maximum
power given fixed values of peak voltage and current. From (3.22), the normalized power PL( fo)
remains constant at 1 W, independent of harmonic termination(s). Efficiency optimization is
performed for second harmonic terminations spaced uniformly over the Smith Chart. For each har-

monic termination, either the drain voltage coefficients (a, 2, by 2) or the drain current coefficients
(@i2,bi2) are selected for optimization. In the case where 27 (2fy) = 0, the voltage coefficients
cannot be optimized because they are necessarily zero. Therefore the current coefficients must
be optimized instead. Similarly, when zr,(2fy) = oo the current coefficients cannot be optimized
because they are necessarily zero.

Fig. 3.4(a) shows efficiency contours as a function of second harmonic impedance. Maximum
efficiency of 70.71% occurs under conditions of an ideal short or open circuit in agreement with
[43], with degraded efficiency elsewhere. The ideal short circuit case corresponds to a second
harmonic class-C PA, while the ideal open circuit case corresponds to a second harmonic class-C~!
PA.

A subset of the data shown in Fig. 3.4(a) is plotted in Fig. 3.4(b), which shows efficiency as a
function of T'r,(2fp) when |T'1(2fp)] = 1, and when I',(2fy) is purely real. For a purely reactive
second harmonic termination (i.e. |I'(2fy)| = 1), 70% efficiency is achieved within +22.5° of a
short and open circuit. For a purely real second harmonic termination (i.e. ZT'1(2fy) = 0°,180°),

70% efficiency is achieved when |T'f(2fp)| > 0.944.

In practice, this analysis gives insight to the PA designer concerning how closely the fabricated
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second harmonic termination must be to an ideal short or open circuit to achieve a desired

Ry (fo)
34.7

efficiency. For example, must be achieved for an approximate short circuit and 34.7Rp(fo)
for an approximate open circuit given an ideal termination phase to achieve 70% efficiency, which
is rather restrictive. A more reasonable goal would be to achieve |T'1,(2fy)| > 0.8 which would
result in greater than 68% efficiency. This corresponds to w for an approximate short circuit
and 9R (fo) for an approximate open circuit, which is a more practical.

Fig. 3.5(a) shows contours of fundamental frequency output power, normalized to class-A.
Fig. 3.5(b) shows pra(fo) from (3.26) as a function of I',(2fp) when |T'(2fp)] = 1, and when
T'r(2fy) is purely real. An output power of 0.971 Py is realized under conditions of maximum
efficiency. A minimum output power of 0.879P4 occurs when zy(2fy) = +j, corresponding to
a 0.56 dB reduction relative to class-A output power. It is evident that output power may not
be improved over class-A output power with only a second harmonic termination when peak
current and voltage are held fixed.

Fig. 3.6(a) shows contours of fundamental frequency load resistance, normalized to the class-A
load line. Fig. 3.6(b) shows rpa(fo) as a function of T',(2fy) when |T'1(2fo)| = 1, and when
T'1(2fy) is purely real. The load resistance exhibits a discontinuity about the imaginary axis.
The load resistance under conditions of maximum efficiency is 1.03R4 when zr,(2fy) = 0 and
0.97TR4 = 1.037* R4 when z1,(2f) = oo. This is due to the swapping of normalized current and
voltage waveforms when the normalized load is changed from 0 to co, which effectively inverts
(3.30). For example, when z7,(2fy) = oo, the peak voltage is increased over the class-A case, while
the peak current stays the same, implying the load resistance must decrease to maintain constant
Vinaz and Ip,q.. In general, if the load resistance for one half of the Smith Chart (e.g. the left
half) is calculated, the load resistance for the other half can be directly calculated by inverting
the data, resulting in a discontinuity about the imaginary axis. In other words, the solutions
from the left half of the Smith Chart correspond to current peaking drain waveforms, while the
right half solutions correspond to voltage peaking.

Investigation of the waveform peaking factors defined in (3.32)-(3.33) provide insight into the
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Figure 3.4: (a) Ideal second harmonic PA efficiency contours vs. z1,(2fp). The minimum efficiency
of 53.76% occurs when z1,(2fo) = 1. The maximum efficiency of 70.71% occurs when z1,(2fy) = 0
or z1,(2fp) = oo. (b) Ideal second harmonic PA efficiency for purely resistive and purely reactive
21.(2fo). The fundamental frequency impedance zr(fy) is purely real.
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Figure 3.5: (a) Ideal second harmonic PA normalized power pr, 4 (fo) contours vs. z1,(2fo). (b) Ideal

second harmonic PA pra(fo) for purely resistive and purely reactive zr(2fy). The fundamental
frequency impedance zy,(fy) is purely real.
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Figure 3.6: (a) Ideal second harmonic PA normalized load resistance rp 4 (fo) contours vs. zr,(2fp).
(b) Ideal second harmonic PA rp4(fo) for purely resistive and purely reactive zr,(2fp). The

fundamental frequency impedance zy,(fo) is purely real.
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(b)

Figure 3.7: (a) Ideal second harmonic PA voltage peaking factor contours vs. zr(2fy). The
maximum voltage peaking factor of 2.9142 occurs when zr,(2fy) = oo. (b) Ideal second harmonic
PA current peaking factor contours vs. z1,(2fp). The maximum current peaking factor of 2.9142
occurs when z1,(2fy) = 0.
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Figure 3.8: Ideal second harmonic PA peaking factors for purely resistive zy,(2fo). The fundamental
frequency impedance zp,(fo) is purely real. (b) Ideal second harmonic PA rp4(fo) for purely
reactive zy,(2fy). The fundamental frequency impedance zy,(fo) is purely real.
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3.4.2

structure of the optimal waveforms as a function of the second harmonic termination. Fig. 3.7
shows the peaking factor contours as a function of the second harmonic termination. It is evident
that the peaking factors exhibit a discontinuity about the imaginary axis, as was the case with
the resistance contours. Investigation of the peaking factors indeed shows that the transition
from left to right across the imaginary axis shows the optimal efficiency PA transitions from
a current peaking amplifier to a voltage peaking amplifier. At the discontinuity, there are two
amplifier configurations yielding optimal efficiency; one corresponding to a current peaking PA
and one corresponding to a voltage peaking PA. Fig. 3.8 shows the peaking factors as a function
of T(2f9) when |T'1(2fy)] = 1, and when T'z(2fy) is purely real. Note that for a fixed |T'1,(2fo)],
the voltage peaking factor remains constant on the left side of the imaginary axis, while the

current peaking factor remains constant on the right side of the imaginary axis.

SEcoND & THIRD HArRMONIC PA

As demonstrated, second harmonic short and open circuits are optimal terminations from the
standpoint of PA efficiency, which is in agreement with [40]. Efficiency is next re-optimized for an
added third harmonic under conditions of an ideal second harmonic termination. When zr,(2fo)
= 0, a peak efficiency of 81.65% is realized when z1,(3fp) = oo as shown in Fig. 3.9(a). This set
of harmonic terminations corresponds to a second & third harmonic class-F amplifier. Under
the short circuit condition zr,(2fy) = 21.(3f9) = 0, an efficiency of 80.90% is simulated, which
is in agreement with analysis of a finite harmonic class-C amplifier [43]. Fig. 3.9(b) shows the
corresponding contours of output power normalized to class-A output power. The class-F output
power is improved by 0.5dB relative to class-A output power, while class-C output power is
reduced 0.69 dB relative to class-A output power. Fig. 3.9(c¢) shows the corresponding contours
of fundamental load resistance normalized to class-A load resistance. The class-F and class-C
load resistance are 1.19R 4 and 1.17R 4, respectively.

Alternatively, efficiency optimization can be performed under the condition that zy(2fy)

= oo. In this case, the resultant efficiency and power contours may be obtained by rotating
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Table 3.4: Harmonically Terminated Amplifier Parameters

Class n pra(fo) rra(fo)
Class-F (2fo & 3fo) 81.65%  1.121 1.19
Class-F~! (2fy & 3fy) 81.65% 1.121 0.84

Class-C (2f,) 70.71% 0971 1.03
Class-C (2fo & 3fo)  80.90% 0853 117
Class-C~1 (2fo) 70.71%  0.971 0.97

Class-C! (2fy & 3fy) 80.90%  0.853 0.86

Fig. 3.9(a) and Fig. 3.9(b) 180° about the imaginary axis. The resultant resistance contours are
obtained by inverting the contour values shown in Fig. 3.9(c) and rotating them 180° about
the imaginary axis. The transformed contours may be used to extract the efficiency, output
power, and load resistance of second and third harmonic class-F~! and class-C~! amplifiers. The
efficiencies and output powers of the inverted amplifier classes are equivalent to those quoted
for the non-inverted classes, while the load resistance is found to be the reciprocal of that for

I and class-C™!

the non-inverted class. Consequently, the second and third harmonic class-F~
amplifiers require a smaller load resistance than their class-F and class-C counterparts to produce
equivalent output power with maximum efficiency under conditions of fixed peak voltage and
current. Table 3.4 summarizes the efficiency, fundamental output power and fundamental load
resistance for second-harmonic only and second & third harmonic Class-F, Class-C, class-F~!
and class-C~! amplifiers.

In practice, it is important to understand the sensitivity of PA efficiency to the phase and
magnitude of the third harmonic termination under the condition of an ideal second harmonic
termination. Fig. 3.10 shows PA efficiency as a function of ZT'1(3fp) for the analyzed second
and third harmonic cases when |I'r(3fo)] = 1. The maximum and minimum efficiency when
ITL(3f0)] = 1 are 81.65% and 76.30%, respectively, demonstrating the importance of terminating
the third harmonic in an appropriate angle. Greater than 81% efficiency is achieved within
+30.0° of a third harmonic short when z(2fy) = oo or a third harmonic open when z(2fy)
= 0. For the case of a purely resistive z(3fp), greater than 81% efficiency is achieved when
T'r(3f0) > 40.9 for z1,(2fy) = 0 and T'1(3fy) < —0.9 for 21,(2fy) = oo, as shown in Fig. 3.11.

Based upon the simulated results, it is concluded that PA efficiency is less sensitive to both
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(c)

Figure 3.9: (a) Ideal PA efficiency contours vs. z1(3fy), 2.(2fo) = 0. The maximum efficiency of
81.65% occurs when z1(3fy) = co. Note how terminating z,(3fy) of the third harmonic PA in
any impedance improves PA efficiency over tk§osecond harmonic only PA. (b) Ideal second &
third harmonic PA normalized power pr4(fo) contours vs. z1,(3fo), zr(2fo) = 0. (c) Ideal second
& third harmonic PA normalized load resistance r14(fo) contours vs. z1,(3fo), zr.(2fo) = 0. The
fundamental frequency impedance zr,(fp) is purely real.
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Figure 3.10: Ideal PA efficiency with fixed second harmonic versus ZT'1(3fg), |[Tz(3f0)| = 1.
Greater than 81% efficiency is achieved within +30.0° of the ideal termination. The fundamental
frequency impedance zy,(fq) is purely real.
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Figure 3.11: Ideal PA efficiency with fixed second harmonic versus I'z,(3fp) when I'r(3fy) is
purely real. Greater than 81% efficiency is achieved when I',(3fy) > 40.9 for z1,(2fy) = 0 and
T'r(3fo) < —0.9 for z1,(2fp) = co. The minimum efficiency of 71.52% occurs when zy,(3fy) ~
z1,(fo). The fundamental frequency impedance zy,(fo) is purely real.

I (3f0)] and £T'1(3fo) than |T'1(2fp)| and £T'1(2fp). This is a fortunate result, given that

harmonic terminations become increasingly sensitive and difficult to realize as frequency increases.
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3.5

COMPLEX FUNDAMENTAL LOAD IMPEDANCE

This section investigates optimization of the normalized fundamental frequency reactance x,(fo)
in order to maximize PA efficiency. Further optimization of PA efficiency is done at the expense
of normalized output power, given (3.22). The efficiency of an ideal PA restricted to only second
harmonic content is again analyzed. Unlike the analysis in the previous section, the normalized
fundamental load power Py, (fo) will not remain constant at 1 W for all second harmonic impedances.
Efficiency optimization is performed as described in the previous section. However, in this case,
2 (fo) is an additional optimization parameter, resulting in three optimization parameters for a
second-harmonic only PA.

Fig. 3.12, Fig. 3.13, Fig. 3.14(a) and Fig. 3.14(b) show efficiency, fundamental output power,
fundamental resistance and fundamental reactance contours, respectively, as a function of second
harmonic impedance when zr,(fy) is an additional optimization parameter.

The efficiency contours are significantly different than those shown in Fig. 3.4(a) and no
longer symmetric about the imaginary axis. For the case when |I'(2fy)| = 1, an efficiency of
70.71% is obtained regardless of ZT'1(2fy). It is evident that efficiency is significantly improved
for much of the Smith Chart at the expense of fundamental output power, where power is reduced
by 1.63dB in the worst case. When comparing Fig. 3.13 with Fig. 3.5(a), one concludes that
the fundamental frequency reactance results in an output power reduction. It is evident that
the fundamental frequency resistance shown in Fig. 3.14(a) is also impacted by tuning zr,(fo).
Investigation of Fig. 3.14(b) reveals that the optimal fundamental frequency reactance is zero for
purely real second harmonic terminations. Given an inductive second harmonic termination, a
capacitive fundamental frequency reactance is used to improve PA efficiency. Similarly, under
the condition of a capacitive second harmonic termination, an inductive fundamental frequency
reactance is used to improve PA efficiency.

Fig. 3.15 shows the voltage and current peaking factors as a function of second harmonic
impedance when zr,(fy) is an additional optimization parameter. It is evident that the peaking

factors are, in general, large than when x,(fp) is restricted to be zero, as we shown in Fig. 3.7.
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Figure 3.12: Ideal PA efficiency contours vs. zp (2 f'ol ) when the normalized load reactance x,(fy) is
optimized in addition to the harmonic Fourier coefficients. The minimum efficiency and maximum
efficiency are equivalent to those calculated without optimizing z,(fy). However, the regions for
which a given high efficiency is obtained are significantly expanded.

_'1
Figure 3.13: Ideal PA pra(fo) contours vs. zL(Qj!O) when z,(fo) is optimized in addition to the
harmonic Fourier coefficients. Power is reduced in order to improve efficiency for much of the
Smith Chart. In the worst case, power is reduced by 1.63 dB relative to class-A output power.
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(b)

Figure 3.14: (a) Ideal PA rp4(fo) contours vs. zr(2fy) when z1(fo) is optimized in addition
to the harmonic Fourier coefficients. Note that the fundamental frequency resistance differs
significantly from that shown in Fig. 3.6(a). (b) Ideal PA x4 (fo) contours vs. z1(2fy) when
zr,(fo) is additionally optimized. Fundamental frequency reactance is used to restore PA efficiency
under non-ideal harmonic termination conditions.
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(b)

Figure 3.15: (a) Ideal PA 0y contours vs. z1,(2fp) when 1 (fo) is optimized in addition to the
harmonic Fourier coefficients. Note that the voltage peaking factor differs significantly from that
shown in Fig. 3.7(a). (b) Ideal PA §; contours vs. z1(2fo) when x(fo) is optimized in addition
to the harmonic Fourier coefficients. Note that the current peaking factor differs significantly
from that shown in Fig. 3.7(b).
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3.5.

1

One can conclude that the restoration of efficiency by tuning zr(fo) not only comes at the
expense of output power, but also device stress due to the large peaking factors.

In practice, the improvement in efficiency by tuning x (fo) supports class-J amplifier theory
[52]. Tuning x1(fo) has utility in cases where the PA designer has limited or no control over
the harmonic terminations, and is forced to improve efficiency at the expense of output power.
However, in the case where ideal harmonic terminations are enforceable at the virtual drain, care
should be taken to do so in order to achieve maximum output power for a given PA efficiency.
Note that the presented analysis does not directly apply to a class-E PA, where the equivalent

output capacitance at the drain is a part of the wave shaping circuit [53].

CONTOUR DISCONTINUITY

During analysis of the second harmonic PA simulation results, it was found that the power,

resistance, and reactance exhibited a discontinuity approximately along the parabola defined by

r(2fo) =1— @ (3.43)

which is shown by the dashed lines in Fig. 3.12 - Fig. 3.14(b). The parabola is also shown in
Fig. 3.16 on rectangular axes. Data near this parabola was subsequently eliminated prior to
generation of power, resistance, and reactance contours when fundamental reactance is optimized.

As with the results presented for a real fundamental load impedance, the arc defines the transition

0.8

0.4}

0.2+

0 1 1 1

-1.5 -1 -0.5 0 0.5 1 1.5

Figure 3.16: Parabolic discontinuity shown on ¥ectangular axes of normalized resistance and
normalized reactance.

i i
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3.6

between current peaking PA classes and voltage peaking PA classes. Although it is not proven that
the transition occurs exactly along the arc defined in (3.43), it does provide a good approximation.
Deriving the theoretical expression defining the discontinuity would very difficult if not impossible.
If one could solve such a problem, then the optimizer would not be required to find the optimal

efficiency solutions because this solution would be byproduct of that analysis.

EXTENSION TO PRACTICAL PA wiITH PARASITIC OUT-

PUT NETWORK

The analysis and results presented in the previous sections correspond to an ideal PA model. In
particular, the efficiency and power contours as a function of harmonic impedance are referenced
to the impedance at the virtual drain of the transistor, rather than a measurable impedance plane.
As shown in [8], the parasitics between the virtual drain and loading network not only transform
the impedance, but may significantly increase the phase sensitivity of harmonic terminations
at the virtual drain. As a first step towards developing a more realistic model, consider the
PA block diagram that includes a constant parasitic device output capacitance C,¢ shown in
Fig. 3.17. Though C,,; can be nonlinear in some devices, it has been shown that the drain-to-

source capacitance Cpg for a GaN HEMT device is nearly constant [54]. Since the gate-to-drain

Ipp
Z
L,
Vop RFC C
1 b
= ||
[
Ziy } RS
+ +
Vp T out vr
VIN - - i
ip ¢ ¢ v *

Figure 3.17: Circuit diagram of ideal common source FET-based PA with incorporation of a
constant output capacitance C,,;. The S-parameters of C,,; represent a transformation between
the virtual drain and the measurable plane corresponding to the loading network Zj, .
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capacitance is significantly smaller than Cpg, C,yr can be considered to be approximately linear.
Another device technology having an approximately constant C,,; is the GaAs High-Voltage
HBT (HVHBT) [55]. Device technologies that have a nonlinear output capacitance would require
an analysis procedure different from that presented in this section.

In general, the assumed constant C,,; can be replaced by any two-port S-parameter model
corresponding to an arbitrary linear transformation describing the parasitics. The impedance
seen at the virtual drain is no longer equivalent to the impedance presented by the load (i.e.
Zp(nfo) # Zr(nfo)). For the n'” harmonic, the normalized impedance at the virtual drain

zp(nfo) is translated to an actual impedance Zp(nfy) given by

Zp(nfo) = Rp(fo)zp(nfo) = Rp(nfo) + jXp(nfo) (3.44)

where Rp(fo) is defined in (3.27). Note that (3.27) refers to Ry (fy), however in the ideal analysis
of Section 3.2 R (fo) = Rp(fo) so the expression is applicable. Additionally, note that Rp(fo) is
a function of the set of harmonic terminations enforced and in general will differ for each unique
set of harmonic terminations. Alternatively, Rp(fo) may be fixed at a specific value without
impacting the efficiency contours shown in Fig. 3.4. However, this will result in non-constant
maximum voltage and current, along with different power contours than those shown in Fig. 3.5.

