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In wireless communications systems, the transmit front-end consumes a
large fraction of the total available power. In particular, the power amplifier preced-
ing the antenna can consume more than 50% of the total average power. Therefore,
increasing the power amplifier efficiency is essential to extend battery lifetime (e.g.
on a satellite or in portable applications) and reduce power lost to heat that leads
to thermal degradation of the electronics in the front end. Both these factors are
important in reducing the total cost of the system. By integrating efficient power
amplifiers in each unit cell of a transmit antenna array, a transmitter front-end may
be optimized for efficient amplification and for combining the output of each unit
cell in the low-loss medium of free space. In this thesis, traditionally low-frequency
switched-mode class-E and -F high-efficiency amplifier circuits have been extended
in operation to 10 and 20 GHz with record efficiencies ranging from a 74% efficient
power amplifier at 10 GHz to a 42% efficient power doubler at 20.8 GHz. These

circuits are designed for integration with antennas in an active array configuration.

The design of the 10 GHz class-E power amplifier is a non-conventional
integrated circuit-field design well suited for active antenna arrays with small unit-
cell size. A smaller unit cell size allows greater packing density in the array, which in
turn allows for lower array losses, and therefore higher power combining efficiency.
With the proper biasing and RF input to a class-E amplifier, the circuit presented to
the output terminals of the MESFET enables high efficiency operation by offsetting
the phase of the current relative that to the voltage waveform, thereby minimizing
losses. This can be accomplished with an output circuit having a complex output

impedance, whose imaginary part is used to adjust the phases of the current and
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the voltage so that the device operates as a switch with minimal losses, while the
real part of the impedance is the desired load to which the power is delivered. In
this work, both standard 502 loads and radiating (antenna) loads are considered.
In the case of the antenna load, the best performance is achieved if the antenna and
power amplifier are integrated. This is accomplished for an antenna impedance that
! is not purely real, but designed to be the optimal impedance for the class-E mode
of operation. The implemented circuit with a non-resonant slot antenna exhibits
a measured output power of 100 mW with 74% drain efficiency and 62% power-
added-efficiency. In addition, the overall size is two times smaller than if a standard
resonant antenna were connected to a PA designed for a standard 50 2 load.

Having optimized unit cell efficiency and size using a novel integrated ac-
tive antenna, suitable linearization methods must be applied when using these cir-
cuits in transmitter systems. In most modern wireless communications systems, the
envelope-varying modulation techniques require linearity of the PA for low signal
distortion. Linear amplifiers such as class-A and -B, on the other hand, have in-
K herently low efficiencies; for example, the efficiency of class-A amplifiers is limited
to 50%. Where high efficiency is needed, the solution is to linearize high-efficiency
nonlinear amplifiers. In this work, an 8.4 GHz class-F PA was characterized when
different linearization techniques are applied. The two-tone intermodulation distor-
tion and overall efficiency were compared for the different techniques, leading to a
technique for which the average efficiency for multicarrier signals was increased from
10% without linearization to 44% with linearization. With the linearization, the
intermodulation distortion was reduced from -17 dBc to -28 dBc.

The carrier frequencies for commercial applications have been moving into
the millimeter-wave region. For example, the 24 GHz unlicenced band has been
extensively used in wireless sensor applications, and local to multipoint distribution

systems (LMDS) have been allocated the 27-28 GHz range. As an alternative to
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building low-phase-noise frequency-stable oscillators at high frequencies, often times
a low-frequency, high quality, stable and low-cost oscillator is used to feed a chain of
frequency multipliers which produce the desired carrier signal. To minimize heating
of the temperature-sensitive oscillator, it is desirable to maximize the efficiency of
the frequency multiplier chain while maintaining output power levels on the order
of 0-10dBm. The class-E topology is well suited for such an application.

In this thesis, the work in class-E PAs has been extended to a 10.4 to
20.8 GHz frequency doubler that achieved (.83 dB conversion gain and 7.1 dBm out-
put power with 42% drain efficiency and 31% overall efficiency. Nonlinear theoretical
analysis of switched-mode frequency multipliers reveals that the drain voltage for a
doubler must be 4 times smaller than for an amplifier with the same device. This
limits the theoretical output power of a class-E doubler to a fourth of that obtained
for an amplifier. A simplified technique for estimating the switching duty cycle is also
formulated, since a doubler requires a 25% duty cycle to operate in class-E mode.
This is harder to control than the 50% duty cycle required by a class-E amplifier. A
sweep of bias points and input power is carried out to ascertain the best operating
point for maximal efficiency with conversion gain greater than unity.

A design for a spatially combined frequency doubler array is presented as
the conclusion to this study on high-efficiency transmitter front-ends. For constant
envelope applications, this array may be used as the final stage in the transmitter,
i but for varying-envelope signals, an ampliifer stage amplitude-modulation through
the bias must follow, since the frequency multipliers are extremely nonlinear and

cannot be linearized by bias modulation.
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CHAPTER 1

INTRODUCTION

1.1 Prologue

Wireless communication systems have advanced signficantly from the sim-
ple components Guglielmo Marconi used to transmit radio signals across the Atlantic
ocean at the turn of the 20t century. Today, mobile and satellite communications
permeate all aspects of our lives. The number of mobile and cellular phones has sky-
rocketed in recent years while satellite communication traffic including international
telephone calls and DBS-TV (direct broadcast satellite television) has also increased
substantially.