The reflection coefficient I'p(nfp) at the virtual drain is calculated by

zp(nfo) — 1

FD(nfO) - ZD(nf()) + 1

(3.45)

Define the two-port S-parameters at the n** harmonic that represent the parasitic transformation
between the virtual drain and a measurable reference plane as S(nfy), where the characteristic
impedance of the ports is Rp(fo) 2. The reflection coefficient I'p(n fo) looking into the two-port

network is expressed as

S12(nfo)Sa1(nfo)l'z(nfo)

Ip(nfo) = Su(nfo) + 1= S (nfo)Tr(nfo)

(3.46)

where T'r(nfo) is the reflection coefficient at the measurement reference plane. The reflection

coefficient T';,(nfy) at the measurable plane is calculated by rearranging (3.46) and is given by

~ TI'p(nfo) — Su(nfo)
Fi(nfo) = Saz(nfo)'p(nfo) — Alnfo) (347
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where A(nfy) is given by

A(nfo) = S11(nfo)S2a(nfo) — S21(nfo)Si2(nfo) (3.48)

The normalized impedance at the measurable plane zy,(nfy) is then given by

1+ Tr(nfo)

2 0fo) = T=F )

(3.49)

Using (3.47) - (3.49), the efficiency, fundamental power, fundamental resistance and fundamental
reactance contours at the virtual drain can be translated to the measurable reference plane. This
method enables a theoretical analysis of efficiency and power sensitivity to device and packaging
parasitics.

As an explicit example, consider the circuit diagram of Fig. 3.17 where C,,; exists between
the virtual drain and Zj. The S-parameters of C,,; assuming the characteristic impedance of

the ports is Rp(fp) 2 are given by

TN Cout
S11(nfo) = Saa(nfo) = — 1 ijﬂgﬁ%g?}o)cout (3.50)
Sa1(nfo) = Si2(nfo) = ! (3.51)

1+ jmnfoRp(fo)Cou

Equations (3.47) - (3.49) may now be used along with the S-parameters in order to calculate
PA contours at the loading network plane rather than the virtual drain. Under the assumptions
that fo = 2.14GHz, Ry = 109, X1 (fo) = 0Q and C,, = 5pF, the efficiency, power, and
resistance contours are calculated as a function of z,(2fy) and are shown in Fig. 3.18. Due to the
discontinuity in Rp(fo) about the imaginary axis as discussed in Section 3.4.1, the contours shown
in Fig. 3.18 were not evaluated near Re {I'p(2fy)} = 0. The efficiency, power and resistance
contours shown in Fig. 3.4, Fig. 3.5 and Fig. 3.6 experience a significant transformation due to
Cout-

This simple example illustrates a fundamental problem the PA designer must overcome in
order to achieve a high efficiency PA design. The transformation between the virtual drain and a
measurable plane must be understood and carefully quantified in order to achieve a high efficiency

PA via proper harmonic termination.
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Figure 3.18: (a) Ideal PA efficiency contours vs. z(2fy). (b) Ideal PA pra(fo) contours vs.
zr.(2f0). (c) Ideal PA rpa(fo) contours vs. z1(2fp). The contour shapes shown in Fig. 3.4,
Fig. 3.5 and Fig. 3.6 are severely distorted giv% the transformation due to the 5pF C,y;.



ALTERNATE NORMALIZATION CONDITIONS

It is important to note that the normalization conditions defined by (3.11) - (4.54) may be
redefined in many different ways if desired without impacting the maximal efficiency. However,
the fundamental output power and load impedance will be impacted. For instance, it may be
useful to normalize to a constant supply voltage Vpp and supply current Ipp. In this case, the

normalization equations are restructured to the forms given by

1

m(0) = (@) (V) (3.52)
. 1
ZD(9)=%ZD(9) (A) (3.53)
aL(e)zaVlDDvL(e) (V) (3.54)
- 1
ZL(e):EZL(G) (A) (3.55)

where a and 3 are the redefined scaling factors given by

1

a=o— (v (3.56)
8= Ii (A7) (3.57)
DD

The normalized output power, fundamental load resistance, and fundamental load reactance

defined in (3.26), (3.30) and (3.31), respectively, are now given by

pralfo) = m (3.58)
roa(fo) = % (3.59)
ralfo) = %n(fo) (3.60)

It is evident that the calculated fundamental output power, load resistance and load reactance
will differ from those calculated when normalizing to peak voltage and current. However, it is
necessary to understand that this normalization scheme places no limits on the peak voltage and
current. Care should be taken to determine which normalization scheme is more appropriate for

the problem at hand. As an example, the fundamental output power and resistance contours
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(b)

Figure 3.19: (a) Ideal PA fundamental output power contours vs. zr,(2fy) when the normalization
conditions of (3.52)-(3.55) are applied. (b) Ideal PA fundamental load resistance contours vs.
z1(2fo) when the normalization conditions of (3.52)-(3.55) are applied.
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3.8

for an amplifier with real fundamental load impedance limited to second harmonic voltage and
current are shown in Fig. 3.19(a) and Fig. 3.19(b), respectively. Note the difference between the
contours of Fig. 3.19(a) and Fig. 3.19(b) and their counterparts in Fig. 3.5(a) and Fig. 3.6(a).
These differences are strictly due to the applied normalization conditions, therefore they only

reflect the differences in the scale of the optimal waveforms rather than the shape.

QUALITATIVE EXPERIMENTAL VALIDATION

The goal of this chapter is to develop a generalized theoretical description of harmonically
terminated power amplifiers. Full experimental verification of the theory requires variation of
supply voltage and current in addition to fundamental and harmonic load impedances at the
virtual drain of the device. A qualitative experimental validation was performed through load
pull measurements on a Triquint TGF2023-10 50 W Discrete Power GaN on SiC HEMT [25]. A
fundamental frequency load pull was performed for six unique second harmonic loads at a fixed
quiescent supply voltage and current of of 28 V and 300 mA, respectively. The measured results
are then de-embedded to the virtual drain of the transistor by accounting for the intrinsic output
capacitance and the extrinsic impedance transformation due to the bond wires and fringing
capacitance as shown in Fig. 3.20. The extrinsic transformation network was obtained by full
wave HFSS simulations. The optimal drain efficiency and associated output power are shown in

Fig. 3.21.

Figure 3.20: Measured device (left) and HFSS model of transformation (right). The transistor
die is 824um x 2482um in size.
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The measured data reveals several trends predicted by the theory:

e As the second harmonic termination is swept from a capacitive to inductive, the optimal
fundamental impedance sweeps from inductive to capacitive. This is in agreement with the

results shown in Fig. 3.14(b).

e The trend of the optimal fundamental resistance as a function of second harmonic termina-

tion is in agreement with Fig. 3.14(a).

e When the second harmonic is nearest an open circuit, the drain efficiency is maximum with

an approximately real fundamental load impedance.

e High efficiency is achieved over a range of second harmonic termination phase as predicted
in Fig. 3.12. For instance, points C and D in Fig. 3.21 show the same measured power, high

efficiency, and optimal fundamental impedances which are very close.

F:67.5% . E: 73.5%
462dBm  H10 457 dBm

+j5 o o +j20
+j2 +iS0
A O e
. m
S B’(‘ggc =
0 (a\| LV g] o % w) o
D
E
-j2 F% OLiso
C:77%
46.2 dBm
-5 O
A: 74% . B: 76.5%

46 dBm 10  46.3 dBm

Figure 3.21: Results from harmonic load pull of Triquint 50 W device on a 102 Smith Chart.
The points denoted by diamonds mark the second harmonic termination at the virtual drain
along with resultant peak drain efficiency and associated fundamental output power. The points
denoted by an x mark the fundamental load impedance resulting in peak drain efficiency for each
respective second harmonic termination.

94



A practical experiment providing full validation of the optimal drain efficiency, fundamental
output power and fundamental load impedance presented in the previous sections would require
a large set of measurements, which are not always necessary for practical design. Nevertheless,
the presented experimental data shows that the theory is useful for providing design insight and
predicting trends.

In summary, this chapter presents a generalized analysis of PA efficiency maximization with
associated fundamental output power and fundamental load impedance given arbitrary harmonic
terminations. To the best of the authors’ knowledge, a general treatment has not been previously
presented in literature. Efficiency, fundamental output power and fundamental load resistance
contours as a function of second and third harmonic terminations are calculated in Section 3.4
given a real fundamental load impedance, and provide useful guidelines for PA design.

More importantly, the analysis (Section 3.4) gives the designer information about the sensitivity
of PA efficiency with respect to the magnitude and phase of the second and third harmonic
load reflection coefficients. It is shown that PA efficiency is less sensitive to both |I'z(3fo)]
and ZT'(3fp) than |T'1(2fy)| and £T'1(2fy). This is important for practical PA design when
the harmonic frequencies are high and the harmonic impedances presented at the virtual drain
are sensitive to parasitics. Adjusting the fundamental frequency load reactance X, (fy) allows
the PA designer to improve efficiency at a reduced output power given non-ideal harmonic
terminations. Section 3.5 gives quantitative results for efficiency, output power, resistance and
reactance contours for a second-harmonic only PA.

In practical microwave PAs, device and package parasitics can prevent the PA designer from
presenting optimal harmonic terminations at the virtual drain. In that case, the results of analysis
presented here quantify the fundamental output power and load impedance tradeoffs associated
with improving PA efficiency via tuning the fundamental frequency reactance presented to the

virtual drain of a given device.
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3.9 CONCLUSION

The specific contributions presented in this chapter are:

e Analysis of ideal PA behavior for arbitrary complex harmonic terminations, which extends
existing theory developed by Raab in [40], which was only valid for specific reactive

impedances.

e In particular, this method is useful because it predicts the sensitivity of relevant PA
parameters to specific impedance terminations at the harmonic frequencies. This is especially
important for higher microwave frequency PAs, where the harmonics are in the millimeter-
wave range, and parasitic reactances and loss can significantly affect the impedances designed

at the harmonics.

e An interesting result from the theory is the limited sensitivity of efficiency and power
to harmonic termination phase, which points to the possibility of extending bandwidth

through use of appropriate resonant circuits.

e The theoretical approach was validated with qualitative measurements on a 2.14 GHz

class-F~! PA with second and third harmonic terminations.

e In Section 3.6, the theory was extended to include a linear transformation due to C,,; and
was further extended to include bond wires in the experimental validation. In general, the
method may be applied to a PA having an arbitrary parasitic output network which is

linear and characterized by S-parameters.

e The method in this chapter can be extended to include analysis of PA efficiency, output power,

and output load given an arbitrary set of both input and output harmonic terminations.

e The theoretical approach and experimental validation is presented in [10].
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INTRODUCTION

Long-range system performance of solid-state phased array radar is enabled by a large number
of transmit modules that produce very high transmit powers. A typical transmit module has an
efficient nonlinear class-C power amplifier (PA) as the output stage [56]. This in turn restricts the
transmitted pulse waveform to constant-amplitude rectangular envelopes which inherently have
significant spectral content over a large bandwidth, which can interfere with other microwave
systems. Amplitude modulation of the envelope provides a means to obtain spectral confinement,
and has been experimentally investigated in [57, 58, 59] in an out-phasing PA with a Gaussian
envelope shape, with up to a 3 dB peak-to-average ratio (PAR) waveform and no system efficiency
reported. For these experiments, the efficiency was significantly impacted by the out-phasing
due to the use of an isolated combiner. However, a Chireix out-phasing technique which uses a
non-isolated combiner has potential for improving the efficiency at the expense of implementation
complexity [60].

This chapter addresses the implementation of a radar transmitter having the ability to
generate pulsed waveforms with both amplitude-modulation (AM) and phase-modulation (PM).
The motivation of the introduction of AM to the radar signal is spectral confinement of the
radar signal. The impact of the AM on the transmitted spectrum as well as other radar system
performance metrics is analyzed in Section 4.2. Specifically, the transmission of a waveform
having a Gaussian power envelope is investigated and compared to transmission of a uniform
envelope waveform. Additionally, a comparison to applying an analogous weighting function fully
on receive is analyzed.

Section 4.3 presents a method for creating spectrally confined radar signals based on Envelope

Elimination and Restoration (EER) first introduced in [61]. Extensions of EER are extensively

98



4.2

applied to communication signals and a good overview is presented in [62]. Typical envelope
supply modulators are designed for communication signals with PARs up to 10 dB. In contrast to
communications signals, the radar signal is typically well known a priori to transmission, allowing
the use of a high efficiency resonant pulse shaping supply which shapes the signal envelope as it
is amplified by a high efficiency PA. A digital pre-distortion technique is used to linearize the
system in order to produce envelopes with a programmable PAR. The PA used for testing the
AM radar transmitter concept operates at 2.14 GHz with 78 % efficiency at 6 W peak power.
A 66.4% average efficiency over a 14.7 us pulse with a 4.1dB PAR shaped by a 90 % efficient
resonant-pulse envelope supply modulator is demonstrated. For PARs greater than 4.1 dB, the
signal envelope can be split between the supply modulator and the PA drive, with up to 25%

improvement in composite efficiency.

RADAR SYSTEM PERFORMANCE METRIC ANALYSIS

Any proposal to modify a component of a radar system must be accompanied by an analysis of
the impact on system performance. The performance metrics of importance for modern radar
systems are too numerous to list herein, but are covered extensively in texts such as [29, 63]. This
section addresses the key impacts which applying amplitude modulation to a transmitted radar
pulse has on radar performance. Specifically, impacts on the transmitted spectrum, time side-lobe
level, range resolution and signal-to-noise ratio (SNR) are quantified, with SNR impacting many
system metrics such as detection performance and measurement errors. Much of the analysis
in the following subsections can be lumped under the discipline of radar signal analysis, and
excellent texts on the subject include [64, 65].

The spectrum occupied by a transmitted radar signal has a serious impact on the ability of
co-located microwave systems to maintain operability. For instance, a high power S-band radar
system operating near 2.45 GHz could seriously impact nearby WiFi systems which operate at
2.45 GHz. Another example is inter-operability of co-located radar systems. Both cases require

the spectrum occupied by the radar signal to be limited to allow proper operation of co-located
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microwave systems.

The time domain envelope of the signal output from the radar receive filter is of extreme
importance to radar system performance analysis, and is typically discussed in terms of its range
resolution and time side-lobe level. The range resolution refers to the width of the main-lobe of
the radar response measured at a certain level from the peak response, and is a metric which
describes the ability of the system to distinguish closely spaced objects. The time side-lobe level is
the level of the side-lobes of the radar response relative to the peak response, and is an indictor of
the ability of the radar to suppress signal returns offset in time. This is important for preventing
the masking of objects having small Radar Cross Section (RCS) by those having large RCS while
offset in range.

For the analysis presented, it is assumed that the radar signal has a pulsed Linear Frequency
Modulated (LFM) waveform phase modulation [64]. The LFM waveform is a popular waveform
used by many modern radar systems where improved range resolution is desired. It has a complex

baseband signal representation given by

s(t) = \%rect (;) eIkt (4.1)

where k = %, T is the pulse-width and B is the swept bandwidth. The rectangular function
rect(x) is defined as

0, |z|>
rect(z) = (4.2)

1, |z <

(SIS

N

Effectively, the phase is swept quadratically in order to change the frequency linearly as a function
of time. As will be seen later, a parameter of importance is the time-bandwidth product 7, defined
as v = BT. Note that if the swept bandwidth B is set to zero, the signal degenerates to a pulsed
continuous-wave (CW) signal.

The analyzed amplitude modulation corresponds to a Gaussian power envelope, which is
created by the application of the square root of a Gaussian to the complex baseband signal. This
weighting was chosen because it has very attractive spectral confinement properties. Therefore,

in the cases where the transmit signal is amplitude modulated, the baseband windowing function
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4.2.

1

is given by
w(t) = BV e 3(*F)" = gem1(oF)" = ge(oF)’ (43)
where the parameter « sets the PAR of the transmitted waveform and the parameter f is a

normalization factor, as will be discussed in the following subsections.

TRANSMITTED SPECTRUM
UN-WEIGHTED LFM PULSE

Prior to investigating the transmitted spectrum of the AM LFM signal, it is important to
understand the spectrum of the LFM signal itself, which will both motivate the use of AM as

well as provide results to compare to. The Fourier transform of (4.1) is given by

e ke
S(jw) = 5/ ﬁrect (;) IR eIt gt (4.4)

The scaling factor g is defined such that

ﬂ _ 1 _ ]V]B (4 5)
2 Gprect (h) mitat o (2587

2

where the error function erf(z) is defined as

erf(z) = % /Of e dt (4.6)

The definition of 8 in (4.5) normalizes the spectrum to the baseband DC value. Equation (4.4)

simplifies to

S(jw) = % [ T ik —ut) gy (4.7)

T
2

The indefinite form of the integral in (4.7) has the form and solution

. b
/ej(”%rbz)dx = i—ﬂe’j%erf < 2+ ax) (4.8)
a

Via
which was arrived at using the MATLAB® symbolic toolbox. Note that the argument of the error

function in (4.8) is complex and must be evaluated as such. By inspection of (4.8) it is evident

that



Substituting the results of (4.9) into (4.7) results in

j 2 = kt
S(jw) = f» JT e—Jmerf(m)

which simplifies to

S(jw) ﬂ\/ B¢ it erf + erf B tw
2\/]7r 2y mk
The magnitude of the spectrum is then given by
B —w B+ w
f| —— f| ——
ot (Gomr )+t (Goer ) ‘

which through substitution of (4.5) into (4.12) simplifies to

erf(TrB w>+erf(ﬂ'B-.&-w)‘
2 2¢/jmk

(7

1S(w)| = 5]

1S(w)| =

2

RooT GAUSSIAN WEIGHTED LFM PULSE
The Fourier transform of the root Gaussian weighted pulse is given by

S(]W) = ﬁ/+oo Lrect i ejﬂ'the—jwte—(a%)zdt
—oo VT T

where 3 is defined such that

1 VaZ = jknT?

B: N2
JIZ mect (%) einkt?e= (1) gy Ferf(va kaTZ)

The magnitude of 8 expressed as

I

[a* + (7 BT)?

1Bl = :
VAT erf<\/a2—JﬂBT>’

2

Equation (4.14) may be expressed as

S UJ / j wk+](%)2)t27wt]dt

The indefinite form of the integral in (4.17) has the form and solution

j[(a+jb)x2+cw]d :z Q 4(].‘;72717) £ g_ﬂ?(ﬂl—b)
/e T ja—be o Via—b
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By inspection of (4.17) it is evident that

a=mk
b:(%)2 (4.19)
c=—w

Substituting the results of (4.19) into (4.18) results in

. w2 —w gt ik — (& 2
/ gllativerrea gy = 7 [T sl (8)] g [ 2 ’ [JW (7) } (4.20)
2\ gk - (2) imk— ()’

Substituting (4.20) into (4.17) results in

gk — ()|
e i*][ﬂrfﬁ}
S(jw) = ;ff Tt () e | 2 7 (4.21)
gk — (T) Jmk — (%) Lz
which is equivalent to
3 w722 B -a? B -a?
S(jw) = ib - T 264[j7rk7(%)] erf —_w+ 7T+JT2 + erf —w+ 7T+j?2
2VT | ik — (%) 21 /g — (£) o\ /g — (2)
(4.22)
The magnitude is then given by
) B o B e
|S(jw)| = VG e 4[(“’”2*(%” erf —wrhTtT W+JT2 + erf wHoT T W+JT2
2T (k)2 + (2)"] 2/ ik — (%) 2/ ik = ()
(4.23)
Substituting (4.16) into (4.23) and simplifying results in
e (]
ez (4F) —w+Br+ ) Br+j%
1S(w)] = — e ferf | T g [ O ITEIT | (494
2t (VD) [\ 2yimk— () 2\fimk — (%)

A potentially more insightful form of (4.24) where the spectrum is recast in terms of the

time-bandwidth product « is given by

(wTa)?
e ArnT+ad] —wT + 7y + jo? WwT + 7y + ja?
|S(jw)| = erf +erf | ———— (4.25)
2 |erf (V “22—1’”> 2y/jmy — o? 2¢/jmy —a?
EXAMPLE

As an example, assume the pulse width T is 20 us, the swept bandwidth B is 1 MHz, and « is

set such that the PAR of the weighted transmit signal is 8 dB. The relationship between o and
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Figure 4.1: Example of un-weighted transmit spectrum versus root Gaussian Weighted transmit
spectrum resulting in 8 dB PAR. The time-bandwidth product ~ was set to 20, with the swept

bandwidth B set to 1 MHz.

PAR is derived in Section 4.2.3. For this example, (4.13) is used to evaluate the spectrum of the
un-weighted transmit pulse and (4.25) is used to evaluate the spectrum of the root Gaussian
weighted transmit pulse. To calculate the error function of a complex number in order to evaluate
(4.13) and (4.25), [66] was used. Fig. 4.1 shows the resultant spectra. It is evident that applying
the root Gaussian weighting function on transmit significantly reduces the occupied spectrum,
therefore demonstrating the ability of weighting on transmit to reduce spectral content. The

following sections will address the impact on other relevant radar performance parameters.