Commercial cellular and PCS mobile communications [1] currently occupy
the 800 MHz-2 GHz spectral region. Military and commercial satellite communica-
i tions [2] including voice, data, and DBS-TV operate at higher frequencies ranging
from 4-30 GHz, and are moving up higher to 60 GHz and beyond in order to facili-
tate higher data rates and a wider range of services. While the initial technological
achievements in both mobile and satellite communications were geared to provide
reliable service with wide functionality, there is a current focus on lowering the cost
of service while maintaining superior quality. One of the main approaches to reduc-
ing system and operating costs is the conservation of system power resources and
minimization of power wasted as heat. Of the approximately 250 W of power pro-
duced by the solar-cell arrays on a typical satellite, more than 125 W is dissipated

as heat due to inefficient operation of the transmitter power amplifiers [2].
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1.2 Reducing Costs by Conserving Power

The power amplifiers (PAs) in a wireless transmitter amplify the signal to
high power levels before delivering it to the antenna for transmission. The transmit
power should be high enough that the signal received at the destination is clear and
within the error-tolerances of the receiver. For example, the power amplifier in a
communications satellite has an output power level on the order of 40 W. To deliver
this amount of power to the antenna, the PA consumes on average about 75% of the
total available power [2]. If the PA operates at about 30% efficiency [2], then 70%
of 75% of the total power is converted to heat. In other words, 52.5% of the total
system power is dissipated as heat in the power amplifier.

During an eclipse, the satellite is powered by onboard batteries whose life-
time is limited by the unnecessary waste of power by conversion to heat. Battery
lifetime is also of concern to the cellular phone user whose talk-time is cut short
: due to inefficient use of batter power. By using more efficient PAs in these trans-
mitters, satellite solar-cell arrays may possibly be made smaller while batteries will
last longer, lengthening the satellite lifetime as well. Cellular phone usage will be
cheaper since batteries will last longer, while cellular base-stations can reduce costs
by drawing less electricity.

The heat generated due to inefficient power usage in the power amplifiers
not only wastes valuable solar-cell or battery power, but also causes thermal degra-
dation of electronic devices and necessitates bulky heat-sinking measures to cool the
transmitter. In addition to the cost-cutting benefits of increased power amplifier ef-
ficiency, reduced heat dissipation eases the heat-sinking requirements of the system.
This is very important in satellite communications where thermal waste managment
is a challenge due to the harsh environment of space where the temperature varies
from approximately 4 K to hundreds of Kelvin when exposed to direct sunlight. Less

heat-sinking also means less size and weight of the system, which directly translates
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to further cost savings in the satellite launching process.

Some of the approaches being taken to improve the power-efficiency of
transmitters include the use of high-efficiency power amplifiers (3], the formulation
of power-efficient modulation techniques [4], and real-time power control of the power
amplifiers [5]. The work presented in this thesis concentrates on the design of high-
efficiency switched-mode power amplifiers which, through their nonlinear switching
behaviour, are able to achieve practical efficiencies 10-30% higher than conventional
PAs. As described in Ch. 6, increasing PA average efficiency from 30% to 50%
lengthens battery lifetime by about a factor of 1.7 while reducing heat wasted by a

factor of 2.3.

1.3 Switched-Mode Power Amplifiers and Frequency Multipliers

When using solid-state devices such as Field Effect Transistors (FETs) as

switching power amplifiers, highly efficient operation can be obtained. This is be-
cause the voltage and current at the switch are nonzero at alternating time intervals,
rendering the current-voltage product at any given time, to be ideally zero. This
concept has been applied to power amplifiers at frequencies at UHF, VHF, and up to
5 GHz, while the work contained herein takes switched-mode PA operation to 10 GHz
with 100 mW output power and an efficiency of over 30% above the manufacturer
rating for conventional PA operation without switching. The power amplifiers dis-
cussed here are at X-band which is used in satellite communications. However, the
work presented here is applicable for cellular communications as well.

The heat minimizing properties of switched-mode FETs are also suitable for
high-efficiency frequency multipliers, which differ from power amplifiers in that the
output is taken at a harmonic of the input frequency. FET frequency multipliers are
part of the signal-generation circuitry in a transmitter. In this frequency-synthesis

circuitry, a signal from a low-frequency, high-quality oscillator is multiplied up to
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the desired frequency of operation to produce the local oscillator (LO) signal. In
addition to wasting power, an inefficient multiplier chain which produces heating
may contribute to changes in the oscillator which could cause the frequency to drift
[6]. With this in mind, switched-mode high-efficiency FET frequency multipliers
are investigated in this thesis as a method of minimizing heat-dissipation in the

frequency-synthesis circuitry of a transmitter.

1.4 Organization of Thesis
As discussed in the previous sections, for purposes of maximizing the power-
efficiency of a communications link, the key component to optimize is the transmitter

power amplifier, since it handles high amounts of RF power. These power amplifiers

are usually travelling wave tube amplifiers (TWTAs) and are based on vaccuum tube
technology. A more attractive option that is gaining attention today is to use solid-
state power amplifiers (SSPAs) which are small, light, and have longer lifetimes than
TWTAs, though they have lower output power levels and are less efficient. Solid-
state power amplifiers at X-band and higher are built around solid-state devices such
as MEtal Semiconductor Field Effect Transistors (MESFETS), and High Electron
Mobility Transistors (HEMTs). Since each device can handle only a limited amount
of power, the combination of several single-device amplifiers is necessary to obtain
the output power requirements of the satellite transmitter.

In this thesis, solid-state devices are used in nonlinear switched-mode power
amplifier architectures previously demonstrated at frequencies up to 5 GHz. The
switched-mode power amplifier design methodology is extended to X-band with out-
put power ranging from 100mW at 10GHz to 1.7W at 8.35GHz. The DC-RF
conversion efficiencies for these X-band PAs are 74% and 64% respectively. These
architectures, such as class-E and -F PAs, are discussed in Ch. 2 in comparison with

other classes of power amplifiers. The verification of X-band class-E and -F operation
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from time-domain measurements is presented for the first time in Ch. 3.

Since the power levels obtained from these solid-state amplifiers are on the
order of 1 W, power combining methods suitable for use in a 20-30 W transmitter
system are compared in Ch. 4. These methods are: chip-level, circuit-level, and
spatial power combining.

] In the market-driven arena of cellular and PCS mobile communications,
commercial organizations are recognizing the importance of high-efficiency power am-
plifiers in driving down costs without compromising performance figures of merit such
as signal quality and system functionality. This has given rise to widespread interest
in new fields such as the linearization of nonlinear high-efficiency PAs and promises
: to integrate the areas of microwave PA design, digital signal processing, commu-
nications, and power electronics to provide efficient and high-performance wireless
communications around the 0.8-2 GHz cellular/PCS bands. To further this study

into higher frequencies, a comparison of efficiency-enhancing linearization methods

| is carried out using a single 8.4 GHz switched-mode PA. This work is presented in

Ch. 6 which discusses dynamic biasing methods for linear high-efficiency transmit-

ters.

Ch. 5 presents an efficient and compact transmitter which has a class-E
power amplifier at 10 GHz integrated with an antenna. This integration is done
by designing the antenna to directly match the transistor output to the impedance
x necessary for class-E operation. This method avoids the use of separate matching
circuitry at the transistor output and therefore minimizes output circuit losses and
area. The transmitter is half the size of a. conventional transmitter consisting of the
PA, output matching circuitry, and a 50 €2 antenna.

As communication frequencies get into the millimeter-wave region to allow
for larger bandwidth and higher data rates, the task of generating pure signals at

these frequencies becomes more challenging. An alternative is to generate the signal
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at a low-frequency and use frequency multipliers to obtain the desired LO signal.
This method is more preferable than designing an oscillator at the desired frequency
since it isolates the oscillator from the output of the power amplifier. This increases
system stability and separates the heat-producing power amplifier stages from the
temperature sensitive oscillator stage. Class-E frequency multipliers, introduced in
Ch. 7, offer an energy- and cost-saving alternative to using diodes or class-A and -B
frequency multipliers. A 10.4/20.8 GHz class-E frequency doubler with 31.6% overall
efficiency, 7.1 dBm output power and 0.83 dB conversion gain is presented in Ch. 8.

Finally, in Ch. 9, the high points of this thesis are highlighted while future

research endeavours in the area of high-efficiency microwave circuits, are suggested.
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CHAPTER 2

THEORY OF SWITCHED-MODE CLASS-E AND -F POWER AMPLIFIERS

2.1 Definitions of Efficiency

The function of a power amplifier (PA) is to convert DC power to RF power
by amplifying a given input RF signal. The efficiency with which this amplification
takes place can be described in terms of drain efficiency, np, power-added efficiency,
PAE, and overall efficiency, 7.

Drain efficiency, or DC-RF conversion efficiency, is a measure of how well
the DC power is converted to output RF power, while PAE indicates the gain of the
amplifier as well, since it is the ratio of the difference in output and input power to
the DC power. Overall efficiency is a good indicator of system heat output since it

compares total input power with total output power. These three types of efficiency

| are defined as
P,

= P:“c‘, (2.1)
i pap = Fou—Fn (2.2)

] Pdc

Pou.t
T Pt P (23

In terms of drain efficiency and gain, G = Poyut/Pin,

1
PAE = np(l1-3) (2.4)
_ _7mp

and n = %1 (2.5)
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Figure 2.1. Transistor I-V curves showing the linear and nonlinear regions of oper-
ation. The two nonlinear regions are the cut-off and saturation regions. The drain
current is clipped during cut-off, and the drain voltage is clipped when the device

enters the saturation region.
2.2 Linearity and Power Amplifier Saturation

Amplifier linearity [7] describes the ability of the PA to correctly reproduce
the amplitude and phase of the input signal at the amplifier output. At a given
frequency, the output amplitude should vary linearly with the input signal amplitude

while the phase difference between the output and input signals should remain a

constant. (As a function of frequency, the phase should vary linearly. However,

the bandwidths of concern for an X-band carrier are quite small - less than 1% -

and therefore the frequency dependancy of phase is not considered here.) Typically,
amplitude nonlinearity causes more signal distortion than phase variation. Linearity
is a function of PA saturation, particularly the amount of time per period when the

device is in the saturated region of operation. This region is shown in the transistor

I-V curves of Fig. 2.1.
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Figure 2.2. Gain compression and phase variation due to PA saturation. P,,; is the
output power, @ou: is the phase of the output signal and F;, is the input power.
Linearity is not a concern when amplifying signals with a constant am-
‘ plitude. This is because power amplifier saturation is a function of input signal
amplitude. If the amplitude remains a constant, the saturation is at a constant level
and therefore the gain of the amplifier will remain the same, as will the phase of
the output signal. For FM signals, the phase may vary ponlinearly with frequency,
but as mentioned before, the bandwidths of typical signals at X-band are small (less

than 1%) and therefore this effect is not considered in this work.

The gain-compressed nonlinear behavior that occurs at large input signal
levels is caused by saturation of the power amplifier. The phase of the cutput
signal is also a function of the degree of saturation, and therefore there is significant
signal distortion as the amplifier approaches the saturation regime. This is shown

qualitatively in Fig. 2.2.
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Figure 2.3. Bias points for different classes of power amplifiers. Each class is defined
by the gate bias and the magnitide of the drive signal.