RECEIVED RADAR FILTER OUTPUT
The output of the radar receive filter is given by
So(t) = s(t) ® h(t) (4.26)

where s(t) is the complex representation of the transmitted radar signal, ® denotes the convolution
operator, and h(t) is the complex representation of the impulse response of the receive filter.

Expressed in terms of the convolution integral, (4.26) is represented as

+oo
So(t) = / s(T)h(t — 1)dr (4.27)

— 00
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When h(t) is implemented as a matched filter, it is represented as
hm(t) = s*(—t) (4.28)

where * indicates the complex conjugate. Note that this definition of the matched filter is
not causal, however this definition simplifies the analysis with the only impact being that the
maximum of the autocorrelation will occur at t = 0 rather than ¢t = T If a weighting window

w(t) is applied on receive, then the output of the radar receive filter is given by
So,w(t) = s(t) ® (w(t)h(t)) (4.29)

The following subsections derive the radar receive filter output for three scenarios: no weighting,
weighting on receive-only, and splitting the weighting between transmit and receive. In all cases,
an LFM signal is assumed, where in some cases a amplitude weighting function is applied to
this phase modulated signal. The received output signal is derived assuming a no Doppler shift.
To analyze the radar receive filter output as a function of both time and Doppler shift, it is
necessary to investigate the ambiguity function of the radar signal as discussed in [64]. However,

the analysis assuming no Doppler shift will prove insightful.

LFM - UNIFORM TRANSMIT ENVELOPE - MATCHED FILTERING

First the output of the radar receive filter will be analyzed given the transmitted waveform is an
un-weighted LFM and the radar receive filter is a matched filter. Substituting (4.1) into (4.27)

and using the condition of (4.28) yields

oo : 1 —t\ _;
50(t) = /OO ﬁrect (%) e”k#ﬁrect (TT) e~ IR0 g (4.30)

which simplifies to
(t) 1/+g ect(Tt> ik (2T —1%) g (4.31)
so(t) = = T — e T .
T) z T

Define the auxiliary variable u = 7 — ¢ and substitute into (4.31) to yield

T_

50(t) = 1 /+ o rect (E> TR 200 g (4.32)

N T T '
-Z—¢
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Equation (4.32) can be split up into two regions, given by

% I T% t ejfrk(t2+2tu)du7 T <t<0
so(t) = 2 (4.33)
1 +3-t jwk(t2+2tu)d 0<t<4+T
T f_% € u, <t< +
which evaluates to
sin|mktT(1+ 4
- (1+7) 7r[Tkt(1(+l§)]’ —T=t=0
so(t) = T (4.34)
t sin[ﬂ'ktT(lf%)}
_(1_ T> mTht(1- &) O<t=<+T
Substituting k = +£ into (4.34) results in
_ (1+ %) sin['n’Bt(l+%)] —T<t< O
so(t) = mBi(1+ 1) (4.35)
. ot sin[ﬂ'Bt(l—%)]
(1-4%) BI=) 0<t<+T
Equation (4.30) can be expressed as a single equation in the form
sin [ﬂBt (1 — %‘)}
T <t<+T (4.36)

== (1-7) B (1-)

whose magnitude is simply
sin [ﬂ'Bt (1 — ‘iTl)}
-T<t<+4T (4.37)

a0l =|(1- ) ,

The expression in (4.37) serves as a reference for comparison to other filtering techniques and

wBt (1 - %)

transmitted waveform options.

LFM - UNIFORM TRANSMIT ENVELOPE - MISMATCHED FILTERING

For this analysis, it will be assumed that the receive filter is weighted by the function
(4.38)

w(t) = Be_%(a

It is commonplace to apply weighting to the receive filter in order to control the time side-lobes
[65]. The term S is defined such that the response is normalized to have unity signal gain,

therefore 3 is given by
1
(4.39)




which evaluates to

s
ﬁerf(%)

(4.40)

It is assumed that this weighting function is applied to the receive filter, therefore the radar

receive filter response is given by

+oo 2
1 T 2 1 T—t\ _. 2 _1(a2(7'7t>)
So(t) = ——rect (—) IR _—_rect () e IR T2 T dr

which reduces to

+% — , (r—1))?2
50(t) = b * rect (TTt> eimk(er—t) ~3 (a252)" )

which simplifies to

. T
Bedmkt? /+2_t (u) i[2mktutit(ade)?]
o) = i (2 (0%) ] g
So(t) T i rect { - ) e u

Equation (4.44) can be split up into two regions, given by

ke2 T ) ) w2
BeJTkt f:rgit o [2ﬂktu+j%(a27) ]du, T <t<0
2

So(t) =
2 . . w2
Bel Tkt +Z—¢ o [2wktu+J%(a—ZT ) ] lu, 0<t<4T

The indefinite integral necessary for solution of (4.45) is given by

, . 1 /7 _a2 2 4 jbx
e](aoﬂ-wwa) _ = \/76 i erf < 2 )
/ 2V b jvb

Equation (4.46) simplifies to

. 2 1 /a2 ja
j(ax+jbz ) _ - 2 % f<\/5 _ .7)
/6 B be er 2\/5

By inspection of (4.45) it is evident that

a = 2wkt

o~ (5
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(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)



Therefore, (4.47) simplifes to

t 2 1
/ej(“f”jb“"z) = T ﬂe_(ﬁkzg) erf <2ax - ﬁrktT) (4.49)
2V/2a

Define the auxiliary variable A as the product of the integral coefficient in (4.45) and the coeflicient

in front of the error function in (4.47) which is given by

_ \/%Bej”kﬂe_<%§)2

A
2v/2a

(4.50)

The radar receive filter response is formed by substituting (4.49) and (4.50) into (4.45) resulting
in

wktT

So(t) = ﬁﬂej”;i/;;( Ve ) {erf (\;% - @ — ji}gjj) + erf (\;% + 37\T/§C|:|)] , —TI'<t< 4T

(4.51)
Taking the magnitude of (4.51) yields
yrpe (F) Vaalt| _ jBlt =Bl
mBe \Vza « « jm a T
so(t)| = Y——F—nr——lerf | = — —— — +erf | — + , —T<t<+T
sl =5 7 <¢§ T \/§a> (ﬁ ﬁa)
(4.52)

LFM - RooT GAUSSIAN TRANSMIT WEIGHTING - MATCHED FILTERING

The analysis which is most relevant to an AM radar transmitter is next performed, which is
applying a matched filter following transmission of a amplitude modulated pulse. The radar
pulse is shaped on transmit by a root Gaussian window and the receive filter is implemented as

a matched filter. The output of the radar receive filter is given by
S0(t) 5/+OO L ect (T) ekt ()" Loy (T _ t) = imh(r=0 o= (a=rt)" g (4.53)
J(1) = il - — T .
o VT T VT T
The term [ is defined such that the receive filter has unity signal gain, therefore 3 is given by

8= (4.54)

which evaluates to

[ — (4.55)



Equation (4.53) simplifies to

+% _ 4 o
50(t) = ge_(o‘?)z/ * rect (TTt) eI —1%) = (a2t )" g (4.56)

T
2

Again using the auxiliary variable u = 7 — ¢, (4.56) is expressed as

+Z
50(t) = ée (k) * rect (E> Ik +2t) o~ (a%)” gr (4.57)
T -z T
which simplifies to
+Z ) o
50(t) = ée_(a%yeﬁrkt2 * rect (E) ¢ [prktuti(a)’] dr (4.58)
T _r T

At this point we note that the integral is of exactly the same form as the previous section, so we

may immediately write

a aft|  jnBlt a  jnBlt|
—Alerf( = - 22 J22H - +2—" T <t<+T 4.
so(t) [er (2 T a tetlg T ’ si= (4.59)

where in this case
ekt e~ () e ~(ah)"
o 2

A (4.60)

Plugging in the expression for A yields

gkt o= () o (f)” t| Bt imBlt
so(t):ﬁﬁe e e~ \aT [erf<a—a|—]7r|>+erf<§+ﬂ||)], T <t<4T
« «

200 2 T

(4.61)

Taking the magnitude yields

nBt )2 t )2
\/7?567(7) e~ () a alt| jnBlt a  jmBlt|
_ o_ ot _ 2 <t<

[so(t)] 50 erf 5 T o + erf 5 + o , T<t<+4T

(4.62)

EXAMPLE

As an example, assume the pulse width T is 20 us, the swept bandwidth B is 1 MHz, and « is set
such that the PAR of the weighted transmit signal is 8 dB. Let Case A be defined as transmission
of an un-weighted LFM and processing the received signal with a matched filter. Let Case B
be defined as transmission of an un-weighted LFM and processing the received signal with a

matched filter weighted by a Gaussian window having « set as defined above. Let Case C be
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Figure 4.2: Radar receive filter response for Case A, Case B and Case C as defined above.

defined as transmission of a root Gaussian weighted LFM and processing the received signal with
a matched filter, with a being set identical to Case B. For Case A, Case B and Case C (4.37),
(4.52) and (4.61) are used to evaluate the radar receive filter response, respectively. Fig. 4.2
shows the resultant radar receive filter response. Note how Case A has the narrowest main-lobe,
while Case B has the widest. This means that Case A has the best range resolution and largest
effective bandwidth, while Case B has the worst range resolution and smallest effective bandwidth.
Note that Case C has the best performance in terms of time side-lobes. They are effectively
non-existent due to the implementation of the weighting on transmit along with a matched filter.
This is a very desirable feature which would eliminate large objects and offset ranges interfering
with the measured response.

It is evident that the window applied to the receive filter in Case B is not very productive.
I greatly degrades the range resolution while providing only minimal time side-lobe reduction.
Additionally, the loss associated with mismatched filtering is significant, which will be discussed
in the following subsection. It should also be noted that swept bandwidth for each case could be
set uniquely such that the range resolution for each case is equivalent. This will be discussed in
a later subsection as well. As a final note, a disadvantage to reduction of the transmit power

via amplitude modulation is that the SNR on receive will generally be degraded relative to
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4.2.3
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Figure 4.3: Variation of Gaussian parameter « as a function of PAR.

transmitting a uniform envelope. This is due to the average power reduction, which is discussed

in the following subsection.

TRANSMIT POWER REDUCTION & RECEIVE FILTER MISMATCH

Loss

To allow a fair comparison of different combinations of transmit signal weighting and receive filter
weighting it is necessary to consider the loss factor, which is a combination of the loss due to
average power reduction on transmit if a weighting is employed and the loss due to mismatched
filtering. The reduction of average power on transmit is simply the Peak-to-Average-Power-Ratio
(PAR) of the transmitted signal. When the power envelope on transmit is shaped as a Gaussian
using the square root of the window as defined in (4.38), it is easily shown that the PAR is given

by

1 _ V2«
1 +Z _1(q2t)? o «
Tffgz e 3 (%) gt ﬁerf(ﬁ)

Fig. 4.3 shows the variation of « as a function of PAR for up to 12dB PAR. The receive filter

(4.63)

loss comes about when a matched filter is not applied on receive [65]. This loss is expressed as

[ wt)dt)”

L"‘zzz’flu2@)dt

(4.64)
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4.2.4
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Figure 4.4: Mismatched filter loss when Gaussian window is applied to the radar receive filter as
a function of PAR. The PAR corresponds to the PAR that would be achieved on transmit if the
root of the window was applied to the transmitted signal, resulting in a Gaussian power envelope.

When a mismatched filter is implemented as a Gaussian filter, the mismatch loss is given by

Lﬂ’L 2t (4'65)
e @ ar
which evaluates as 9
erf [ &
[ - VT 7@) (4.66)

For a Gaussian window on receive, whose loss factor is given in (4.66), the loss in dB is shown
in Fig. 4.4. For large PAR, the loss is approximately 1.5dB greater than the PAR. In all cases,
the loss is greater than the PAR. Therefore, if the only important metric is SNR, then splitting

the window up between transmit and receive will always result in a lower SNR.

RANGE RESOLUTION & TIME SIDE-LOBE LEVEL

The range resolution of a radar corresponds to the width of the main-lobe of the radar receive filter
output. In general, the range resolution is not a fixed number, for one could conceivably define it
as the points at which the main-lobe decays to any arbitrary level. For the analysis performed
below, the 3 dB range resolution will be investigated, which corresponds to the half-power width

of the main-lobe of the radar receive filter output. It is noted that another means by which
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the range resolution properties of a radar waveform can be analyzed is calculation of the time
resolution constant as discussed in [64]. To perform a general analysis of range resolution, it will

be convenient to define the normalized time variable as

tn = (4.67)

t
T
Substituting this relationship in (4.52) recasts the radar receive filter output from an un-weighted

transmit LFM and Gaussian window applied to the matched receive filter as

\/’771'567(7:;{;; )2
24/2a

[so(t)] =

] 71§tn§+1

o jmltnl) ( o jmltn|>
erf —fﬁatnf +erf | — +
(\/Q It = = N

(4.68)
Substituting the same relationship in (4.62) recasts the radar receive filter output from a root

Gaussian weighted transmit LFM processed with a matched receive filter as

 Jage (TE) eman)?
n 2a

[s0(t)]

] t ] t
exf (&~ afty| = MDY o (@4 Il
2 « 2 «

(4.69)
Note that the values of 8 in (4.68) and (4.69) have different definitions which were defined in
(4.40) and (4.55), respectively. To solve for the 3dB range resolution it is necessary to find
the points at which the magnitude of the radar receive filter output is % Solving the (4.68)
and (4.69) for this condition appears intractable, but calculating the 3 dB range resolution is
achievable numerically. Fig. 4.5 shows the range resolution relative to an un-weighted LFM on
transmit and receive versus time bandwidth products for a 4 dB PAR window either fully applied
on receive or split on transmit and receive. Note that for low time-bandwidth products, splitting
up the Gaussian window on transmit and receive actually results in a better range resolution
than does the un-weighted transmit LEFM convolved with its matched filter. This is even more
evident when the PAR is increased to 12dB, as shown in Fig. 4.7. The reason for the variation in
range resolution is that the effective bandwidth is not equivalent for the uniform LFM and the
root-Gaussian weighted LEM. If the effective bandwidths of the two schemes are made equivalent,

then the range resolutions of the two schemes will be equivalent. The effective bandwidth, also

113



NG
[N

- = = Gaussian Receive Window

N
T

T T T T T e —

=
®
.
i

[
o

Range Resolution Factor
PP
- N N
~
AY
1

©

©
:

i

0 20 40 60 80 100

Figure 4.5: Range resolution factor versus time-bandwidth product v for 4dB PAR Gaussian
window either full applied on receive or split on transmit and receive. The results are normalized
to the range resolution achieved when a un-weighted LFM pulse is processed with its matched
filter.
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Figure 4.6: Range resolution factor versus time-bandwidth product « for 8 dB PAR Gaussian
window either full applied on receive or split on transmit and receive. The results are normalized
to the range resolution achieved when a un-weighted LFM pulse is processed with its matched

filter.
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Figure 4.7: Range resolution factor versus time-bandwidth product v for 12dB PAR Gaussian
window either full applied on receive or split on transmit and receive. The results are normalized
to the range resolution achieved when a un-weighted LFM pulse is processed with its matched
filter.

referred to as the rms bandwidth, is given as

)1 WS (w) P

rms o1t fjooj |So(w)|2dw

(4.70)

where the notation has been modified from [63] to match the notation in this chapter. The term
So(w) corresponds to the signal voltage spectrum at the output of the radar receive filter. Given
the the complexity of evaluating (4.70) for the weighted signals discussed in this chapter, a full
evaluation is not presented. However, if the rms bandwidth for two different transmission and
reception schemes was equivalent, it is expected that the range resolution would be the same.
Here is an approximate example demonstrating this. Let us again use the 1 MHz 20 us LFM
modulation, but for the root-Gaussian weighted pulse we will increase the parameter B until
the bandwidth for the two cases is approximately the same. It was found that 5.8 MHz of swept
bandwidth for the 12dB PAR root-Gaussian weighted pulse resulted in a nearly identical range
resolution and therefore must have approximately the same effective bandwidth. Fig. 4.8 shows
the transmitted spectrums for this case with Fig. 4.9 showing the radar receive filter outputs. It
is evident that the 3 dB range resolution is the same for the two cases. However, the spectrum is

far better confined with the root-Gaussian transmit pulse and the filter output has far better
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Figure 4.8: Spectrum resulting in same range resolution for cases A,B and C.
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Figure 4.9: Radar receive filter output demonstrating same range resolution.

time side-lobes. The drawback however is the power, since 12 dB of average power was sacrificed
to achieve the demonstrated spectrum, which is a very significant amount of power.

The time side-lobe level is also of extreme importance to modern radar systems due to its
impact on target masking. For instance, a large RCS object closely spaced to a small RCS object
can mask the detection of the small RCS object if the time side-lobe level is not controlled
appropriately. It is evident from the presented results however, that the time side-lobe level
achieved through application of a root Gaussian window on transmit is more than sufficient,

given that the time side-lobes are effectively gone as shown in Fig. 4.9. This implies that the
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actual time side-lobe level of a radar system will be set by hardware instabilities and errors
such as local oscillator phase noise and clock jitter rather than the waveform transmission and

processing scheme.

4.3 FEFFICIENT AND LINEAR AMPLIFICATION OF SPECTRALLY

CONFINED PULSED AM RADAR SIGNALS

This section discusses the implementation of a efficient linear transmitter for generation of pulsed
AM radar signals with the goal of spectral confinement in mind. This is accomplished through
integration of a high efficiency resonant pulse shaping supply and a high efficiency non-linear
PA. Linearization is performed using a two-dimensional static pre-distortion technique which is

discussed below.

4.3.1 PULSED RADAR TRANSMITTER ARCHITECTURE

Fig. 4.10 shows the transmitter architecture for creating spectrally confined pulsed radar wave-
forms. The desired waveform is generated and pre-distorted at baseband. The baseband signal is
up-converted and amplified by the PA. The supply voltage of the PA is modulated by the resonant
pulse shaping supply which is triggered by the baseband signal generator. Time alignment of
the resonant pulse shaping supply and PA input envelope is critical to generating the desired
transmitter output signal. When the PA is driven with a constant envelope, the waveform envelope
is created by the resonant pulse shaping supply and the gain variation it introduces in the PA.
However, the system is not limited to constant input PA drive, allowing for an additional degree
of freedom in shaping the waveform envelope.

For this demonstration, a 2.14 GHz PA was designed with a TriQuint 0.25 um GaN device,
following [9]. The low-frequency stabilization capacitors on the drain bias line need to be removed
to allow drain supply modulation. The PA drain bias line is connected to the resonant pulse

shaping supply with a low-inductance interconnect as shown in Fig. 4.11.
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Figure 4.10: Block diagram of radar transmitter with resonant pulse shaping supply for shaping
the waveform envelope allowing spectral confinement of the transmitted waveform.

Figure 4.11: Photo of the amplifier integrated with the pulsing circuit.

The implementation of the resonant pulsing circuit is shown in Fig. 4.12. Efficient design
of the pulsing circuit requires knowledge of the impedance that the PA presents to the supply,
therefore characterization of the PA is required. Upon receipt of a trigger, an FPGA is used to
turn on switch M;. This produces a resonant pulse across the PA which theoretically has a raised
cosine shape. Switches Ms and Mj are used to actively damp the pulse and improve the output
wave shaping. The implemented resonant pulsing circuit has an efficiency of approximately 90 %
when driving a resistive load. Further detail on the implementation of the resonant pulsing circuit
is given in [11]. Fig. 4.13 shows the measured voltage vpp(t) when connected to the PA, which is
well approximated by the square root of a Blackman window [67]. Therefore, the power envelope
of the signal may easily be shaped by a Blackman window.

For this proof-of-concept demonstration, a pulse width of approximately 14.7 us is generated.

Changing the pulse width would require modification of the lumped element values indicated in

118



4.3.2

M, ip L Vaalt)

Vdamp Vin(t)
— " c=— \_@
FPGA M;

L
T32T

L

Figure 4.12: Block diagram of resonant pulse shaping supply implementation.
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Figure 4.13: Measured supply voltage vs. time. The measured supply voltage is well approximated
by the square root of a Blackman windowing function.