Linearity is usually defined in terms of spectral distortion at the output
when two closely spaced frequencies are input to the power amplifier. This is dis-

k cussed in more detail in Chapter 6.

2.3 Classes of Power Amplifiers
Most microwave power amplifiers (PAs) used today operate in class-A, -
AB or -C. Class-D, -E and -F switched-mode power amplifiers are used in some
transmitter stations and satellite applications where efficiency is a major concern.
Good discussions of the various classes of power amplifiers are found in [7] and
(8]. A short summary of the information given in these books is provided here for
completeness. Fig. 2.3 shows the biasing of the different classes of power amplifiers
while Fig. 2.4 portrays the drain current and voltage waveforms of each class.
2.3.1 Current-Source vs. Switched-Mode PAs Class-A and -B
amplifiers are operated as voltage- or current-controlled current sources with a small-
signal RF input for high linearity. A small input signal ensures that the PA remains

in the linear region of the PA input-output characteristic of Fig. 2.2. Class-AB and
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Figure 2.4. Time-domain current and voltage waveforms for several different classes
of microwave power amplifiers. Classes-B and -D are usually implemented in a push-
pull configuration with two-transistors; the waveforms at each transistor (1 and 2)
are shown for these classes.
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-C amplifiers, on the other hand are nonlinear, have higher efficiency than an A
or B-class amplifier. Class-C power amplifiers have the highest efficiency among
these, but have reduced output power. Saturated class-C PAs are driven slightly
into saturation such that voltage clipping occurs as shown in Fig. 2.4, making linear
drain amplitude modulation possible.

Switched-mode power amplifiers have high efficiency because the vi Joule
losses in the transistor are minimized by operating it as a switch, i.e. there is
zero drain-source voltage when the switch current flows, and zero current when the
voltage is nonzero. In switched-mode class-D, E and F amplifiers, the transistor is
heavily saturated by a large input signal, while the device is biased near cut-off. The
voltage- and current-clipping caused by these two factors make it possible to operate
the transistor as a switch, with 100% theoretical drain efficiency. In the real world,
i however, transistor switches have stray reactances, a saturation ON resistance, and
nonzero switching time, factors which contribute to reduced efficiencies.

2.3.2 Class-A  Class-A amplifiers are optimized for high gain or out-
put power. High linearity is obtained by operating under small-signal conditions.
They are biased in the middle of the active portion of the I-V curves of Fig. 2.3

and have a theoretical maximum drain efficiency of 50%. The drain-source voltage

and current waveforms are shown in Fig. 2.4. When made to operate under large

signal excitation, class-A amplifiers can have higher drain efficiencies at the expense

of linearity. This higher drain efficiency when operating several dB into compression
has a theoretical maximum value of 81%, since a substantial portion of the power is
converted into harmonics which are dissipated in the load.

2.3.3 Class-B Class-B amplifiers have high gain, output power and
linearity, and also operate under small-signal conditions, with slightly higher drain
efficiency (78.5% theoretical maximum) than class-A power amplifiers due to the fact

that they are biased near pinch-off and therefore only conduct for half the period.
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They are usually used in a push-pull configuration with two transistors such that
the output current is a full sinusoidal waveform and the output power is double that
of a class-A power amplifier with the same device. For the same power output as a
class-A amplifier, class-B power amplifiers can be designed using a single transistor
with a tuned circuit at the output to filter out the harmonics produced by the current
clipping. However, this makes the circuit narrowband.

2.3.4 Class-AB A good compromise between the low 50% drain effi-
ciency and the narrowband operation of a single-ended class-B amplifier with 78.5%
efficiency is a class-AB power amplifier which provides higher output power than
both class-A and B, but is a nonlinear amplifier. More details of this class of PA,
biased somewhere between the middle of the active region and pinch-off, are found
in [8].

2.3.5 Class-C  Another nonlinear option for power amplification is
the class-C power amplifier. Conducting for less than half the period, as shown
in Fig. 2.4, this PA sacrifices output power for efficiency as the conduction cycle
gets smaller, and has an efficiency larger than class-B, approaching 100% as the
conduction cycle and output power go to zero. Since they are nonlinear, class-C PAs
are only used in applications with constant-amplitude signals. Class-C amplifiers,
though usually used in the active and cut-off regions, are sometimes operated with
large input signals such that the transistors enter saturation during a part of the
conduction cycle. This results in slightly higher output power and efficiency, but
the main advantage is that amplitude modulation can be accomplished through the
drain or collector bias to obtain linear amplification.

2.3.6 Class-D The original switched-mode power amplifier is the
class-D PA, which is very similar to the class-B PA in that it is operated in a push-
pull configuration. However, the two transistors have completely offset voltage and

current waveforms as seen in Fig. 2.4, since there is current only when the voltage
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across the transistor is zero. This is switched-mode operation, and results in zero
power losses within the transistor. It can be thought of as a modified large-signal
class-B amplifier, where energy that would be otherwise dissipated in the transistor
is stored in the switch capacitor and released into the output circuit. Class-D power
amplifiers are used extensively for audio applications and have yet to find a niche in
the microwave arena due to the switch resistance and finite switching times causing
overlap between the voltage and current waveforms.

2.3.7 Class-E and -F  Class-E and -F power amplifiers are operated
single-ended in switched-mode with tuned circuits at the output to tune out unde-
sired harmonics which are produced by the nonsinusoidal transistor waveforms. The

theory behind these amplifiers is detailed in the following sections.

2.4 Class-E Power Amplifier Theory

Switched-mode amplifiers, such as class-D described above, have 100% the-
oretical efficiencies because the drain-source voltage and current are completely offset
from one another, making their product, which is the dissipated power in the tran-
sistor, zero. Therefore, all power is delivered to the load. The transistor is operated
as a switch by biasing it near pinch-off and driving it with a large enough RF signal,
which produces a gate-voltage swing that is below the threshold voltage for a portion
of the period. During this time, the transistor current is clipped at zero. However,
when it starts to conduct, the voltage becomes clipped at zero due to device satura-
tion. The output of the transistor can be idealized as a switch in parallel with the
drain-source capacitance, as shown in Fig. 2.6. The switch is open (OFF) when the
gate voltage swings below the threshold value, and is closed (ON) at all other times
as shown in Fig. 2.5. During the OFF cycle, energy is stored in the output capacitor.
If the switch is an ideal one, this does not cause any concern, but for a practical

switch with a series resistance, the energy discharge causes power dissipation in this
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by a large input RF power show how switching occurs. The duty cycle, D, is the
ratio T5/T. This input waveform controls the state of the transistor switch shown
in Fig. 2.6.

resistance.

Class-E power amplifiers, first introduced by the father and son team of
Nathan and Alan Sokal in 1975 [9], make use of harmonic tuning at the output of
the amplifier circuit to recycle energy stored in the parasitic output capacitances
| of the transistor switch. As mentioned above, this energy is normally dissipated
in the switch resistance if the switch turns ON while there is a voltage across the
capacitor, limiting the efficiency. However, if the transistor switch voltage goes to
zero before the switch turns on, the stored energy is zero and therefore there is no
power dissipated in the transistor. An excellent analysis of the transmission line
class-E PA is given in [10] and [3].

The basic circuit diagram of a class-E amplifier is shown in Fig. 2.6. L,
and C, comprise a tuned-circuit at the output frequency that ideally filters out all

harmonics. At the output frequency, the transistor output is presented with the
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Figure 2.6. Basic circuit representation of a class-E amplifier, with the transistor used
as a switch. The reactances due to L, and C, cancel each other at the fundamental
frequency, allowing the transistor output to see a load R + jX and The output
circuit, including the switch capacitance, filters out all higher harmonics to provide
a sinusoidal voltage and current at the load R.

impedance R+ jX. By assuming that the output current and voltage are sinusoidal,
the voltage and current waveforms at the switch, the load impedance at the fun-
damental frequency, and the DC voltage and current can be found. The sinusoidal
output current flows through the ideal switch during the ON cycle and through the
capacitor during the OFF cycle. The operation of the circuit is described well in [8]
and [7] and is discussed in more detail in Chapter 7.

The differential equation which defines the capacitor voltage vs(t) during

the OFF cycle is

dug
dt

Cs = I;[1 — Asin(Nwt + ¢)], (2.6)

where C; is the switch output capacitance, Iy is the drain DC current, Al is the

amplitude of the output current, and ¢ is the phase of the output current. Eq. 2.6
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can be solved by integrating during the switch OFF cycle, to obtain
vs(t) = —Ié,d—s[l — Asin(Nwt + ¢)|dt 0<t< DT
S

Iogry A

which describes the voltage waveform between time £ = 0 to time ¢t = DT where
D is the the duty cycle of the switch, and T = 27 /w is the period of the output
signal. The product DT is therefore the end of the switch OFF cycle. Iy is the DC
drain current and C; is the switch capacitance. The unknowns in Eq. 2.7 are K (the
integration constant), A, and ¢. The optimum duty cycle, D, also must be specified,
making a total of four unknowns. Therefore, in order to solve for vs at any arbitrary

time ¢ during the OFF cycle four equations are necessary. These are listed below.

vs(0) = 0 (2.8)

{ vs(DT) = 0 (2.9)
i dvg

- o = 0 (2.10)

D = 05 (2.11)

: The conditions specified by Eqgs. 2.8 and 2.9 provide 100% efficiency by offseting
the current and voltage switch waveformms. When imposed on Eq. 2.7, they give

K = A/(NQ) and cos¢ = 7/(2A). Condition 2.10 allows the switch current to turn

; on softly, without an abrupt change from zero to some finite value and together
with the last condition, gives a maximum output power capability. What is done is
to vary the slope and the duty cycle and calculate the corresponding output power
capability in order to find the optimum combination.

Output power capability can be described by means of a power utilization
factor for the device. It is the ratio of output power to the product of maximum

drain-source voltage and current, and is given by

P
pe = —omaz_ (2.12)

Umazimaz
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where P, 4z is the maximum output power, and Vmqz and imer are the maximum
voltage and current at the switch for a given DC drain voltage and load. p. is a
measure of how much output power the amplifier can provide without putting undue
stress on the device by requiring exceedingly large drain-source voltage and current
swings. Maximizing it allows the highest power output the device is capable of.
More information on this is available in [7]. This quantity provides a good method
of comparison between different amplifier designs that have the same DC drain-
source voltage and current. It provides a cost/watt figure for the power amplifier,
since larger voltage and current swings at the switch may indicate the need for a more
costly higher-power device. For example, a particular output load which increases
P, maz by a factor of two may seem desirable at first glance. However, if this output
power increase comes at the cost of requiring a maximum switch current swing, imqx,
greater than the capability of the device in question, the design is impractical with
the device proposed and a different device must be used. By varying both the slope
of the voltage waveform at ¢t = DT and the duty cycle D, the maximal power output
capability is found to occur at D = 0.5 and a slope of zero.