Fig. 4.12. However, a system implementation could include several switched resonant pulsing

circuits to allow a tunable pulse width.

STATIC DIGITAL PRE-DISTORTION CONCEPT

Both envelope shape and phase of the pulse output from the PA need to be controlled in order
to achieve spectral confinement of the radar waveform. Digital pre-distortion (DPD) using a
Look-Up-Table (LUT) was applied, as a common technique for PA linearization and limiting
spectral regrowth, e.g. [68]. Application of LUT-based pre-distortion to the system shown in
Fig. 4.10 is not straightforward, since the supply modulator modifies the gain nonlinearity of
the transmitter relative to that of the PA alone. Given the time varying nature of the supply

waveform, a two-dimensional LUT approach was adopted. In contrast, the LUT would be a
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Figure 4.14: (a) Gain magnitude variation as a function of input voltage and time, normalized to
peak input voltage. (b) Gain phase variation as a function of input voltage and time, normalized
to peak input voltage.

one-dimensional function of input voltage for constant vgq(t).

Initially, the complex voltage gain of the PA connected to the resonant pulse shaping supply
as a function of time and input voltage is measured. Fig. 4.14 shows the variation of the measured
PA gain and phase over the duration of the pulse as a function input voltage. The input drive
waveforms are pre-distorted using this data in order to achieve the appropriate output waveform

envelope and phase from the PA based upon the programmed baseband waveform.
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4.3.3

EXPERIMENTAL SETUP AND MEASUREMENTS

MATLAB® is used to generate the ideal waveforms and apply pre-distortion corrections. The I and
Q signals are downloaded to two Agilent 33250A arbitrary waveform generators and upconverted
by an Agilent N9310A RF signal generator, whose output is amplified with a linear amplifier,
providing the drive to the GaN PA. The output time-domain IQ waveforms are measured with an
Agilent E4440A PSA series spectrum analyzer. Power calibration is performed by operating the
PA in CW and comparing the spectrum analyzer measurements to those of a power meter. Average
input and output power over the pulse are calculated from the spectrum analyzer measurements.
Average DC power over the pulse is calculated using average current and voltage measurements
input to the resonant pulse shaping supply, and scaling the power using the duty cycle. This is
valid given vg4(t) is zero outside the pulse width and therefore the PA consumes no DC power in
this region. A 14.7 us full pulse width was used to be consistent with the approximate full pulse
width of the resonant pulse shaping supply. The peak supply voltage is 30 V.

Fig. 4.15 shows the measured spectrum with a Blackman window applied to the power
envelope, while the input drive is pulsed CW with slight pre-distortion corrections. Measured
and simulated spectra are in good agreement, and the composite PAE is 66.4 % with 6 W peak
output power and 4.16 dB PAR. Producing the same pulse shape with the same PA at a constant
supply voltage of 30V results in a PAE of 58.4 %, therefore the system improves the PAE by
13.7%.

Fig. 4.16 shows the measured spectrum with a Gaussian window with 12dB PAR applied
to the power envelope, requiring the input drive to contain some envelope variation given the
resonant supply is limited to 4.16 dB. The measured and theoretical spectra show good agreement,
although it is evident that the pre-distortion does not result in the ideal response. The composite
PAE in this case is 37.1 % which is a 23.7 % increase over the value obtained using pure drive
modulation. Fig. 4.17 shows the efficiencies as a function of PAR, with the 4 dB measurement
corresponding to application of a Blackman power window and the remaining measurements

corresponding to application of a Gaussian power window with variable PAR. In all cases, the
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Figure 4.16: Normalized frequency response of the measured power spectrum. The is consistent
with the frequency response resultant from shaping the power using a 12dB Gaussian power
window, which is shown in the solid blue curve.

first sideband in the spectrum is kept below -40 dBc and the system PAE is improved over that

obtained with pure drive modulation.
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Figure 4.17: Efficiency vs. PAR comparison for 6 W output power.

4.4 CONCLUSION

In this chapter, a theoretical motivation has been presented for development of a radar transmitter
capable of generating amplitude modulated pulses. The spectral confinement properties of a radar
system capable of AM signal transmission is superior to that of one limited to constant envelope
signals. However, it is also important to understand the impacts which transmission of an AM
signal has on other radar performance characteristics, of which some have been investigated in
the previous sections. Implementation and measurement of a system capable of high efficiency
AM radar signal transmission has been detailed as well, demonstrating the feasibility of such a

transmitter. The specific contributions presented in this chapter are:

e Development of theoretical analysis of the impact of amplitude-modulated pulses on radar

performance, which was reported in [69].

e In collaboration with Prof. Dragan Maksimovi¢ and Dr. Miguel Rodriguez, implemented a
simple efficient pulsed supply modulator with an approximately raised cosine amplitude

modulation. The supply was characterized with an efficient PA from Chapter 2, with a

modified bias line.

e With digital pre-distortion used for linearization, the supply-modulated PA demonstrated
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reduced spectral content outside of the band of interest. The PA operates at 2.14 GHz with
78 % efficiency at 6 W peak power, and with 66.4 % average efficiency over a 14.7 us pulse
with a 4.1dB PAR shaped by a 90 % efficient resonant-pulse envelope supply modulator. For
PARs greater than 4.1 dB, the signal envelope can be split between the supply modulator

and the PA drive, with up to 25 % improvement in composite efficiency.

This work is reported in [11], where details of the supply modulators are given, as well as a
submitted paper to IEEE Microwave and Wireless Components Letters with focus on RF

characterization and linearization [12].
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5.

1

INTRODUCTION

Microwave power rectifiers play an important role in many microwave systems. From a chronologi-
cal standpoint, the experiments of Nikola Tesla in the transmission and reception of wireless power
for lighting applications and the method of obtaining direct from alternating currents performed
in the 1890’s was the first work performed in transmission and rectification of wireless power [70].
A main application of microwave power rectifiers in the early 1900’s was in signal detection where
crystals, vacuum tubes or diodes served as the nonlinear element [71, 72]. An excellent discussion
of the early history of microwave detectors is provided in [73]. However, the early application
of microwave rectifiers was specifically for extraction of information rather than extraction of
DC power. The first works in application of microwave rectifiers to extraction of DC power were
performed in the 1960’s using diode-based rectifiers by Purdue University and Raytheon under
funding from the U.S. Air Force Laboratories at Wright Field [74, 75, 76, 77, 78, 79, 80].
Free-space power transmission seemed to find a renewed interest in the early 1970’s. A rather
interesting microwave rectifier for production of DC power or low-frequency AC power called the
Cyclotron-Wave Rectifier was introduced in [81, 82]. This device operates by adding microwave
power in the form of beam cyclotron rotation to an electron beam using a Cuccia coupler. A
conversion region exists where the magnetic field changes, converting the rotational energy in the
cyclotron to longitudinal energy which is recovered as DC power. William C. Brown of Raytheon,
one of the original researchers in the field, continued publishing diode-based rectifier work as well
as introducing the term rectenna, which corresponds to an antenna for the reception microwave
energy integrated with a rectifier [83, 84, 85]. In this time frame, a paper was also published
concerning power combining for an array of microwave power rectifiers [86]. Within this paper,
the authors inadvertently graze the topic of harmonically terminated rectifiers, of which they
seem to hint at a class-F rectifier as will be discussed in detail in Section 5.3.2. A fine history of

microwave power transmission was later presented by Brown in 1984 [87].
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5.2

At present time, a plethora of excellent work is going on with diode-based rectifier circuits.
Summaries of current work with state of the art rectification efficiencies, as well as excellent
bodies of work in their own right include [88, 2]. The topic of rectenna use for low-power RF
energy harvesting was fully investigated in [89]. Additional applications where rectifier efficiency
is important include microwave power recycling [90], and DC/DC converters with extremely high
frequency switching [91]. In many of the reported microwave rectifiers, filtering of the harmonics
at both the input and output has been investigated, e.g [92],[93], mainly to reduce re-radiated
harmonic power.

The contribution this chapter provides is the identification of the similarity between power
rectifiers and power amplifiers. Given the similarity as discussed in 5.2, many of the efficiency
improvement techniques developed for power amplifiers may be applied to power rectifiers as
well. Particularly, the impact which harmonic terminations have on the rectification efficiency is
addressed. A general rectifier analysis approach is presented in 5.3, and several classes of microwave
power rectifiers are introduced. An experiment is performed with a Schottky diode-based class-C
rectifier in order to demonstrate the impact of harmonic terminations on rectification efficiency.
The work presented herein is not limited to use of a diode as the nonlinear rectifying element.

Any element which can operate as a switch may be used, which includes transistors [94].

RELATIONSHIP TO POWER AMPLIFIERS

In the opinion of the author, there seems to be less understanding of power rectifiers than power
amplifiers. This may be due to the extensive investigation of power amplifiers relative to rectifiers.
Most likely this stems from the fact that power amplifiers arguably serve a more practical purpose:
increasing the power of a microwave signal. In contrast, microwave power rectifiers seem to make
little sense at first glance. Why would one wish to take a microwave signal, which certainly took
some DC power to generate, and then rectify it to produce DC power? This seems to be a rather
inefficient manner of making DC power in general, but in some cases it becomes necessary. For

instance, there are many embedded sensors that required DC power which cannot be reached
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5.3

to change batteries. These sensors could certainly benefit from wireless powering. Thus, such
as in the case of wireless power transmission, the question remains how to do rectification as
efficiently as possible and what topologies make sense.

If one simplifies a power amplifier to its absolute basic principle of operation, it can be simply
stated that a power amplifier is a DC-RF converter. It takes as inputs microwave power and DC
power, and produces as an output microwave power. As is common with most classes of amplifier
analysis, the input microwave power is typically ignored, therefore the amplifier is often analyzed
as having an input DC power and output microwave power, thus being a DC-RF converter. A
seemingly dual problem is where RF power is the input and DC power is the output: a RF-DC
converter, or rectifier. Conceptually, this is a very powerful statement because it immediately
suggests that, in an ideal sense, a perfectly efficient RF-DC converter would operate in exactly
the same manner as a perfectly efficient DC-RF converter. A more succinct way to say this is an
efficient power amplifier should behave as an efficient microwave power rectifier, and vice versa.

From the standpoint of analysis, the analogy also suggests that different classes of microwave
power rectifiers analogous to different classes of microwave power amplifiers with specific harmonic
terminations exist. As will be shown in the following sections, harmonically-terminated rectifiers
exhibit analogous behavior. Rectifiers which will be referred to as class-C, class-F and class-F~!

are analyzed and shown to have identical waveforms to amplifiers of the same classes.

POWER RECTIFIER ANALYSIS

Consider the microwave rectifier shown in Fig. 5.1. A sinusoidal microwave power source with
voltage magnitude V; and impedance Ry drives the rectifying element having a resistance Rp(vp)

defined as

Rp(vp) = (5.1)

where vp and ip are the instantaneous voltage across and current through the rectifying element,

respectively. The dc load seen by the rectifying element is Rp¢, while the load at the fundamental
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5.3.

1

R, C L.
* lb_ Matching VD

Network
Vilfo l'Df Rp(vp) S Rpe

Figure 5.1: Microwave rectifier circuit diagram. An ideal blocking capacitor C} provides dc
isolation between the microwave source and rectifying element. An ideal choke inductor L.
isolates the dc load Rpc from RF power.

frequency fy and successive harmonics is set by the matching network.

While the rectifying element depicted by Rp(vp) is shown as a shunt diode in Fig. 5.1,
in general it could be replaced by an alternative nonlinear device that acts as a switch, such
as a transistor. In some cases presented below, the analysis is extended to include a non-zero
on-resistance R,, and non-zero threshold voltage V;,.. For these cases, the resistance of the

rectifying element is given by

o0, vp > _V;fr
Rp(vp) = (5.2)

Ro’ru UpD S _V;fr
The analysis of different classes of power rectifiers will now be presented based upon the
harmonic terminations presented to the rectifying element, independent of the physical nonlinear

device which performs the rectification.

CLAss-C POWER RECTIFIER

Assume the matching circuit of Fig. 5.1 presents R (fp) to the rectifying element with all
subsequent harmonics terminated in short circuits. This is equivalent to the harmonic terminations
for a canonical reduced conduction angle power amplifier. The reduced conduction angle amplifier
with maximum drain efficiency is the class-C amplifier, therefore a rectifier with this set of
harmonic terminations will be referred to as a class-C rectifier. The motivation for analyzing
short-circuit harmonic terminations rather than opens is the intention to build the rectifier with

a Schottky diode which has a significant non-linear junction capacitance. Short-circuiting the
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harmonics fixes the harmonic terminations at the intrinsic diode by shorting out the non-linear
junction capacitance.

When the incident RF voltage at the ideal rectifier swings negative, it is clipped at zero given
(5.1). However, the enforced harmonic terminations force the voltage waveform to contain only a
dc and fundamental frequency component. Therefore, a dc component must be produced by the
rectifying element such that the voltage waveform maintains its sinusoidal nature. The voltage

across the rectifying element can now be expressed as
vp(0) = Vpe + Vb(fo) sin 6 (5.3)

where Vp(fo) is the fundamental frequency component of the voltage across the rectifying element,
Vbe is the de component, Vpe = Vp(fo) and 6 = 27 fot. The current waveform contains infinite

frequency components, and is expressed as
. 3m
ip(0) =2wIpcd | 6 — 7—277,71' , n=0,1,...,00 (5.4)

where Ipc is the de current and §(6) is the Dirac delta function.
When all available input power P;, is delivered to the rectifier, the fundamental frequency

component of the current through the rectifying element I'n(fo) is expressed as

2P,

Vp(fo) (5:5)

Ip(fo) =

Additionally, since there is no mechanism by which the rectifier itself can dissipate power, all
of the available input power must be dissipated in the DC load and the conversion efficiency is
100%. Therefore,

Pin = VDCIDC (56)

Substituting in (5.5) and rearranging yields the relationship

Ip(fo) =2Ipc (5.7)

Therefore, the optimal dc load is given by

Rpce = 2R4(fo) (5.8)
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When all available input power is delivered to the rectifier, the RF-DC conversion efficiency
is 100% because the rectifying element is ideal and cannot dissipate power itself. In order for all
available input power to be delivered to the rectifier, it is straightforward to show that the dc
load must be set relative to the fundamental frequency load as (5.8).

A harmonic balance simulation of an approximately ideal rectifier with short-circuited harmonic
terminations was performed in Microwave Office® using the SPICE diode model with no parasitics
(PNIV) as the rectifying element. The device temperature was set to 1° K to approximate an
ideal switch. The fundamental frequency excitation was set to 1 W at 1 GHz with the first 200
harmonics terminated in short-circuits. The diode was presented with 50 2 at the fundamental
frequency and the dc load was swept from 52 to 200 €2. The simulated data was then normalized
to generalize the simulation results. The ideal time-domain current and voltage waveforms across
the diode are shown in Fig. 5.2 with the RF-DC conversion efficiency as a function of Rpe/Rs(fo)
for varying rectifier on-resistance shown in Fig. 5.3. It is clear that the mechanism of operation
in the ideal case agrees with the theory presented above. The reduction in RF-DC conversion
efficiency when the DC load is not set according to (5.8) is simply due to a fraction of the incident

power being reflected due to the impedance mismatch, and is given by

_ . (Rpc —2Rs(fo) g
n=1 <RDC + 2Rs(f0)> (5.9)

The waveforms in Fig. 5.2 are identical to those of a class-C PA as the conduction angle
approaches 0°. The parasitics of realistic rectifying devices such as on-resistance, non-linear ca-
pacitance and threshold voltage will cause actual implementations of the harmonically terminated
rectifier to deviate significantly from theory, but it is instructional to understand the mechanism

of efficient rectification nonetheless.

RECTIFIER CIRCUIT

The Skyworks SMS7630 Schottky diode in the SC-79 package was selected for the half-wave
rectifier [95]. Source-pull was performed at 2.45 GHz with 0-10 dBm available input power for

various dc loads in order to identify the combination of input power, fundamental load and
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Figure 5.2: Ideal normalized voltage (dashed) and current (solid) waveforms for reduced conduction
angle half-wave rectifier. The waveforms have been normalized to their peak values.
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Figure 5.3: Simulated efficiency of reduced conduction angle half-wave rectifier versus Rpc/Rs(fo)
for varying rectifier on-resistance.

dc load resulting in highest efficiency. The best case occurred at 6 dBm input power, with the
source-pull contours shown in Fig. 5.4. The on-resistance of the SMS7630 is 20 2 with the optimal
DC load of 1080 2, therefore Roy is approximately 2% of Rp¢ which in theory is 4% of Rs(fo).
From Fig. 5.3, a peak efficiency of 87% occurs with infinite harmonic terminations, therefore the
achieved 77.6% is very reasonable considering only the 2*d and 3¢ harmonics were explicitly
terminated.

Measurements of a rectifier designed using the source-pull data show a maximum RF-DC

conversion efficiency of 72.8% when matched to 509 being obtained after the 0.6 dB matching
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Figure 5.4: Source-pull contours at fy with available input power to the diode set to 6 dBm.
The 2fy and 3 fy harmonics were terminated in short circuits. The impedance is referenced to
the junction capacitance of the diode, therefore the lead inductance of the package has been
compensated for. Setting Rpc to 1080 ) was found to result in the optimal efficiency for this
input power.
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Figure 5.5: RF-DC conversion efficiency versus dc load fixed available input powers with 0.6 dB
matching network loss de-embedded. The maximum efficiency of 72.8% occurred at 8 dBm with
Rpe = 742, which is lower than the 1080 Q2 found during source-pull. However, the efficiency
at 10802 is 69.9% which is very close to the peak value.

network loss is de-embedded. The fabricated rectifier and dc load sweep measurements are shown
in Fig. 5.5. Open circuit shunt stubs were used to present short-circuit terminations at the second
and third harmonic as shown in the inset of Fig. 5.5. A shunt capacitor was used for presenting the
fundamental frequency impedance to reduce size and allow tunability. The reduction in efficiency
relative to the source-pull measurements is due to the matching circuit not presenting the ideal

impedance found during source-pull. It is difficult to fabricate a low-loss impedance match which
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presents the ideal impedance shown in Fig. 5.4. Additionally, the efficiency is reasonably sensitive
to the impedance match, which accounts for the reduction in efficiency demonstrated by the

fabricated circuit.

IMPROVING WIRELESS POWERING EFFICIENCY

The class-C rectifier can be applied to improving the efficiency of a wireless powering reception
device. We demonstrate the concept on the example of a dual-linearly polarized patch rectenna,
with a rectifier circuit for each polarization (Fig. 5.6). In this circuit, the first 5 harmonics
are shorted and the impedances are validated by calibrated measurements. Fig. 5.6 shows the
simulated vs. experimentally achieved harmonic terminations. Fig. 5.7 shows the simulated time
domain waveforms corresponding to these terminations, with higher harmonics not explicitly
terminated in the harmonic balance simulation, as compared to the infinite number of shorted
harmonics shown in Fig. 5.2. The rectenna is fabricated and measured in a free-space calibrated
measurement system, by measuring the incident power density on the rectenna and multiplying
by the physical antenna area (64 cm?) to determine incident power on the rectifier [2]. The
efficiency calculated from the measured dc output in this case is 56% at 150 uW /cm? power
density (9.6 mW total power), which includes antenna and matching circuit losses and is a lower

bound on efficiency, and is slightly lower than measured for the rectifier in Fig. 5.5 [13].
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Figure 5.6: Dual-linearly polarized patch rectenna and associated 2 fy-5fy terminations (50 2
Smith Chart) [2]. Blue and red indicate the simulated and measured harmonic terminations,

respectively. The rectifiers are dc isolated.