The unknowns K, A, and ¢ can be found by using the conditions listed in

Eqgs. 2.8-2.11 to sclve the differential equation given in Eq. 2.7. The unknowns are

found to be:
I, A
_.a - 2.
A = 1.862, (2.14)
and ¢ = —0.5669 rad. (2.15)

The switch current waveform during the ON time is given by
is5(t) = Izs(1 — Asin(wt + ¢)), (2.16)

which shows that the maximum switch current, ipe=(1 + 4)Izs and cannot exceed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

the maximum drain current of the device, Ij,q.- Therefore, we find the maximum
DC drain current is Imge/(1 + A), or Izs = Imaz/2.86.
The DC component of the switch voltage is the drain bias and can be found

by averaging Eq. 2.7 over a period. The drain voltage is given by

_ Imax
Vds - 56.508f’ (2-17)

where I,,,- is the maximum drain-source current of the device. The maximum

frequency of class-E operation is therefore

Imax
fmaz = 565VLC. (2-18)

For a given device, ideal class-E operation is not possible above this frequency due to
long switching times. However, suboptimal class-E operation, with less than 100%
! efficiency is possible up to 2 to 4 times frqz.

The load impedance necessary at the output of the transistor switch is
given by the ratio of the fundamental component of the switch voltage to the output
current. This impedance is given by

0.0446 o
£749.05
C Sf

As seen in the above equations, the output capacitance of the transistor is

Znet = (2.19)

required to design a class-E amplifier with a given device. This output capacitance
I can be approximated by the drain-source capacitance of the transistor, which is
de-embedded from the s-parameters of the device. First, the y-parameters of the
transistor circuit model shown in Fig. 2.7 are calculated:

1 (1 —s1)(1+s2)+s12821

2.20
yu Zo (1 + s11)(1 + s22) — s12821) (2:20)
1 —2812
= — 2.21
Yz Zo (1 + s11)(1 + s22) — 512821) (2:21)
1 —2321
= — 2.22
vaL Zo (1 +s11)(1 + s22) — s12821) (2:22)
1 (1+s 1 — s292) + s128
S (1 + s11)( 22) + S12521 (2.23)

Zo (1 + s11) (L + 522) — s12521)
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Figure 2.7. Small signal circuit model for a MESFET. The output capacitance of
the transistor switch can be considered to be the drain-source capacitance, Cys in
parallel with the gate-drain capacitance, However, Cyq is much smaller than Cy; and
therefore the switch capacitance is considered to be just Cg,.

Then, the circuit parameters are obtained from the y-parameters as follows:

gm = R(y12) (2.24)
Ry = @ (2.25)
Co = 131(:’712) (2.26)
Cgs = %%;12—094 (2.27)
Cis = %”%—ng (2.28)

The circuit is built using transmission-line input and ouput matching, with
two 45° sections of line providing a second harmonic open, and then two sections of

line which provide the class-E impedance.

2.5 Class-F Power Amplifier Theory

Class-F power amplifiers are probably the oldest form of high-efficiency
power amplifier. The principle of operation for class-F is the addition of a third
harmonic component to the transistor voltage waveform in order to flatten it. In [7],

Raab shows that the drain-source voltage waveform is

vo(t) = Vis(1 + gsin(wt) + %sin(&ut)) (2.29)
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for maximum flattening and maximum fundamental output power. This flattening
allows a higher fundamental component to exist while keeping the transistor voltage
i swing within its physical limitations. Thus, a class-F PA can provide more funda-
mental frequency output power than a class-A PA for no increase in the DC input
power. This results in increased efficiency, up to 88.4%.

By shorting all even harmonics and driving it hard, the class-F voltage
waveform can be made more square since it contains all odd harmonics. This is
switched-mode class-F operation, and can be 100% efficient.

The output load impedance at the fundamental frequency is often deter-
mined by the so-called power match discussed in [8] and [11]. The transistor output

is matched not for maximum gain, but for maximum output power. The conjugate

match for maximum gain may require voltages that the transistor is not capable

of, and therefore the output power saturates at a lower level than if matched for

maximum output power. The power match is done by first calculating the transistor
output resistance based on the I-V characteristics. If the maximum output current
swing is half the maximum drain current, and the maximum output voltage swing

is equal to the DC drain voltage, the load line dictates an output load of

= 2Vas (2.30)

Ima.z:

for maximum power transfer, both for the linear and the saturated transistor {11].

The transistor output is represented by the output capacitance as de-embedded
from s-parameters, in parallel with Ry, and in series with a lead inductance. This
is shown in Fig. 2.8. For a power-match, the transistor is presented with a load
resistance equal to Rope, and all even harmonics are short-circuited. Therefore, only
the fundamental and odd harmonics exist at the transistor switch, squaring the
voltage waveform as shown in Fig. 2.4.

The input to the transistor is matched to 50 Q for maximum power transfer.
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Figure 2.8. Output match for a class-F power amplifier. The drain-source capac-
itance and the lead inductance of the transistor are incorporated into the output
matching circuitry. For maximum power transfer, the output resistance seen by
the transistor is Ry, the equivalent resistance of the transistor output. The trans-
mission lines of lengths [; and Iy provide a second harmonic short while I3 and [
transform the load impedance at the output (usually 50 Q) to Ry, as seen from the
transistor.
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CHAPTER 3

TIME-DOMAIN OPTICAL SAMPLING OF SWITCHED-MODE MICROWAVE
AMPLIFIERS

3.1 Imtroduction

As discussed in detail in the previous chapter, the transistor is used as a
switch in high-efficiency class-E and class-F power amplifiers, and the harmonics of
the switched voltage are reflected back towards the transistor before reaching the
load, such as has been demonstrated in the MHz range [9]-[12], and up to 10 GHz
(13].
| If large signal models of the transistor are available, the design of class-E
and F amplifiers includes simulating the time-domain waveforms at the switch using
Spice modeling or harmonic balance methods to verify their shapes and the offset
between the current and voltage waveforms. In [10], such simulations are used in

the design of microwave power amplifiers at 0.5-1 GHz. However, as class-E and -F

amplifiers are scaled to X-band, the available large-signal models become inaccurate
' for switched-mode operation due to the large number of parasitic elements which
must be de-embedded from measurements.

Therefore, the design is carried out in an approximate manner, using small
signal s-parameters, as described in Chapter 2, without the luxury of verifying the
class of operation from the simulated waveforms.

One verification of class-E or class-F performance is simply obtaining high

efficiency while maintaining high output power. However, this leaves an ambiguity
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in the specific class of operation of the circuit, and therefore does not validate the
design. Knowledge of the switch waveform would significantly add to the under-
standing of circuit performance and the ability to improve the design.

At low frequencies (up to about 500 MHz), the switch voltage can be mea-
| sured across the drain-source terminals with a large resistance in series with the
oscilloscope probe [3]. At higher frequencies it is not possible to measure these wave-
forms due to the loading from the inductive leads of the resistor and the difficulty in
making high-impedance probes at these frequencies. Recent advancements in photo-
conductive probing of microwave circuits [14, 15] have paved a way to non-intrusively

measure such voltage waveforms up to very high frequencies. The measurements pre-

sented in this chapter are the result of a collaboration with Dr. John Whitaker at

the University of Michigan, Ann Arbor. We are grateful to Dr. Whitaker for using

our circuits to test his optical probing method. A brief description of the probe and

experimental sampling setup is given below for completeness.

3.2 Photoconductive Probing

The photoconductive probe utilized in the time-domain measurement of
the high-efficiency amplifier response is a micromachined, optical-fiber-coupled, op-
toelectronic sampling head [16, 17, 18]. Shown in Fig. 3.1, the probe head itself
: utilizes a 1.5 um-thick substrate layer of GaAs, which was grown epitaxially at 200C
(so-called low temperature GaAs) and then annealed at 600 C. The GaAs layer pre-
pared in this fashion has a one-picosecond carrier relaxation time (so the sampling
gate was active for only a brief time), a resistivity of 107 Q-cm (so the photogate
would have high off-state resistance), and a breakdown voltage of nearly 10 V/m.
The photogate consisted of a 30 x 30um gold pattern of interdigitated fingers, which

are 1.5 ym in width with 1.5 um separations. The probe, with its 7 um-wide tip that
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Figure 3.1. Micromachined photoconductive probe with optical fiber built in the
research group of Dr. John Whitaker at the University of Michigan, Ann Arbor.
extends out past the GaAs for contacting circuit metalizations, can sense the poten-
tial on an exposed interconnect or the field associated with a buried interconnect.
A photocurrent proportional to the potential within the sampling window is then
generated at the photogate before being converted back into a voltage signal.

The current to voltage conversion is accomplished by a JFET source follower
circuit [19] with an input resistance of 1 TQ and an input capacitance of 3 pF. This
high input resistance avoids charge drainage from the device under test so that
measurement with minimal invasiveness is achieved. Due to the small amount of
charge necessary to load the source follower input, the actual voltage level is built
up in a short time, allowing a higher modulation bandwidth and the ability to
measure absolute voltage levels. In addition, the high input resistance of the source
follower allows the instantaneous DC voltage at the probe node to be determined at
the output of the source follower, and thus both AC and DC signals can be measured
simultaneously.

In this measurement system, shown in Fig. 3.2, the probe is illuminated

by a train of femtosecond-duration laser pulses, and the output voltage is recorded
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on a low-frequency oscilloscope. The output voltage is a down-converted replica of
the unknown microwave signal. If a frequency-domain output is required, a lock-in
amplifier or a spectrum analyzer can be used in place of the oscilloscope. For an
unknown microwave signal with frequency f,,, heterodyne mixing and equivalent
time-sampling dictate the following relationship between the microwave frequency

and the intermediate frequency:

fm=nfrep:thFs (3'1)

where n is an integer and f., = 80 MHz is the laser pulse repetition frequency. The
intermediate frequency frF is typically in the kHz range and provides a replica of the
unknown microwave signal. The Ti:sapphire laser used in this system is phase-locked
to the microwave source so that the in-circuit electrical signal can be determined in
amplitude and phase. The probe has a 3.5ps time response, which relates to a
bandwidth over 100 GHz. Therefore, the probe should exhibit a frequency response

! which extends into the millimeter-wave region.

3.3 Photoconductive Probing of High Efficiency Amplifiers

The optical probing technique discussed above was used to measure the
characteristic switch waveforms of two 8 GHz switched-mode amplifiers, one oper-
ating in class-E and the other in class-F mode. These amplifiers are built on RT
Duroid substrates with ¢, = 2.2 and 0.508 mm thickness. The general outline of
the two circuits is given in Fig. 3.3. The input to the amplifiers is at point A, and
E is the output. Harmonics generated at the drain are reflected back to the input
through the feedback capacitance C,q between the device gate and drain, resulting
in reduced efficiency of the amplifier. The input circuit, in addition to performing
a matching function, must also filter these reflected harmonics. The output circuit

also filters out harmonics and provides the correct loading to the transistor at the
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Figure 3.2: Optical sampling measurement setup.

fundamental frequency. The points at which the circuit is probed are shown as A,
B, C, D, and E in this figure and correspond to plots given in this paper. The gate
and drain gold leads are soldered to the rest of the circuit so that an exposed gold
area exists for the probe to contact.