Id (mA)

_2 i i i
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Figure 5.7: Simulated time-domain current and voltage waveforms for rectifier used in dual-

polarized patch antenna (using SMS7630 diode) [2]. The frequency and input power were set to
2.45 GHz and 10 dBm, respectively.
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5.3.2

CrAss-F POwWER RECTIFIER

Consider again the rectifier circuit shown in Fig. 5.1 and assume that all even harmonics are
terminated in short circuits, while all odd harmonics are terminated in open circuits. This set of
harmonic terminations is the same as for a class-F amplifier. Given the harmonic terminations are
equivalent to a class-F amplifier, this rectifier will be referred to as a class-F rectifier. The voltage
and current waveforms across the rectifying element can now be derived given the assumed set of
harmonic terminations. The fundamental frequency component of the voltage across the diode is
given by

Vb (fo) = Vs(fo) (5.10)

During the second half of the RF cycle, it is evident that the voltage across the rectifying
element must be zero, given (5.1). This condition must be met through the addition of DC and
strictly odd harmonic voltage components, given the enforced harmonic terminations. Therefore,

the voltage waveform is expressed as

2Vpe, 0<bO<m
vp(h) = (5.11)
0, T<0<27

A Fourier expansion of (5.11) expresses the DC component of the voltage waveform as

T
Ve = ZVD(fO) (5.12)
The current waveform is then expressed as

0, 0<f<m
ip(0) = (5.13)
—2Ip(fo)sinf, w<6<2rm

A Fourier expansion of (5.13) expresses the DC component of the current waveform as

(5.14)

Ipe = 21D7£f0)

For reference, the ideal current and voltage waveforms defined in (5.11) and (5.13) are shown

in Fig. 5.8(a). The waveform equations derived are in agreement with a Microwave Office®
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simulation as shown in Fig. 5.8(b), with the rectifying element modeled as discussed in Section
5.3.1.

Up to this point nothing has been said about the DC load. It can be derived for the optimal
rectifier waveforms given that the DC voltage and current are known from (5.12) and (5.12)

Effectively, this method of analysis is calculating the required DC load which will result in the
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Figure 5.8: (a) Ideal class-F voltage and current waveforms calculated from (5.11) and (5.13),
normalized to their peak respective values. (b) Ideal class-F voltage and current waveforms,

normalized to their peak respective values simulated in Microwave Office® using an harmonic
balance and an ideal rectifying element.
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expressions of (5.11) and (5.13) being valid. Therefore, Rp¢ is given by

2 2
Rpe = TP _ T g o) (5.15)

81p(fo)

The efficiency of the rectifier may now be determined. Let the efficiency be defined as the ratio
of the DC power dissipated in the load resistance to the available fundamental frequency power.

This ratio is evaluated as

_ PoC . Vbelpe o EVo(fo)2In(fo)
~ P(fo)  "Vbo(fo)Ip(fo) 2 Vp(fo)Ip(fo) =1 (5.16)

Ui

Therefore, the ideal class-F half-wave rectifier converts all available RF power to DC power if
the the DC loading resistance set to the value given in (5.15). At this point, it is worthy to
note that the current and voltage waveforms of the ideal class-F rectifier are equivalent to the
ideal class-F power amplifier waveforms, demonstrating the similarity between power rectifiers
and power amplifiers as discussed in Section 5.2. The RF-DC conversion efficiency as a function
of Rpc/Rs(fo) was simulated in Microwave Office® for varying rectifier on-resistance and is
shown in Fig. 5.9. The peak efficiency as a function of on-resistance is higher than for the
class-C rectifier, although the efficiency degrades more quickly when the non-ideal DC load is
applied. In general, the optimal DC load appears to increase as the on-resistance increases. For
zero on-resistance, the optimal DC load is exactly that predicted by (5.15). The reason for the
increase in optimal DC load as the on-resistance increases is that by increasing the DC resistance,
the current through the on-resistance is reduced, thus reducing the loss. However, there is a
penalty paid in reflected power from the rectifying element due to the non-ideal match. This
limits the benefit of increasing the DC load infinitely with a fixed fundamental frequency match.
Theoretically, if the fundamental and DC loads could be increased infinitely the efficiency would

approach 100 % no matter how large the on-resistance became.

CLAsS-F POWER RECTIFIER ON-RESISTANCE & THRESHOLD VOLTAGE

With the waveforms for an ideal class-F rectifier derived, the waveforms with a parasitic on-

resistance and threshold voltage included in the model may be investigated. Since the rectifier
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Figure 5.9: Simulated efficiency of class-F rectifier versus Rpc/Rs(fo) for varying rectifier
on-resistance.

impedance is given by (5.2), the time domain voltage and current waveforms are approximated as

Vinaz + ImazRon(sind — 1), vp(0) > =V,
vp () = (5.17)

~Vir + Lnaz Ron sin 0, vp(0) < —Viy

O7 'UD(e) > _Vvtr
ip(0) = (5.18)

—Imazsing, vp(0) < =V,
where V4, is the maximum of the voltage waveform, I,,,, is the maximum of the current
waveform, R,, is the on-resistance of the rectifying element and V;, is the threshold voltage of
the rectifying element. As an example, Fig. 5.10 shows what the current and voltage waveforms
look like for a specific set of non-ideal parameters (Vi = 0.7V, Vipar = 20V, Ly = 200mA,
and R,, = 5Q).

From (5.17), it is evident that the voltage waveform does not have the ideal rectangular
shape as in an ideal class-F rectifier. This is due to the on-resistance of the device. When the
device is conducting current, it creates a voltage drop across the on-resistance which has a shape
equivalent to the shape of the current waveform during this portion of the cycle. To maintain
waveform symmetry, this variation in the voltage waveform is also seen when the device is not

conducting. If the on-resistance were zero, the only difference between the waveform in (5.17)
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and the ideal voltage waveform would be the minimum value, which would be —V;,. rather than
zero. For § = 0 and 6 = 7, transitions occur in (5.17). A Fourier decomposition of the voltage
waveform using the transition points must be performed in order to determine the DC and

fundamental components. The DC component is then expressed as

2
1
Voo = 5 / v (6)d6 (5.19)
0
which expands to
™ 2
1
Vbe = 27 /(Vmaw + ImamRon(Sine - 1))d9 - /(‘/tr = Imaz Ron sin e)de (520)
7r
0 T
Equation (5.20) evaluates to
1
VDC’ = 5 (‘/maw - V;E'r - ImawRon) (521)

Let the fundamental frequency voltage be expressed as

V(fO) = a, + jb, (5.22)
where
27
1
ay = f/vD(H) cos 0d0 (5.23)
T
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Figure 5.10: Non-ideal class-F voltage and current waveforms, normalized to their peak respective
values.
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27
b, = l/vD(G) sin 6df (5.24)
™
0

First a, is evaluated as

s

27
1
y = — /(Vmal. + LnazRon(sin 0 — 1)) cos 0d6 — /(Vt,,. — ImaaRon sinf) cos8df | =0
7T

0 T

(5.25)

The value of b, is then expressed as

T

27

1

b, = — /(Vmax + Imaz Ron(sin @ — 1)) sin 6d6 — /(Vtr — Lnaz Ron sin 0) sin 0d0 (5.26)

s
0 T

which is simplified to
-2

bvzﬂ(vmax+‘/1€r+7r

2 ImameL) (5.27)

Now a Fourier decomposition is performed for the current waveform. The DC component of

the current waveform is given by

27

1
Ipc = —— /Ima;c sin 0d6 (5.28)

2w

which simplifies to
Imaz:

Ine = 5.29
po =" (529)

Let the fundamental frequency current be expressed as

I(fo) = a; + jb; (5.30)
where
1 27
a; = f/z‘D(H) cos 0df (5.31)
™
0
and
1 27
b; = f/iD(H) sin 6df (5.32)
™

0
The fundamental components a; and b; are evaluated as

27
1
a; = —— /Imaw sin @ cos0df = 0 (5.33)
T
and
i I
@:fg/mmm%w:f%? (5.34)

T
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Now that the fundamental frequency components of the current and voltage waveforms have

been evaluated, the input power to the rectifying element can be expressed as

P;, = Re {V(foij(fo) } (5.35)

Substituting (5.22) and (5.30) into (5.35) results in

2 =2 Imax

which simplifies to

Imaw T™—2
Pin = Vma:v Vr
o ( Yt

ImMRm> (5.37)

Rearranging (5.37) in terms of I,,4, results in

max T —2

I
Pi = max r I2 on .
(Vinaz + Vir) o + i ol £/ (5.38)
which may be expressed as
m™— 2 Vinaz + Vir
onI2 4-[777,0,2 _Pin = .
i Ronl: o + o 0 (5.39)

The solutions to (5.39) are given by

Vinaz + Vir — \/(Vmam + Vir)? + 47 Py (7 — 2) Ro,
Loz = — (5.40)
(m = 2)Rop

and

Vinaz + Vir + \/(Vmaac + Vtr)Q + 477Pin(7r - 2)]%on
Imax = - (7T — 2)R (541)

The correct solution is (5.40) because it is the only solution resulting in I,,,4, > 0. In the case

where R,,, is zero, (5.39) simplifies to

Vmam + ‘/:‘.r
7Imam - Pzn = A2
27 0 (5-42)
whose solution is simply
27TP1‘
Iaw = —— 5.43
Vma:p + VYtT ( )

Note that in the case of an ideal rectifying element, V;,. = 0, therefore

2m Py,
Imaa:,ideal = v : (544)
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Given that I, is fully expressed in terms of rectifying element parameters, Vpc and Ipc,
V(fo) and I(fp) may be calculated, and from these the DC load, fundamental load, and rectifier

efficiency are determined. The DC load is given by

Rpc = ‘I/’l (5.45)
DC

while the load at the fundamental frequency is given by

R(fo) = — L) _ b (5.46)

I(fo) b;

The negative impedance in (5.46) indicates that power is delivered to the rectifying element
rather than created by the rectifying element. Therefore, (5.46) gives the impedance of the source

delivering power to the rectifying element. The rectifier efficiency is given by

Ppc _ Vboclpc

B b (5.47)

n:

An example demonstrating the design procedure should be instructive. Assume the rectifying
element has the following parameters: Vo = 10V, Ry, =5Q, V4, = 0.7V and P(fp) = 1 W.
First, (5.40) is used to calculate I,,4, which evalutes to 516.2mA. Next, The DC voltage and
current are evaluated using (5.21) and (5.29), respectively. These parameters evaluate to 3.36 V
and 164.3 mA respectively. The fundamental frequency voltage and current Fourier coefficients
are then evaluated using (5.22) and (5.30), respectively. These parameters evaluate to 7.409 V
and -258.1 mA, respectively. The DC and fundamental frequency resistances are then calculated
using (5.45) and (5.46) which evaluate to 20.45 € and 28.71 2, respectively. The efficiency is
then calculated using (5.47) and calculates as 55.20 %. This is not extremely good performance,
but again we have chosen the 1 W input power as a design parameter. If the input power were
selected as 0.1 W rather than 1 W, the resultant efficiency is 82.93 % instead. The point is that
a specific element will always have an approximate input drive level at which it can be most
efficient, just as with power transistors in power amplifiers. In the end the goal is always to
minimize the amount of power dissipation in the on-resistance of the rectifying element and

maximize the power dissipated in the DC load resistor.
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5.3.3

CLAss-F! POWER RECTIFIER

Consider again the rectifier circuit shown in Fig. 5.1 and assume that all even harmonics are
terminated in open circuits, while all odd harmonics are terminated in short circuits. This set

—1 amplifier, therefore this rectifier will

of harmonic terminations is the same as for a class-F
be referred to as a class-F~! rectifier. The voltage and current waveforms across the rectifying
element can now be derived given the assumed set of harmonic terminations. The fundamental
frequency component of the voltage across the diode is again given by (5.10).

During the second half of the RF cycle, it is evident from (5.1) that the voltage across the
rectifying element must be zero. This condition must be met through the addition of DC and

strictly even harmonic voltage components, given the enforced harmonic terminations. Therefore,

the voltage waveform is expressed as

2Vp(fo)sind, 0<fO<m
vp(0) = (5.48)

07 7T§0<27T

The construction of the voltage waveform defined in (5.48) is shown in Fig. 5.11. A Fourier

o

/ ‘ ‘ | | —‘VD(fo)‘ sin 0
0
/

_1 i i i i I . f
0 45 90 135 180 225 270 315 360

1
0 /
1 1 1
0 45 90 135 180 225 270 315 360

i ‘ \ up(0),
0 i i i i i i

0 45 90 135 180 225 270 315 360
0()

_ Z Vb(2nfo) 8111(2119)

Figure 5.11: Class-F~! half-wave rectifier voltage waveform construction. The voltage is normalized
to vp(fo)-
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expansion of (5.48) expresses the DC component of the voltage waveform as

Voo = WDT(JCO) (5.49)

In the first half of the RF cycle, it is evident that the current through the rectifying element
must be zero, given (5.1). This condition must be met through the addition of a DC current
and strictly odd harmonic current components, given the enforced harmonic terminations. It is
well known that any function that may be represented by a Fourier series can be expressed by
the sum of an even function and an odd function. Even functions contain only even harmonics,
therefore the even function in this case is strictly the DC current. Odd functions contain only
odd harmonics, therefore the odd function in this case is the summation of the remaining odd
harmonic terms. Given the definition of the current direction in Fig. 5.1, the DC component of
the current must be positive. Therefore, in the first half of the RF cycle, the remaining harmonics
must sum to a constant value equivalent to the negative of the DC component. Given that the
function which is the sum of the remaining harmonics is odd, the second half of the RF cycle

must sum to the DC component. The current waveform is then expressed as

0, 0<f<m
ip(0) = (5.50)

2Ipc, T<0<27

A Fourier expanson of (5.50) expresses the DC component of the current waveform as

Ipc = %ID(fO) (5.51)

For reference, the ideal current and voltage waveforms defined in (5.48) and (5.50) are shown in
Fig. 5.12. The waveform equations derived are in agreement with a Microwave Office® simulation,
with the rectifying element modeled as discussed in Section 5.3.1. The DC load consistent with
(5.48) and (5.50) is given by

_ 8Vp(fo) 8
Rpc = 2o (o) pRD(fo) (5.52)

The efficiency of the rectifier may now be determined. Let the efficiency be defined as the ratio

of the DC power dissipated in the load resistor to the available fundamental frequency RF power.
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This ratio is evaluated as

_ PpC Vbelpce Q%VD(J[O)%ID(JIO)

~ P(fo)  “Vo(fo)p(fo) = Vo(fo)Ip(fo)

n =1 (5.53)

Therefore, the ideal half-wave rectifier converts all available RF power to DC power if the the DC
loading resistance set to the value given in (5.52). The RF-DC conversion efficiency as a function
of Rpc/Rs(fo) was simulated in Microwave Office® for varying rectifier on-resistance and is
shown in Fig. 5.13. The harmonic balance settings were identical to those used for the class-C

rectifier as discussed in Section 5.3.1. The peak efficiency as a function of on-resistance is higher

-;Vbltage
‘‘‘‘‘ Current
1r Fremmim i i ~
!
1
1
1
1
1
i
1
1
]
1
]
i
0 i i i L L i
0 45 90 135 180 225 270 315 360
8(°)

(a)

V)
(A)

0 90 180 270 360
Angle (Degrees)

(b)

Figure 5.12: (a) Ideal class-F~! voltage and current waveforms calculated from (5.48) and (5.50),
normalized to their peak respective values. (b) Ideal class-F~! voltage and current waveforms,
normalized to their peak respective values simulated in Microwave Office® using an harmonic
balance and an ideal rectifying element.
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than for the class-C rectifier, although the efficiency degrades more quickly when the non-ideal
DC load is applied. In general, the optimal DC load appears to increase as the on-resistance
increases. For zero on-resistance, the optimal DC load is exactly that predicted by (5.52). The
reason for the increase in optimal DC load as the on-resistance increases is that the current
through the on-resistance is reduced, thus reducing the loss. However, there is a penalty paid in
reflected power from the rectifying element due to the non-ideal match. This limits the benefit of
increasing the DC load infinitely with a fixed fundamental frequency match. Theoretically, if the
fundamental and DC loads could be increased infinitely the efficiency would approach 100 % no
matter how large the on-resistance became.

Again, as with the class-F rectifier, the current and voltage waveforms of the ideal class-F~!
rectifier are equivalent to the ideal class-F~! power amplifier waveforms, demonstrating the

similarity between power rectifiers and power amplifiers as discussed in Section 5.2.

CrLAss-F~! POwER RECTIFIER ON-RESISTANCE & THRESHOLD VOLTAGE

With the waveforms for an ideal class-F~! rectifier derived, the waveforms given a parasitic

on-resistance and threshold voltage may be investigated assuming the rectifier impedance from

100

80

60

40

Efficiency (%)

—&— On Resistance =0

2 -8- On Resistance = 4% of Ry(f))

—— On Resistance = 10% of Ry(f)

0 0.5 1 1.5 2 2.5 3 35 4
Rpc / Ry(fy)

Figure 5.13: Simulated efficiency of class-F~! rectifier versus Rpc/Rs(fo) for varying rectifier
on-resistance.
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(5.2). The time domain voltage and current waveforms are approximated as

Vinaz Sin 0, vp(0) > =V,
vp(h) = (5.54)

*V‘tr - Ima:cRona UD(Q) § 7‘/”

0, UD(Q) > =V
ip(0) = (5.55)

Imaz, vp(0) < —Vi
This analysis is a departure from the efficiency results as a function of on-resistance shown in
the previous section. This analysis takes into account that the peak voltage is constrained and
that an optimal fundamental matching resistance exists which is a function of both parameters.
As an example, Fig. 5.14 shows the current and voltage waveforms for a specific set of non-ideal
parameters (Vi = 0.7V, Vipaow = 20V, L0, = 200mA, and R, = 51).
From (5.54), it is evident that the voltage waveform does not have the ideal clipped sinusoidal

shape as in an ideal class-F~! rectifier. This is due to the on-resistance of the device. When
the device is conducting current, it creates a voltage drop across the on-resistance which is

constant due to the constant current. If the on-resistance were zero, the only difference between

the waveform in (5.17) and the ideal voltage waveform would be the minimum value, which

1.2
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-0.2 : . : : ; : :
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Figure 5.14: Non-ideal class-F~! voltage and current waveforms, normalized to their peak respec-
tive values.
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would be —V;, rather than zero. The values of 6 at which the transition between the conducting

and non-conducting regions occurs are given by

sin 9t1 = —7‘/‘/“‘
mee (5.56)
sin(m — 0y2) = ——V‘:;z
Solving the transition points in (5.56) in terms of 6 expresses the transition angles as
0;1 = 2w — arcsin (Vvi)
max (5.57)

05 = m + arcsin (VV—)

tr
A Fourier decomposition of the voltage and current waveforms using the transition points in (5.57)
is performed in order to determine the DC and fundamental components. The DC component is
expressed in (5.19) which simplifies to

Vir

2

1 Vir

VDC = 5= 2Vmam 1- () - (‘/tr + ImaxRon) |:7T — 2arcsin ( : >:| (558)
2m Vinaz maz

The fundamental frequency voltage is expressed in (5.22) with the individual components given

in (5.23) and (5.24). First, a, is calculated as

. 7r+arcsin( V‘;f:z ) 27r7arcsin( V:f;z )
Ay = — / Vimaz sin 0 cos 6d6 — / (Vir + LmazRon) cos8df | =0
7r
— arcsin( VZ:;T ) 7r+arcsin( V;/:;w )
(5.59)
Then b, is given by
) 7r+arcsin( V:f;x ) 27r7arcsin( V::Lt;z )
by, = — / Vinax Sin? 0d6 — / (Vir + Iaz Ron) sin 6d0 (5.60)
T
— arcsin( V‘r/y:Zz ) 7r+arcsin( V‘:nt;r )
which simplifies to
1 s ) Vinaz ( Vir )2
by, = — | Vinaw arcsin + + (Vir + 2L 0 Bon )4 1 — 5.61
i <Vmax 2 ( ¢ ) Vma:c ( )
The DC component of the current waveform is expressed as
) 27rfarcsin( V::f:z )
Ine = — / Iandd (5.62)
2
7r+arcsin( VZL‘;"I )
which simplifies to
Imax . V’I‘
Ipc = o (71' — 2arcsin (tham>> (5.63)
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The fundamental frequency current is expressed in (5.30) with the individual components given

n (5.31) and (5.32). First, a; is calculated as

. Vi
Qﬂfarcsm( T )
maz

a; = 1 / Iazcos0df =0

s

. Vi,
7r+arcmn(%)
max

The fundamental component b; is given by

. Vi,
27r7arcsm( e )
™

b = Inas sin 0d0

1
T

. \%
7r+arcsm( 7 tr )
max

which simplifies to

2
bi:_QImaa; 1_< Vvtr >

Tr Vmaz

The input power is expressed in (5.35) simplifies to

I
P, = klmaz Vinas ATCSIN Vir + ™Vomaa + (Vir + 2Lnaz Ron )k
2 Viaz 2

where k is defined as

This simplifies to

QkRonffnax 4+ Vinaz (arcsin( Vir

max

T Vir w2
= k Imaz - 7Pzn =
) ot V) gl =0

The solutions to (5.69) when R,, is non-zero are given by

Vinaz (arcsin( 7 ) + 35+ k Vir )
Imam = - Ve
4Ronk

2
1 Ve (avesin (25) + 5 4 k35 ))” 4 89220,
4Ronk

+

and

Vinaz (arcsin (VV” ) +5+k Zf;m)

Imae =
4R,k

\/ (Vmw (arcsin( Vi )+ + kgl ))2+87r2PmRon
ARk

(5.64)

(5.65)

(5.66)

(5.67)

(5.68)

(5.69)

(5.70)

(5.71)

The correct solution is (5.70) because it is the only solution resulting in I;,4, > 0. In the case

where R,,, is zero, (5.69) simplifies to

Vir Vir 2
Vinaz (arcsin ( ! ) + E +k : > Ias — lP%n =0

Vmam

(5.72)



whose solution is simply

2

Imax = -Pzn T (573)
kViaz (arcsin (;ﬁ;) +5+k V:f;)
Note that in the case of an ideal rectifying element, £k = 1 and V. = 0, therefore
27TPZ'”
Imam,ideal = Vmaw (574)

Now that I, is fully expressed given known rectifier parameters, Vpe and Ipc, V(fo) and
I(fo) may be calculated, and the DC load, fundamental load, and rectifier efficiency determined,
whose expressions are equivalent to those given in Section 5.3.2.

An example demonstrating the design procedure should be instructive. Assume the rectifying
element has the following parameters: Vi,q, = 10V, R, =5Q, V4, = 0.7V and P(fp) = 1 W.
First, (5.70) is used to calculate I,,4, which evaluates to 456.7mA. Next, The DC voltage and
current are evaluated using (5.58) and (5.63), respectively. These parameters evaluate to 1.75V
and 218.2mA respectively. The fundamental frequency voltage and current Fourier coefficients
are then evaluated using (5.22) and (5.30), respectively. These parameters evaluate to 6.896 V
and -290 mA, respectively. The DC and fundamental frequency resistances are then calculated
using (5.45) and (5.46) which evaluate to 8.022 and 23.77 Q, respectively. The efficiency is then
calculated using (5.47) and calculates as 38.18 %. Of course this is not very good performance,
but again we have chosen the input power is a design parameter. If the input power were selected
as 0.1 W rather than 1 W, the resultant efficiency is 72.43 % instead. The point is that a specific
element will always have an approximate input drive level at which it can be most efficient, just
as with power transistors in power amplifiers. In the end the goal is always to minimize the
amount of power dissipation in the on-resistance of the rectifying element and maximize the

power dissipated in the DC load resistor.
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5.4

CONCLUSION

This chapter presents an analysis of microwave rectifiers using analogies from power amplifiers
with harmonic terminations to improve efficiency. The analysis is confirmed with measured data
on several shunt Schottky diode rectifiers, and can be applied to wireless powering which is

investigated in [96]. The specific contributions of this chapter are:

e A new approach to rectifier analysis and to increasing efficiency in rectifiers, modeled after

efficient power amplifier design, and reported only briefly in [13].

e Experimental verification of the analysis, based on measurements of a class-C 2.45 GHz
Schottky-diode rectifier with short-circuit 2°¢ and 3'¢ harmonic terminations. A maximum
RF-DC conversion efficiency of 72.8% when matched to 50 Q) is demonstrated. The approach
is applied to integration of a rectifier with a dual-polarization patch antenna in a non 50 2
environment and free-space measurements demonstrate a lower bound on efficiency of 56%

at 150 uW\cm? power density which includes matching circuit and mismatch losses [13].

e The details and extensions of the presented theory in [13] will be submitted for journal

publication in IEEE Transactions on Microwave Theory & Techniques.
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CHAPTER 6

HARMONIC INJECTION POWER

AMPLIFIER
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6.1 INTRODUCTION

A large portion of current research in high-power amplification of signals with carriers in the

microwave range focuses on improving efficiency and linearity [30]. There are many power amplifier



(PA) topologies which achieve high efficiency by driving the active device into a non-linear region
and shaping voltage and current waveforms across the device via proper selection of the output
loading network at harmonic frequencies. These techniques, such as class-F and F~! PA topologies
[53], rely on the nonlinear active device for harmonic current or voltage generation. The concept
of harmonic injection, however, refers to architectures in which power at a harmonic of the
operating frequency is supplied externally to either the input, output, or both input and output
of the active device.

Analysis of efficiency improvement of tube based PAs using harmonic injection into both the
grid (input) and plate (output) has been presented in [97, 98, 99]. A novel harmonic injection
scheme referred to as a harmonic reaction amplifier was presented in [100]. The harmonic reaction
amplifier uses two parallel devices and effectively acts as a push-pull amplifier with respect to the
second harmonic. An experiment demonstrating a 15.2% efficiency improvement of a 2 GHz GaN
PA using second harmonic injection at the input was published in [101]. In 1992, a patent was
issued for a harmonic injection amplifier in which the harmonic signal created using a frequency
multiplier is injected into the transistor output [102]. More recently, a concept for efficiency
improvement via injection of harmonics into the output of a class-B/J amplifier was demonstrated
[103]. A novel scheme of efficiency improvement of a class-E amplifier using input harmonic
injection via a feedback loop was shown in [104].

This chapter presents an analysis of linear amplifiers with second or third harmonic injection.
Raab presented a theoretical analysis showing that an ideal PA with only an optimal purely
reactive second harmonic termination can have a maximum efficiency of 70.7 % [40]. In this work,
a theoretical concept for a second-harmonic-only PA realized with second harmonic injection is
presented, showing that the maximum efficiency in this case is 89.9 %. The injection of third-
harmonic-only has a maximum efficiency of 65.5 %. Since a separate circuit is required to produce
and inject power at the harmonics, it is important to quantify the effect of injector efficiency on
the maximum total efficiency of the PA, as well as the sensitivity of PA efficiency to the injected

power level. A detailed analysis of the injection circuit is also presented, along with an analysis

154



6.2

of the mechanism for electrical impedance synthesis with harmonic injection.

ELECTRICAL IMPEDANCE SYNTHESIS

A harmonic injection amplifier relies on shaping the output waveforms of the active device by
electrically synthesizing the proper harmonic impedance at the virtual drain as well as delivering
the necessary amount of harmonic power. For example, the harmonic impedance and delivered
harmonic power for an ideal second harmonic injection amplifier is presented in Section 6.3. In the
case where the virtual drain of the transistor is the ideal terminating impedance at the injected
harmonic, no electrical impedance synthesis is required and only the delivered power must be
controlled. However, the general case requires control of both. This section provides an analysis
of the mechanism by which both the harmonic impedance seen by the virtual drain and delivered
harmonic power may be controlled.

Consider the circuit diagram shown in Fig. 6.1. The reference plane depicted by the dashed
line is excited by two sources simultaneously, with the incident and reflected waves a; and b;,
respectively. The characteristic impedances of the media on each side of the reference plane are

Z 4 and Zp, respectively. The wave variables a; and b; are defined in [105] as

v V-
a; = L bz = L 6.1
vV Zo; vV Zoi (6.1)

where Vii are RMS voltages and Zj; is a real normalizing impedance. For the following analysis,
it is assumed that Z4 and Zg are real, therefore Zyy = Z4 and Zps = Zg. The input impedance
at the reference plane looking into the medium with characteristic impedance Zp is defined as
Zn. It is assumed that each medium is terminated in its respective characteristic impedance.
A straightforward manner to analyze the circuit in Fig. 6.1 is to apply the principle of
superposition. Let the total wave traveling into the media on the left side of the dashed line
be defined as by. By superposition, the component of by due to a; can be found by removing
the source ay. Similarly, the component of by due to as can be found by removing the source

a1. Then by is found by adding the components. The total wave br traveling into media Z4 is
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Figure 6.1: Basic impedance synthesis circuit depicting two simultaneous excitations.

expressed as

Zp—Za { ZA—ZB} Zp
br="——a+ |1+ —"=|/>"a
T Za+Zs " ZAa+Zp Za " (6.2)
Zp—Za+2VZaZp® '
- ZAa+Zp
The reflection coefficient at the reference plane is then given by
r by Zp—Za+2VZaZp? (6.3)
N ZAa+Zp ’
The input impedance is calculated from the reflection coefficient using the equation
1+Tn
ZiN=12 6.4
IN AT T,y (6.4)
Substituting (6.3) into (6.4) results in
N = 2 T (6.5)
1= Za+Zp
which simplifies to
Zp+ VZAZBZ% Zpal +Zalpas
ZIN=12Z4a =74 (6.6)
Za—NZaZpE Zaa — N ZaZpaz

The resultant input impedance given in (6.6) reveals some very interesting implications of
electrical impedance synthesis. First consider the case when there is no incident wave a;. This

case is relevant to the situation in which a transistor does not produce any harmonic content
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at the virtual drain, or produces extremely little harmonic content. In this case, Z;xy = —Z4,
independent of the impedance Zp and the level of the excitation wave ay. What this reveals is
that there is no hope of electrically synthesizing an arbitrary impedance at the reference plane if
the first source a; is absent. In the case of a harmonic injection amplifier, this means that it is
impossible to electrically synthesize an arbitrary harmonic impedance to the virtual drain if the
transistor fails to produce harmonic content at the virtual drain. The harmonic content must
exist to synthesize an arbitrary impedance, whether it be created by the non-linearity of the
transistor, or by injecting harmonic content into the input of the transistor in order to create
harmonic content at the output.

However, for the moment let us assume that a; # 0 and the second source as is able to be
controlled. Let us investigate the impedances that can be synthesized. For simplicity, assume
that the impedances Z4 and Zp are fixed, and assume the ratio Z—f which we will define as r can

be controlled. From (6.6), the input impedance is then re-written as

Z+\Zalpr

Zin =2
N oA JZAZpr

(6.7)

Equation (6.7) can be re-arranged to express r as

Za (ZiN—ZB
N 6.8
Zp (ZIN + ZA) (6.8)

For a generalized analysis, it is convenient to normalize to the impedance Z 4, therefore the

normalized impedance is given by

zZp ++/2BT
: 6.9
*IN 1-— zZBT ( )

Equation (6.9) contains two free complex variables: © and zp. Therefore, there are four degrees
of freedom due to both variables being complex quantities in general. This gives some freedom in
synthesizing an arbitrary input impedance. For an initial investigation, let us fix zg = 1 and
investigate the input impedances which may be synthesized as a function of |r| and Zr. This will
demonstrate how controlling the relative power and phase of the excitation sources a; and as

can be used to synthesize an arbitrary impedance. The resultant range of input impedances is
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shown in Fig. 6.2 as a function of |r| and Zr. The specific cases when Zr = 0° and Zr = 180° are
depicted in Fig. 6.3. There are some conclusions that can be drawn from Fig. 6.2 and Fig. 6.3.
It is evident that any resistance between +o0o and —oo can be electrically synthesized at the
reference plane by simply adjusting the magnitude and sign of r. Of course this is under the
condition where a; # 0.

Up to this point, we have simply addressed the synthesized impedance. However, it is also

important to understand the power delivered into medium A under the conditions of the impedance

D{zin}, z, = 1

(a) Re{zrn}

D{zin}, z, = 1
0 2
50t 15
1000 1
159 05
= 200t °
-05
-1
-15
-2

(b) Im{z;n}

Figure 6.2: zyy versus |r| and Zr when zp = 1.

158



D{zin}, 7, = 1

10 :
—0r=0
---0r=180
5, 4
= <
N OFTteemio Ll
I i T e e
5
_lo i i i i
0 2 4 6 8 10

Il

Figure 6.3: Real part of input impedance when Zr = 0° or Zr = 180°. Note that in this
configuration the imaginary part of the input impedance is zero.

synthesis. This can be accomplished through use of the reflection coefficient derived in (6.3).
Effectively, this reflection coefficient is used to calculate the average reflected power, given by

Pp =|a1]*[Trn|? = |br[? (6.10)

Substituting (6.2) into (6.10), the average power expands to

2
7 —ZA+2VZpLBp22
Pp = |a =2 2 7 278 ay (6.11)
A B
which can also be expressed in the form
Zp — Za)r Y+ 2VZa 75 |
Pp = |agf? |22 AZ)TJF; A°E (6.12)
A B
Substituting (6.8) into (6.12) and simplifying yields
Zp | Za — Zin |?
Pp = 222|124 AR 6.13
D = oz Za ZB_ZIN‘ (6.13)

This expression allows one to determine the power delivered into medium A at the reference
plane. This is necessary to characterize for the harmonic injection amplifier because of the specific
relationship between fundamental and harmonic Fourier coefficients of the drain voltage and
current waveforms. This will be investigated further in the following sections. Finally, the wave

amplitude is expressed as
Pp

2
ZA—ZIN
Zp—ZIN

lag|? = (6.14)
Zp
Za
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6.3

Under the conditions Z4 = Zp and a; = 0, (6.14) reduces to
las|* = Pp (6.15)

This represents the most efficient use of injected power, because all available power from the
injector translates to delivered power at the reference plane. It should be noted that in this case
no electrical impedance synthesis is required. This concludes the necessary basic circuit analysis
for understanding impedance synthesis using harmonic injection. The most important conclusion
is that the transistor must be a harmonic source in order to synthesize an arbitrary impedance.
Furthermore, it is necessary to know the amount of harmonic power it is able to generate, as well
as the its effective source impedance. Once these things are known, the required input impedance
and delivered power may be satisfied for ideal drain voltage and current wave shaping. The
main purpose of this analysis has been to understand how to synthesize an impedance having a

negative real part if necessary, but is applicable to impedance synthesis in general.

SECOND HARMONIC INJECTION DRAIN WAVEFORMS

Consider the normalized drain voltage and drain current waveforms at the virtual drain of a

linear FET PA shown in the block diagram in Fig. 6.4 which are given by
op(0) = Vpp + V2sinf (6.16)

in(0) = Ipp — V2sinf (6.17)

where 6 = 27 fyt, and the bar indicates a normalized quantity. For instance, when Vop = Ipp =
V2, the normalized class-A output power is 1 W and the waveforms result in 50% efficiency.
If the drain waveforms can be shaped in a manner such that the overlap of the voltage and
current is minimized for a given fundamental frequency output power, then drain efficiency will
be maximized.

The class-A current and voltage waveforms are symmetrical, and next we consider how the

duration of current and voltage waveform overlap, and thus dissipation in the device, can be
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2o

Figure 6.4: Block diagram of a linear PA with second harmonic injection at the virtual drain. The
three-port network is an ideal passive injection circuit element described in Section 6.5 and further
analyzed in Section 6.6. The injector voltage and impedance Z(2f;) determine the dissipation in
the transistor. The matching networks at input and output are designed for a linear PA.

minimized while maintaining time-domain waveform symmetry. This can be accomplished by
adding appropriate harmonic components to (6.16) and (6.17). Consider the addition of only a
second harmonic term. In order to maintain waveform symmetry following addition of a second
harmonic term, only co-sinusoidal components may be added because sinusoidal components are
not even functions about # = 180°. Such a condition will result in a current waveform consistent
with a finite harmonic class-B amplifier, with the voltage waveform being the same shape and

180° out of phase. The waveforms following addition of a second harmonic term become
op(0) = Vpp + V2sin 0 + ay cos(26) (6.18)

ip(0) = Ipp — V2sin 0 + ag cos(26) (6.19)

It is important to note at this point that these waveforms represent a negative impedance being
presented to the virtual drain of the transistor at the second harmonic. Effectively, this requires
that power is delivered to the transistor at the second harmonic. The impedance synthesized is
the negative of that presented at the fundamental frequency. This can be seen by investigation of
(6.18)-(6.19) and noting that the ratio of the second harmonic Fourier coefficients is equivalent
to that of the fundamental coefficients, except the sign is reversed.

Next, the optimal value of as is found to maximize the efficiency, taking into account an
assumed injector efficiency. First, the critical points of the drain voltage waveform are expressed

as
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sin OCT'itiCal,’U = \/5/461/2 (620)

and

ecritical,v - ’/T/2 + nm, n= 0> ]-7 ey OO (621)

where Ocriticai,v corresponds to a point at which the first derivative of the voltage waveform w.r.t

0 is equal to zero. Note that (6.20) is only valid when
— 1 <sinberitical,y < +1 (6.22)

Therefore, (6.20) is only valid when

laz| > V2/4 (6.23)

The second derivative of the normalized drain voltage at the critical point described by (6.20)

results in
0%vp(0)
————= = —4a 6.24
962 2 (6.24)
Therefore, if ay is negative in sign, then the critical point corresponds to a minimum, while if it

is positive in sign, then it corresponds to a maximum. Applying the second derivative test to the

critical point described by (6.21) results in

0%vp(0)

2 =V2(=1)"" +4ay, n=0,1,...,00 (6.25)

Therefore, the critical point described by (6.21) will be an extremum as follows:

as > +xf2/4, D (Beritical,w) 1S & minimum (6.26)

ag < —V2/4, Up(Ocritical,w) 1s & maximum (6.27)

When —% <ag < —l—%, the critical points will alternate with n between maxima and minima.
If ag > fg, the global minimum occurs at the critical point corresponding to (6.21) with n = 1.
Otherwise, the global minimum occurs at the critical point corresponding to (6.20).
The normalized total DC power consumed by the PA can now be expressed as
2 2

a — a
2 :VD2D+ 2

Ppc =Vpplpp +
nznj 277an

(6.28)
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where 7;,,; is the efficiency of the injection circuit, defined as the ratio of available injector power
P;,.;(2fo) to the DC power consumed by the injector P;,; pc. The highest efficiency is achieved

when the DC supply voltage results in a drain voltage waveform minimum of zero. Therefore,
Vbp = —V28in0pin.o — a2 cos(20min.0) (6.29)

The expansion of (6.28) can be written as

1+4a? 2 a? -2
) (L) + 5, a<=f2
Ppe = (6.30)
2
(\/§+a2)2+ﬁf‘;j, a2>%ﬁ

The coeflicient as corresponding to the highest efficiency is found by setting the partial derivative

of (6.30) to zero:

— 1 4 ax _ -2
8PDC _ 20/2 Sag + Ninj - 07 ag S 4 (6 31)
8@2 '
2V2+2a3 + 2 =0, a3 > =2
The solution for as which optimizes efficiency is:
- a2ﬁfT\/§—>77ij%
4 1
a = (2+75) (6.32)
—ﬁfﬁ ; ag > ;f — Tinj < §

Minj

A plot of ag versus n;,; is shown in Fig. 6.5. As expected, the magnitude of ay decreases as
the injector efficiency decreases. Another interesting parameter to investigate is the ratio of the
delivered fundamental output power to the required delivered second harmonic injected power,

which is found by calculating 201log;, ‘% , and is also shown in Fig. 6.5.

The normalized DC power is found from (6.30) and (6.32), and is given by

14+2nin;
e ez
Ppc = TN Ming (633)
2 oL
Ming 117 Minj < g

The normalized fundamental output power is 1 W based upon the definition of the fundamental

frequency Fourier coefficients, therefore the total efficiency becomes the inverse of the normalized
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Figure 6.5: Optimal solution for Fourier coefficient as (solid line) and second harmonic delivered
power relative to fundamental frequency output power (dashed line) versus second harmonic

injection efficiency 7;p;.

DC power, given by

o=

ing (\/55 +16=4) 1ing >

2Nin;+1
2 )

Ntotal = (634)

=

Ninj <

A plot of the total efficiency versus injector efficiency is shown in Fig. 6.6. The maximum value
is 89.9%, and it rolls off reasonably slowly with decreasing injector efficiency. This is intuitive
because the power required from the injector is significantly lower than the fundamental output

power of the PA, as shown in Fig. 6.5. As expected, the drain efficiency reaches 50% as injector

efficiency reduces t ‘on.
0.9
0.8 ]
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Figure 6.6: Total efficiency 7001 versus injector efficiency ;.

As previously mentioned, the load presented to the virtual drain at the second harmonic is
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the negative of that presented at the fundamental, so the harmonic load resistance normalized to
the class-A fundamental load is —1. However, the output power of the PA normalized to class-A
output power remains to be found. In order to find this, normalization conditions corresponding
to constant peak voltage and current constraints are enforced. Vpp and Ipp are now found
which will enable determination of the maximum instantaneous normalized voltage V4, and
current Inqz- Using Vinas and fmaz, the output power normalized to the class-A PA output
power is determined. The normalized DC voltage may now be expressed as

_ 14443 >

das Ning =

Vpp = (6.35)
V2 + az, MNinj < é

=

Due to the symmetry of the current and voltage waveforms, Vpp = Ipp, and the maximum
value of the normalized current waveform is equivalent to the maximum value of the normalized
voltage waveform

_ 148a3—4v2a; RS

. ey Ming =

Vs = (6.36)
2v/2, Ning <

[N

[N

The output power normalized to class-A is then given by

8 1
(1+8a§—4\/§a2 )2, Thn] Z 6

pra(fo) = 2 (6.37)
8 o1
avap — b i <%

Fig. 6.7 depicts the fundamental frequency output power reduction relative to a class-A
PA versus injector efficiency. This was calculated by computing a2 as a function of 7;,;, then
computing the output power from as and determining the ratio relative to 1 W. When injection
efficiency is 100%, the output power is reduced by 0.13 dB relative to the class-A PA.

It is of practical interest to plot the supply voltage normalized to class-A supply voltage

found as

vpp.a = Vpp/V2 (6.38)
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Figure 6.7: Power reduction and normalized supply voltage vpp, 4 versus injector efficiency n;p;.

In this formulation, the normalized supply current is equivalent to the above. Fig. 6.7 shows the
supply voltage normalized by the class-A supply voltage as a function of injector efficiency. The
value when the injector efficiency is 100% is approximately 0.7107. The resultant normalized ideal
drain waveforms (i.e. injector efficiency is 100%) are shown Fig. 6.8. As expected, the current
waveform appears as a class-B current waveform with limited harmonic content, while the voltage

waveform is identical to the current waveform shifted by 180°.

3 \ . :
VD(G) 7 N

0 S =~ i /

0 45 90 135 180 225 270 315 360
0

Figure 6.8: Optimal drain current and voltage waveforms when the optimal value of ay from
(6.32) and Vpp from (6.35) are calculated assuming 7;,; = 1.
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6.4

THIRD HARMONIC INJECTION DRAIN WAVEFORMS

The previous section introduced the second harmonic injection amplifier with the logic behind
the selection of the harmonic injection component being to maintain waveform symmetry. This
section introduces another idea for a harmonic injection amplifier based upon third harmonic
injection. An alternate set of ideal waveforms is considered in order to develop the third harmonic
injection concept. Consider shaping the current and voltage waveforms to symmetric square
waves. It is well known that a square wave contains only DC, fundamental and odd harmonic
components. Therefore, it should be possible to shape the current and voltage waveforms into
symmetric square waves using infinite injection of odd harmonics, but let us consider use of only
the first odd harmonic (e.g. the third harmonic). In order to maintain waveform symmetry, the

third-harmonic-only amplifier normalized drain waveforms are constructed in the form given by
op(0) = Vpp + V2sin 0 + bs sin(36) (6.39)

ip(0) = Ipp — V/2sin 0 — bs sin(26) (6.40)

It is interesting to note is that in the case of third harmonic injection, the impedance at the
third harmonic is positive rather than negative, so the waveforms of (6.39) and (6.40) can be
realized with a passive set of output terminations rather than by electrical impedance synthesis
via harmonic injection at the output. However, relying on a passive set of terminations and the
third harmonic components generated by the active device is unlikely to realize the optimal levels
of harmonic current and voltage. Additionally, the active device would produce some second
harmonic current or voltage if it were to produce third harmonic components, which would
destroy the waveform symmetry. The third harmonic injection concept suggests the injection be
done at the input of the active device with a passive third harmonic termination, allowing the
device to operate in its linear region. To analyze the concept, the optimal value of b3 is found
just as as was found in the previous section. The first partial derivative of the voltage waveform

in (6.39) w.r.t 6 is

dvp(0)
00

= /2 cos 0 + 3bs cos(36) (6.41)
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Substituting the trigonometric identity
0836 = 4co0s*0 — 3cosh (6.42)

into (6.41) reduces the partial derivative to

dvp(0)
00

= 12b3 cos® 0 + (V2 — 9b3) cos 0 (6.43)

The critical points are determined by setting (6.43) to zero and finding the solutions, which are

93 — /2
ecri ical,v — + 6.44
c080critical, 120, ( )

and
T
ecritical,v = 5 +nm, n=01,..00 (645)
First the solutions of (6.44) are investigated. In order for the solution to be valid, the term under
the square root of (6.44) is restricted such that —1 < cos8criticar,n < +1. Therefore,

9b3 — /2

> 4
120 =0 (6.46)
and
9b3 — /2
——— <1 4
1203 - (6 7)
The numerator of (6.46) has a root at bs = % and the denominator has a root at b3 = 0.

Therefore, the intervals of analysis are [—oc0,0), (O7 ?}, and [?, —1—00}. Using the test point

method (i.e. picking a test point in each defined interval and checking the sign),

7963_\/§>0 bs

126 = [00,0), {\f +00} (6.48)

To analyze (6.47), all terms are collected over a common denominator which yields the form

3b 2
31;)3[ >0 (6.49)
The numerator of (6.49) has a root at bs = —g and the denominator has a root at bz = 0.
Therefore, the intervals of analysis are {—oo, —g], {—?, 0), and (0, +o0]. Using the test point
method,
s tV2 {—oo,—ﬁ] (0, +o0] (6.50)
1263 3
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Therefore, when b3 is in the interval (—?, —|—§), (6.44) does not produce a critical point, and
the critical points are strictly defined by (6.45). Which critical points correspond to the minima,
maxima, the global minimum, and the global maximum must now be proven. The second partial

derivative of the voltage waveform w.r.t 6 is

2 —
62719’2(9) = —36b5 cos? Osin @ — (V2 — 9bs) sin 0 (6.51)
which simplifies to
2 —
‘9%2(9) = 36b3 sin® 0 — (V2 + 27bs) sin 0 (6.52)

First the solution of (6.44) is investigated. Substituting this into (6.52) results in

93 — /2

0%up(0) 93 — /2 93 — /2
=2 = 122 (1 - =) (V22 +4/1—
062 36bs 12b5 ( 12b5 ) (V2 +27by) 1205
(6.53)
which simplifies to
0%vp(0) 93 — /2
=2 —2v2-1 12 Y2 54
T (2v/2 — 18b3) T (6.54)

The best way to analyze (6.54) is to look at the two terms separately. Start by writing (6.54) in

9%*vp (0 3b3 + /2
T;() = (2v2 —18b3) | +4/ ?’1271)3 (6.55)

It is evident that the first term is greater than zero when b3 < % and less than zero when

the form

by > %. The first term equals zero when b3 =

%. The second term is a bit more difficult
to analyze. First the range of by over which the inside of the square root is positive must be

determined. This is done by analyzing the equation

3bs + V2
EETT >0 (6.56)
The numerator of the equation has a root at by = 7? and the denominator has a root at b3 = 0.

Therefore, the intervals of analysis are [—oo7 —?], {—g, 0), and (0, +00]. Using the test point

method,

3b 2
3bs+ V2

V2
12b3 07 b3 |:—OO,—

3] , (0, +00] (6.57)
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However, the interval [0, g) does not contain a valid solution based upon the previous analysis.
So subsequent analysis is limited to the intervals [—oo7 —g] and [%, —&—oo}. Combining these
results with the analysis of the first term, the properties of the second partial derivative as a
function of valid values of bg can be stated. When the sign of the square root in (6.54) is positive,

>0, b3 ‘ (%, +oo}
0%vp(0)

a2 <0, bg}[—oo,—g) (6.58)
=0, by=2

When the sign of the square root in (6.54) is negative,

<0, b3 ‘ (?, +Oo:|

0?vp ()

T 350, by [, ) (659

:0, b3:

fS

Now the solution of (6.45) is investigated. Substituting this into (6.52) results in

2op (0
8%32() :36bgsin3(g+mr) — (\/5-1-271)3) Sin(g—i—nW), n=0,1,..,00 (6.60)
which simplifies to
20p (0
agigz() = (9b3 —V2) (1), n=0,1,..,00 (6.61)

It is only necessary to investigate the first two solutions corresponding to n = 0 and n = 1

because the rest correspond to the periodicity of the waveform. When n = 0,

>0, b3 ‘ (%, —&—oo}
82210)2(0) {0 b ‘ {_OO’ —?) (6.62)
—0, by=L2
When n =1,
<0, b3 ‘ (72, +oo}
82252(9) {0 b ) [_OO’ _Tg) (6.63)
=0, b3= 72



To identify the global minimum the four known minima must be compared to see which results
in the lower value. The known minima are dictated by values of bs for which (6.58), (6.59), (6.62)
and (6.62) are greater than zero. The voltage minimum corresponding to the critical point in

(6.44) with the square root taken as positive is

- / 9bs — /2
'DD (ecm’tical,v) = VDD + \/5 1- % + bd Sin(?)ev,critical) (664)
3

which through use of the triple angle formula becomes

— / 9b3 — /2
l_jD (ecritical,v) = VDD + \/5 1-— 31271)\[ + b3 [3 Sin(av,critical) - 4Sin3(9v,criti(zal)] (665)
3

which simplifies to

2V/2

- 2 9b3 — /2
/DD (acritical,v) = VDD + (3 + 2b3> 1-— 37\/>

o (6.66)

Similarly, if the negative square root of the critical point in (6.44) is taken, the voltage minimum
is

2v2 ) 1 s — V2 (6.67)

Up (Oeriticat,s) = VoD — <3 + 2b3 - 1o,
The value of the voltage minimum corresponding to the critical point in (6.45) with n = 0 is
Op (Ocritical,v) = Vbp + V2sin (g) + bz sin (3%> (6.68)
which simplifies to
Op (Ocriticatn) = Voo + V2 — by (6.69)

This is a minimum when b3 is in the range (%, —&-oo}. The value of the voltage minimum

corresponding to the critical point in (6.45) with n =1 is

ﬁD(ecritical,v) = VDD + \/Esin (g + 7T) + b3 sin (3% + 371') (670)

which simplifies to

Up (ecm’tical,v) = VDD - \/E + b3 (671)
This is a minimum when bs is in the range [—oo, %) . Now the minima are compared to determine

the global minimum as a function of bs. First, the global minimum when b3 is in the range
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[—o0, —?} is determined. In this case, there are two minima of interest. Let us try to prove that

the minimum corresponding to (6.44) with the positive root taken is the minimum. Then we

must prove
2v/2 9b3 — /2
i+2b3 1-— 905 — V2 < —V2+bs (6.72)
3 1203
Direct evaluation of (6.72) proves its invalidity, therefore when b3 is in the range [foo, 7@},

the solution to the critical point corresponding to the global minimum is Ocriticary = 5 + -
The range over which this critical point corresponds to the global minima can be extended to
[—oo7 %) since it is the only minima in this extended range.

Next the global minimum when b3 is in the range (%,—I—oo} is determined. By direct

evaluation, it can be shown that when b3 is in this region, the solution to the critical point

9b3—V2
12b3

corresponding to the global minimum is given by cosOcriticainy = %+ . Now it is fully
known how to determine the global minimum of the voltage waveform as a function of b3. Due
to the symmetry of the voltage and current waveforms, the minimum normalized voltage will be
equivalent to the minimum normalized current. Therefore, the normalized supply current will be
equivalent to the normalized supply voltage, and the normalized voltage global maximum will be

equivalent to the normalized current global maximum. Next the normalized supply voltage is

found for each potential global minimum. The normalized supply voltage is
VDD = —\/éSiD emin,v — b3 Sin(39mm,v) (673)

Through substitution of the appropriate critical points, the normalized supply voltage is expressed

as

A [ )

Vbp = (6.74)
by —
(22 +255) \/1- B2, 1y | (2, +00]
The consumed DC power is expressed as
N B
Ppc =Vpplpp + =Vhp+ (6.75)
Ningj 2Minj
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Which in the two regions of b3 having unique solutions is expressed as

2
(V2= b3)* + 27177z‘3nj ' bs ‘ [_OO’ T2)

Ppe = ) (6.76)
{(2?@ +2b5) /1 - 9"132;;/5] + s, by | (R, 400

which reduces to

2
R IR b |[oc. %)
Ppe = (6.77)
2
Vobs+ B2+ 03+ 2+ 5o, by ‘(%Jroo}

Now the DC power is minimized. The partial derivative of (6.77) w.r.t. bs is

_ b
dPpe —2(V2 = bs) + o bs ‘ {—007 ?)
obs

(6.78)

2v2 b: V2
V2 — a7z + 203+ 02, b ‘ (7,—&-00}
Note that if the second partial derivative of (6.78) is taken and evaluated for a given bs, the
result is positive, therefore the critical point of the DC power always corresponds to the global

minimum. Setting (6.78) equal to zero and solving for b3 results in

242:/?1’ [07 ?) (6.79)

MNing

by = b

and the purely real positive root of the other expression in (6.78), which is the root of a cubic
equation. Notice that b3 must be greater than zero, given the injector efficiency is always positive.
That is the reason for the changed limits of b3 in (6.79). Also, note that above a certain injector
efficiency, the result becomes inconsistent with the range of bs over which it is valid. By setting
bs to the limiting values of the range and solving for injector efficiency, we find that (6.79) is only
valid when 7;,; is in the range [07 1—16), or in other words up to 6.25% injector efficiency. Above
6.25% injector efficiency, the other solution for b3 is the valid solution. Fig. 6.9 depicts the optimal
solution for b3 as a function of injector efficiency. This graph was created by parsing together
the results from the two different regions of solution. The efficiency may now be calculated as a
function of injector efficiency. An analytical expression is not provided because it is complicated
due to the root of the cubic equation in (6.78). Fig. 6.10 depicts the total efficiency versus injector

efficiency. Fig. 6.11 depicts the optimal drain voltage and current waveforms using third harmonic

injection which result from 100 % injector efficiency.
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Figure 6.11: Optimal drain current and voltage waveforms for third harmonic injection amplifier.
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6.5

PRACTICAL IMPLEMENTATION ISSUES & LIMITATIONS

The analysis of the previous sections demonstrates that a high drain efficiency can theoretically
be realized via harmonic injection. However, there are several practical issues that must be
considered, such as synthesis of the harmonic impedance at the virtual drain of the transistor
and the design and influence of the injector passive three port from Fig. 6.4.

The synthesis of a negative second harmonic impedance at the virtual drain can be accom-
plished using output harmonic injection only in the case where the transistor itself is generating
second harmonic content. If the transistor fails to generate second harmonic power and presents
an impedance other than that of the fundamental frequency output termination, the necessary
negative impedance for optimal injection cannot be synthesized using harmonic injection. In this
case, it would be necessary to perform harmonic injection at both the input and output of the
transistor.

The ideal passive three port injection circuit shown in Fig. 6.4 is assumed to be lossless in
the presented analysis. In general, the ideal S-parameters of the network at the fundamental and

harmonic frequencies are given by

[ 0 eJ®21(fo) 0
S(fo) = | eid=1(fo) 0 0 (6.80)
0 0 eJ®33(fo)
| 0 0 eJ#31(2fo)
S(2fo) = 0 ed$22(2f0) 0 (6.81)
i ¢31(2fo) 0 0

where the S-parameters are assumed to be normalized to the fundamental frequency load
impedance. Port-1, port-2, and port-3 are assumed to connect to the device, output load, and
harmonic injector, respectively. An example of such a circuit can be found in [103], where
the presented multiplexing circuit coupled with the appropriate termination on port-2 obeys

(6.80)-(6.81).
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6.6

INJECTION CIRCUIT ANALYSIS

In order to allow for design of a satisfactory injection network, a theoretical design procedure is
presented. First assume that there are two individual two-port networks and that their scattering
parameters are known. Let the networks be defined as network-A and network-B, with the
respective scattering parameters S4 ;; and Sp;;. The two-port networks are shown on the left
side of Fig. 6.12 and the connection scheme resulting in the three-port network is shown on the

right side of Fig. 6.12. The goal is to derive the scattering parameters of the three-port network

1 2 2

s 13 B 13

Figure 6.12: Diagram showing construction of a three-port network from two two-port networks.

in terms of the parameters of the two-port networks. A straightforward manner in which to
approach the problems is depicted in Fig. 6.13. A signal flow graph analysis could be performed
as an alternative approach.

The shunt impedance shown in Fig. 6.13 represents the effective impedance created by the
termination of port-2 of either network-A or network-B in a load consistent with the reference
impedance for the scattering parameters, which is denoted as Zj. In the case of analysis of
port-1 to port-2, [S;] = [Sa] while in the case of analysis of port-1 to port-3 [S;] = [SE].
First, let us derive an expression for the normalized shunt impedance zspunt,.. Remember that
this represents and normalized input impedance created by two-port network terminated in
Zy. Under the assumption that the scattering parameters of the network are normalized to the

reference impedance Zj, the input reflection coefficient is simply S71; of the network. Therefore,
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Analysis circuit for port-1 to port-2 and port-1 to port-3

1 23

[Ss] =2
ey @)
Zshunt,x

Analysis circuit for port-2 to port-3

3
o | [Sa] » g é () [Se] B

Figure 6.13: Diagram showing the circuits used to determine the three-port scattering parameters.
Zshunt,» and [Sz] denote a shunt impedance and scattering parameter block, respectively. Note
that in general Zspyne » and [S;] will differ for each analysis circuit. For example, Zspyne,» and [Sz]
will differ for the analysis of port-1 to port-2 and port-1 to port-3, although they are represented
by the same basic circuit in the figure.

the normalized shunt impedance zgpunt,» is given by

145
ﬁ, (port-1 to port-2)
Zshunt,x = (682)
145
5, (port-1 to port-3)

From now on, the normalized shunt impedance presented by network-A as is referred to as zspunt, 4
and the normalized shunt impedance presented by network-B as zspunt, 5. Now that an expression
for the normalized shunt impedance is obtained, the most straightforward analysis procedure is
to analyze the three analysis circuits using ABCD parameters. The ABCD parameters of the

shunt impedance are given by

1 0
ABCDy = (6.83)

shunt,z

}/shunt,;ﬂ 1

Let the ABCD parameters of the network-A and network-B be defined as

Ajx By

ABCD, = (6.84)
Ca Dy
Ap Bp

ABCDp = (6.85)
Cg Dp

Now we begin to form the scattering parameters. First we analyze port-1 to port-2. In this case
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the cascaded ABCD parameters are given by

AA BA
ABCDy, = (6.86)
AA}/shunt,B + CA BA}/;hunt,B + DA

Using the formulas in [23] where a real port impedance is assumed, the scattering parameters

are expressed as

Sai+l
S L= 2Zshunt7B(SA711 + 1) . SA,ll - Dzehunt.B (6 87)
He o - .
ZZshunt,B + SA,ll +1 1+ M
Zshunt,B
2Zshu'mf BSA 12 SA 12
S12 = S+l ’ 6.88
2Zshunt,B + SA,ll + 1 1 + ZSAYﬁ ( )
Zshunt,B
So1 = 2Zshunt.,BSA,Zl - SA,21 (6 89)
21 — = )
2%shunt,B +Sa1+1 1+ M
Zshunt,B
Sa125421
S22 = Sa22 — g (6.90)

2Zshum&,B + SA,ll +1

Now (6.82) may be substituted to fully express the scattering parameters in terms of the two-
port network parameters. However, as we will see later, it is more useful to leave the expressions

in the current form. Through an identical analysis, we can also express the port-1 to port-3

results as
Sp,11+1
S 2Zshunt,A(SB,ll + 1) 1= SB’ll - 2Zshunt, A 6.91
= 2 S 1 Sp11+l (6. )
Zshunt, A + B,11 + 1+ P
Zshunt,A
2Zshunt,ASB,12 SB,12
Si3 = ’ : = : 6.92
2Zshunt,A + SB,ll +1 1+ M ( )
Zshunt,A
S — 22shunt,A5B,21 B SB,21 (6.93)
31 = = .
2Zshunt,A +Sp11+1 14+ QSB#H
Zshunt,A
SB,125B,21
S33 = Sp22 — —— (6.94)

2Zshum&,A + SB,ll +1
Finally, we must analyze the final circuit to arrive at the remaining scattering parameters. The

cascaded ABCD parameters are give by

A% B 1 0 Ap Bp
ABC Dy = (6.95)

¢y D Yo 1| | Cs Dp

g

N

A*AAB+BZCB +B:ZABY0 AZBB +BZDB +B:1BBYO
ABC Dy = (6.96)

CI’ZAB + DZCB + DZABYO CZBB + DZDB + DZBBY()
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where the * indicates that the ABCD parameters are calculated with port-1 and port-2 reversed.

After applying the conversion, the remaining scattering parameters are given by

2541254,21(Sp11 — 1)

So0 = S + 6.97

22 A2 Spi1 —Sa11(Spi1—1)+3 ( )
254125821

S — 1298, 6.98

2 Sa11—SB11(Sa11—1)+3 ( )
25B,1254,21

S — 1254, 6.99

52 Sa11—9SB11(Sa11—1)+3 (6.99)

28 S S -1
Sis = 2 + B,125B,21(Sa,11 — 1) (6.100)

Sa11—5SB11(Sa11—1)+3

This completes the derivation of the 3-port scattering parameters as a function of the 2-port
scattering parameters. Now we start to place requirements on the 2-port scattering parameters
based upon the requirements placed on the 3-port scattering parameters given in (6.80) and (6.81).
Note that from these requirements we have some commonality between the fundamental and
second harmonic scattering parameters. We see that at both frequencies, S1; = S32 = Sa3 = 0.

First, based upon (6.87) and (6.91) we have that

2Zshunt,B(SA,ll + 1)

—-1=0 6.101
2ZshuntE,B + SA,ll +1 ( )
2Zshunt, A(S 1

e aSen 1)y (6.102)

2Zshunt,A + SB,ll +1
These may be solved in the following forms

S +1

Zshunt,A = 5:;;7711 (6103)
San+1

shun = : 6.104

“shunt,B 25411 ( )

S TR (6.105)

A= 2Zshunt,B -1 .
1
Sp11 = (6.106)

2Zshuniﬁ,A -1
This gives some guidance about what the two-port networks must present as shunt impedances,
or what S4,11 and Sp 11 must be in order to enforced the matched condition at port-1. Next,

from the condition that S3s = So3 = 0 we can state using (6.98) and (6.99) that

Sa125B,21 = SB,1254,21 =0 (6.107)
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Given that the two port networks are passive, we have the knowledge that they are reciprocal.
Therefore, we can state that for this condition to hold we require that either S4 12 = S421 =0
or Sp,12 = Sp,21 = 0. Note that these conditions must not be simultaneously true at a given
frequency because transmission of energy would never be able to occur between any ports in that
case. By inspection of (6.80) and (6.81) with the knowledge of the derived scattering parameters,
we conclude that

Sp21(fo) = Sp12(fo) =0 (6.108)

and

Sa21(2f0) = Sa12(2f0) =0 (6.109)

We know that we want total transmission from port-1 to port-2 at fy, therefore

|S21(fo)]? =1 (6.110)

which from (6.89) and (6.104) results in

9 2
‘53,21(f9)| _ |S4,21(fo)] =1 (6.111)
|1+M0)+)|2 1+ Sa11(fo)l

22shunt,B(fo

Which expands to

1Sa,21(fo)[? 1 (6.112)
1+2Re{Sa11(fo)} + [Sa,11(fo)?
Therefore, for the above to be satisfied we require that
[Sazi(fo)P =1 [Sau(fo)l> =0 (6.113)

These requirements further simplify our previous expression for the shunt impedance to

Zshunt,B(fo) = 00 (6.114)
Similarly, we know that we want total transmission from port-1 to port-3 at 2fy, therefore
1S31(2f0)]* =1 (6.115)
which results in

ISp212f0)*>  [SB21(2f0)]?

S 2f0)+1 - 2
1+ genllpse 1+ S5u )l

=1 (6.116)

180



Which expands to

|SB,21(2f0)?

1+ 2Re{SB11(2f0)} + |SB.11(2/0)|? -1

Therefore, for the above to be satisfied we require that

1Sp21(2f0)*> =1 |Sp11(2f0)]> =0

We can also write that

Sa22(fo) =0

Therefore

Sa,12(f0)Sa,21(fo)

Sa22(fo) — 22Zshunt,B(fo) + Sa11(fo) +1

=0

which immediately requires that

Sa22(fo) =0

We can also write that

S33(2f0) =0

Therefore

SB,12(2f0)SB,21(2f0)

Sp.22(2o) — -
B,22(2f0) 2Zshunt.A(2f0) + Sp11(2fo) + 1

which immediately requires that

Sp,22(2fo) =0
Next we solve for Sa11(2fo). We know that

1+ Sp11(2f0) 140

2 = = 1
Zshunt,B( fO) 11— SB,11(2f0) 1-0
Therefore, using (6.105) we may state that
1 1
S 2 = = =1
A711( fO) 2Zﬁhunt,B(QfO) -1 2-1
Next we solve for Sp 11(fo). We know that
1+ S 140
Zshunt,A(fO) = A’ll(fO) = =1

1-S411(fo) 1-0
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(6.117)

(6.118)

(6.119)

(6.120)

(6.121)

(6.122)

(6.123)

(6.124)

(6.125)

(6.126)

(6.127)



Therefore, using (6.106) we may state that

1 1
S - = = 1
B711(f0) 2Zshunt,A(fO) -1 2-1

Now we solve for S4 22(2fy). We require that
S22(2f0)” =1

First we can simplify (6.90) to the form

0

S22(2f0) = Sa22(2f0) — 5

Therefore, we require that
|Sa22(2f0)|* =1

Through a similar procedure, it can be shown that

1SB,22(fo)]* =1

= Sa22(2f0)

(6.128)

(6.129)

(6.130)

(6.131)

(6.132)

We have now fully expressed the requirements on the individual two port networks, and they are

now summarized below

0 ej9A,21(fo)
Sa(fo) =
ed04.21(fo) 0
1 0
Sa(2fo) =
0 eJ94,22(2f0)
1 0
Sp(fo) =
0 ei9B.22(f0)
0 e195.21(2f0)
Sp(2fo) =
e705.21(2f0) 0

(6.133)

(6.134)

(6.135)

(6.136)

Investigation of S4 reveals that it represents nothing more that a low-pass filter. However, it

represents a special low-pass filter under further inspection due to the requirement on Sa,11(2fo).

In the stop-band, the network must look like an open circuit rather than just a reflective
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6.7

termination as is typically the case with a reflective filter. This represents a difficult design
challenge, where not only the magnitude of the reflection coefficient must be synthesized but
also the phase. This is certainly achievable over a narrow bandwidth, but it is desirable to find a
way to achieve it over a broad bandwidth. It is noted that the same stop-band characteristic is

required for the network represented by Sp, where in this case the filter is a high-pass filter.

CONCLUSION

This chapter presents an analysis of an alternative approach to high-efficiency PA design, using a
nominally linear amplifier and injecting harmonic power externally at the load side. The details
of second and third harmonic injection are given, along with a discussion of an appropriate
network that can be inserted into the output network for harmonic injection. Ground work
for experimental verification and appropriate efficiency definitions are also presented. Specific

contributions of this chapter include:

e Development of a theory for externally harmonically injected amplifiers for the first time,
to the best of our knowledge. It is our plan to submit this work for publication in IEEE

Transactions on Microwave Theory & Techniques, along with some experimental validation.

e The theoretical approach shows that from the efficiency and complexity standpoint, it is
practical to only consider injection of the second harmonic, and that under ideal conditions
the injected amplifier exceeds the theoretical best efficiency of a harmonically terminated

amplifier.

e The results are validated with a simple set of experiments and are reported in [14].

e Because a linear amplifier is used as the main amplification mechanism, the overall PA is
more linear than a standard harmonically-terminated high efficiency PA, leading to the
possibility of achieving linearity with simultaneous high efficiency over a potentially broad

bandwidth, assuming a broadband injection circuit can be designed.
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e Theoretical analysis of the passive 3-port injection circuit is developed, with a conclusion
it needs to behave like interconnected low-pass and high-pass 2-port filters, which act as
open circuits in the stop bands. If such a circuit can be designed, simultaneous linearity,

efficiency and bandwidth in a PA would be enabled by the harmonic injection architecture.
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CHAPTER 7

SUMMARY AND FUTURE WORK
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SUMMARY & CONTRIBUTIONS

In summary, the research presented in this thesis addresses techniques for analysis and design
of high-efficiency power amplifiers, with extensions to linear high-efficiency transmitters and
high-efficiency rectifiers. Specific contributions associated with the material in Chapters 2-6 are
summarized below, followed by some obvious directions for future work.

Chapter 2 presented some of the basics of load pull based power amplifier design, including
some basic load-pull theory and measurement network design. A method for calibrating and
measuring a single slug mechanical tuner was presented and verified with a FOCUS Microwaves
tuner. The load pull method is necessary for high-efficiency PA design when good models are not
available, which is commonly the case, especially for new device technologies such as GaN used

in this thesis. The specific contributions described in this chapter are:



e Application of basic load pull theory to design of a high-efficiency 2.14 GHz cell-phone

band PA.

e The resulting design was implemented in a hybrid circuit with a TriQuint 12 W GaN die.
This PA was measured independently by Agilent at the 2010 IEEE International Microwave
Symposium, resulting in 82.6 % PAE with 38.2dBm output power and 18 dB large signal
gain. This PA won second place at the 2010 IMS PA Student Competition and is also

reported in [9].

e The load-pull design method was scaled to 10 GHz in a GaN MMIC test structure with
implicit harmonic terminations on-chip. The TriQuint 0.25 yum GaN process was used and
resulted in an efficiency of 50 % at 10 GHz with 3.5 W of output power in a test MMIC.
The measured results from this test circuit serve as input characterization information for
the next iteration of a high-efficiency 10 GHz PA design, with estimated potential PAE of

70 %.

Chapter 3 expands previous work on harmonic terminations for high-efficiency PAs. The
analysis of ideal PA behavior for arbitrary complex harmonic terminations is presented, which
extends existing theory developed by Raab in [40], which was only valid for specific reactive

impedances. Specific conclusions resulting from the analysis can be summarized as follows.

e The method is useful because it predicts the sensitivity of relevant PA parameters to
specific impedance terminations at the harmonic frequencies. This is especially important
for higher microwave frequency PAs, where the harmonics are in the millimeter-wave range,
and parasitic reactances and loss can significantly affect the impedances designed at the

harmonics.

e An interesting result from the theory is the limited sensitivity of efficiency and power
to harmonic termination phase, which points to the possibility of extending bandwidth

through use of appropriate resonant circuits.
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e The theoretical approach was validated with qualitative measurements on a 2.14 GHz

class-F~1 PA with second and third harmonic terminations and is presented in [10].

e In Section 3.6, the theory was extended to include a linear transformation due to C,,; and
was further extended to include bond wires in the experimental validation. In general, the
method may be applied to a PA having an arbitrary parasitic output network which is

linear and characterized by S-parameters.

e The method in this chapter can be extended to include analysis of PA efficiency, output power,

and output load given an arbitrary set of both input and output harmonic terminations.

In Chapter 4, a theoretical motivation has been presented for development of a radar transmitter
capable of generating amplitude modulated pulses. The spectral confinement properties of a radar
system capable of AM signal transmission is superior to that of one limited to constant envelope
signals. However, it is also important to understand the impacts which transmission of an AM
signal has on other radar performance characteristics, of which some have been investigated in
the previous sections. Implementation and measurement of a system capable of high efficiency
AM radar signal transmission has been detailed as well, demonstrating the feasibility of such a

transmitter. The specific contributions presented in this chapter are:

e Development of theoretical analysis of the impact of amplitude-modulated pulses on radar

performance, which was reported in [69].

e In collaboration with Prof. Dragan Maksimovi¢ and Dr. Miguel Rodriguez, implemented a
simple efficient pulsed supply modulator with an approximately raised cosine amplitude
modulation. The supply was characterized with an efficient PA from Chapter 2, with a

modified bias line.

e With digital pre-distortion used for linearization, the supply-modulated PA demonstrated
reduced spectral content outside of the band of interest. The PA operates at 2.14 GHz with
78 % efficiency at 6 W peak power, and with 66.4 % average efficiency over a 14.7 us pulse

with a 4.1dB PAR shaped by a 90 % efficient resonant-pulse envelope supply modulator. For
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PARs greater than 4.1 dB, the signal envelope can be split between the supply modulator

and the PA drive, with up to 25 % improvement in composite efficiency.

e This work is reported in [11], where details of the supply modulators are given, as well as a
submitted paper to IEEE Microwave and Wireless Components Letters with focus on RF

characterization and linearization [12].

Chapter 5 presents an analysis of microwave rectifiers using analogies from power amplifiers
with harmonic terminations to improve efficiency. The analysis is confirmed with measured data
on several shunt Schottky diode rectifiers, and can be applied to wireless powering which is

investigated in [96]. The specific contributions of this chapter are:

e A new approach to rectifier analysis and to increasing efficiency in rectifiers, modeled after

efficient power amplifier design, and reported only briefly in [13].

e Experimental verification of the analysis, based on measurements of a class-C 2.45 GHz
Schottky-diode rectifier with short-circuit 2°¢ and 3'¢ harmonic terminations. A maximum
RF-DC conversion efficiency of 72.8% when matched to 50 Q is demonstrated. The approach
is applied to integration of a rectifier with a dual-polarization patch antenna in a non 50 {2
environment and free-space measurements demonstrate a lower bound on efficiency of 56%

at 150 uW\cm? power density which includes matching circuit and mismatch losses [13].

e The details and extensions of the presented theory in [13] will be submitted for journal

publication in IEEE Transactions on Microwave Theory & Techniques.

Chapter 6 presents an analysis of an alternative approach to high-efficiency PA design, using
a nominally linear amplifier and injecting harmonic power externally at the load side. The details
of second and third harmonic injection are given, along with a discussion of an appropriate
network that can be inserted into the output network for harmonic injection. Ground work
for experimental verification and appropriate efficiency definitions are also presented. Specific

contributions of this chapter include:
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7.2

e Development of a theory for externally harmonically injected amplifiers for the first time,
to the best of our knowledge. It is our plan to submit this work for publication in IEEE

Transactions on Microwave Theory & Techniques, along with some experimental validation.

e The theoretical approach shows that from the efficiency and complexity standpoint, it is
practical to only consider injection of the second harmonic, and that under ideal conditions
the injected amplifier exceeds the theoretical best efficiency of a harmonically terminated

amplifier.

e The results are validated with a simple set of experiments and are reported in [14].

e Because a linear amplifier is used as the main amplification mechanism, the overall PA is
more linear than a standard harmonically-terminated high efficiency PA, leading to the
possibility of achieving linearity with simultaneous high efficiency over a potentially broad

bandwidth, assuming a broadband injection circuit can be designed.

SOME DIRECTIONS FOR FUTURE WORK

The underlining theme of this thesis is Fourier analysis applied to various seemingly unrelated
nonlinear microwave circuits such as harmonically terminated saturated PAs, rectifiers and
harmonically injected linear PAs. The theory is idealized in most cases, and can be extended
to include more practical and non-ideal parameters. A direction for doing this is shown, e.g. in
Chapter 3 by including C,, and in Chapter 5 by including V. and Ry, .

Follow-up work related to the method described in Chapter 2 is in the direction of GaN MMIC
design at X-band and above. TriQuint Semiconductor has developed a 0.15 pum GaN process, and
the methodology described in Chapter 2 can be applied to future MMIC designs for high-efficiency
PAs. Since this process has limited power available from a single device, power combining on-chip
will be necessary, and initial work on including integrated power combiner networks is underway.
Specifically, investigation of odd and even mode contributions in a corporate symmetrical power

combined MMIC PA is of interest and will be necessary to achieve a stable and efficient GaN
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Figure 7.1: Transistor rectifier block diagram. The fundamental frequency RF source shown as
Vin(fo) and Zj is used to drive both the drain and the gate of the field effect transistor in a
common source configuration.

MMIC at 10 GHz.

The microwave power rectifier work presented in Chapter 5 may be extended to transistor
rectifiers. Fig. 7.1 shows the basic block diagram of a transistor-based rectifier using a field effect
transistor. The drive level at the gate relative to the drain is optimized via the coupling factor of
the coupler, phase shifter and attenuator to maximize the RF-DC conversion efficiency. Matching
networks are used at the gate and drain in order to present the optimal impedances for RF-DC
conversion efficiency. The DC load Rp¢ is also optimized to maximize efficiency. A preliminary
rectifier was fabricated and tested at 2.45 GHz using the following procedure. A 25 W TriQuint
0.25 pm GaN die was tested as an amplifier with source pull and load pull measurements subject
to second and third harmonic class-F~! terminations. The device was biased at the class-B bias
point. Given the dual nature of a microwave amplifier and rectifier as discussed in Chapter 5, it
is postulated that the impedances found through this procedure will work well for a microwave
rectifier. This method of determining the impedance matching networks was chosen because it
greatly simplifies the measurement procedure. If the device were initially tested as a rectifier, the

drive level at the gate and drain, as well as the RF impedances and DC load would need to be
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optimized. Additionally, the phase of the drive at the gate relative to the drain would need to be
optimized. However, when testing the device as an amplifier, only the RF impedances and gate
drive level need to be optimized.

When presented with the optimal impedances at the gate and source and bias at 35V, the
rectifier exhibited a 79.7 % PAE with 42.3 dBm output power and 14.3dB of gain. The optimal
fundamental frequency load impedance was 66 €2, while the ratio of DC supply voltage to DC
supply current was 59.25 2. Note that the ratio of the fundamental impedance to the DC load
is very near that of an ideal class-F~! amplifier. Given the amplifier measurements, the device
was then tested as a rectifier, with identical RF matching and the DC load set to 59.25 ). After
optimization of the gate and drain drive levels and relative phase, the rectifier produced 13.4 W
when driven with a total of 17.7 W, resulting in an RF-DC conversion efficiency of 75.7 %. This
efficiency is very close to the PAE of the transistor when used as an amplifier. Additionally, the
ratio of the drain drive level to the gate drive level was approximately the gain of the device
when operating as an amplifier with optimal PAE (14 dB). It was noted that the efficiency of the
rectifier was sensitive to the phase of the gate drive relative to the drain drive. Investigation of
the sensitivity due to the relative phase is a path for future work.

The harmonic injection power amplifier work in Chapter 6 has many possibilities for future
work. Initial research in the synthesis of a wide-band injection network is necessary for achieving
a broadband amplifier, with a path toward this end being presented in Chapter 6. Investigation
of the linearity of the concept is currently underway with some of the work being published in
[14]. Further investigation of the linearity of the harmonic injection amplifier when driven with a
modulated signal is important research which needs to be performed. Finally, development of a
communication transmitter using the harmonic injection amplifier is relevant, with the system
performance metrics being of interest.

The research presented in Chapter 4 has several areas in which future work could be performed.
Specifically, experimentation with phase and amplitude modulated radar signals is of interest,

especially from a linearity standpoint. In order to be more efficient for higher PAR levels, a
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modulator needs to be developed which can more drastically swing the drain voltage of the PA.
The many challenges of the future work include linearization, the modulator-PA interconnect,
and accurate co-characterization. Initial work in this area for communication signals is given in
[106] where some parts from Chapter 3 are included.

In summary, the work presented in this thesis demonstrates concepts for improving efficiency
of PAs for microwave communication and radar transmitters. The role of the impedance presented
to the active device at harmonic frequencies is investigated via a generalized Fourier analysis
which may be applied not only to amplifiers with harmonic terminations at the output, but
also to microwave rectifiers and power amplifiers with external injection of waves at harmonic
frequencies. The challenge of simultaneous efficiency and linearity in a transmitter is addressed
for radar waveforms. The harmonic injection amplifier is shown as a possible approach to solving

the even more challenging problem of simultaneous efficiency, linearity and bandwidth.
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