The measured waveform amplitudes cannot be used to calculate power since
the local impedance is unknown. However, they are very useful in analyzing the har-
monic content of the waveform. Point A represents the input plane of the amplifier.
Ideally, the input circuit filters out any harmonics reflected to the gate from the
drain, and the voltage at this point is a sine wave. Point B, representative of the
switch voltage, is on the gold drain lead of the package as close to the transistor as
the probe can be positioned, and indicates the class of operation of the amplifier.
This waveform is not identical to the switch voltage due to package output para-

sitics, especially the small lead inductance. We estimate from measurement that the
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Figure 3.3. General outline of class-E and -F amplifier circuits showing locations of
optical probing. FLK represents the Fujitsu MESFET in the PA. The class-E PA is
based on the FLK202MH-14 and the class-F is based on the FLK052WG.

package lead inductance is about 0.25 nH. The effect of this series parasitic element
is an increase of about 10-20 ps in rise and fall times of an ideal square wave at the
intrinsic device output. This means that the waveform at the intrinsic device leans
more towards the rising edge compared to the waveform measured at B. The wave-
forms at C, D and E are helpful in analyzing the filtering functions of the output

circuit. The voltage at E should be a sine wave if proper filtering is taking place.

3.4 Class-F Nonlinear Amplifier

3.4.1 Electrical Measurements Class-F amplifier design requires
an output impedance given by Eq. 2.30 at the fundamental switching frequency.
In addition, the output circuit presents a short circuit at all even harmonics and an
open circuit at all odd harmonics. The amplifier is built with the Fujitsu FLK052WG
packaged MESFET previously used at C-band and presented in [10]. The substrate
is 0.508 mm Rogers Duroid RT5880 (e,=2.2) and the optimum output resitance is
80€2, while the output capacitance and series inductance are 0.4 pF and 0.25nH re-
spectively. The fundamental is terminated in the impedance for maximum saturated
power delivered to the load, as outlined in Chapter 2, while the drain capacitance
and drain lead inductance of the MESFET are included in the external tuned cir-
cuit. The second harmonic is terminated in a short. The layout of the amplifier is
shown in Fig. 3.4(a). The 3.81 mm line and 4.12 mm open stub provide the second

harmonic short. These in combination with the 4.84 mm line and the 3.59 mm open
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Figure 3.4. Microstrip layout of the class-F amplifier using the FLK052 (a)and the
class-E amplifier using the FLK202 (b). The substrate is 0.508 mm thick RT5880
Duroid (e,=2.2) All dimensions are given in mm.
stub provide the fundamental match. Electrical measurements at 8.0 GHz show a
drain efficiency of 73%, a power-added efficiency (PAE) of 61%, and 28.6 dBm output
power with an input power of 22dBm. The device is biased at -0.9V at the gate and
1V at the drain. Harmonic balance simulations of the waveforms were not possible
because a reliable large signal model for the transistor was not available. The design,
fabrication and measurement of this amplifier were carried out by Dr. Eric Bryerton,
now with the National Radio Astronomy Observatory in Charlottesville, Virginia.
3.4.2 Optical Time-Domain Measurements The input waveform
measured at point A in Fig. 3.3 is a sinusoidal waveform biased at about -1.0V, as
is shown in Fig. 3.5. Since there is very little harmonic content in the waveform at
A, we can conclude that there is no significant harmonic power being reflected back
to the input of the amplifier.

Fig. 3.6 shows the voltage waveforms at points B, C, and D in Fig. 3.3.
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The waveform at B shows the square shape of the switch voltage, which is consistent
with class-F operation. The two peaks in the waveform are due to the fundamental
frequency and the third harmonic, as is evidenced by the spacing between peaks.
The second harmonic does not appear in this waveform since it is presented with a
short at the output. Higher harmonics are not present because the transistor does
not have gain at these harmonic frequencies.

However, in Fig. 3.6, it is evident that there is a significant second harmonic
contribution at point C (Fig. 3.3). This is due to the standing wave between the
transistor output and the first stub, which provides the second harmonic short. The
second harmonic is not strong in the waveform at point D. The distortion in the
waveform indicates that there is some second harmonic leakage beyond the first
stub.

Beyond the second output stub, at point E, the output waveform is sinu-
soidal. This is shown in Fig. 3.5 along with the input waveform for comparison. This
is part of the design of a class-F circuit, in which the output circuit must filter out the
harmonics in the switched waveform. These measurements provide supporting evi-
dence of the proper waveforms inside the power amplifier and therefore substantiate

the class-F design.

3.5 Class-E Nonlinear Amplifier

3.5.1 Electrical Measurements A class-E amplifier was built with
the Fujitsu FLK202MH-14 packaged MESFET, which has a gate periphery four times
larger than the FLK052. The output capacitance extracted from the manufacturer-
provided s-parameters is 0.94 pF. Using Eq. 2.19 at 8 GHz, a class-E PA was designed
and built on the same RT Duroid 5880 as the class-F PA. The microstrip layout is
shown in Fig. 3.4(b). The second harmonic is terminated in an open circuit, provided

by the 2.61mm line and 3.32mm stub. The 4.96 mm line and 5.54 mm stub in
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Figure 3.5. Optically sampled waveforms at points A and E in the class-F circuit,
corresponding to the input and output respectively. The input and output waveforms
are both approximately sinusoidal signals.

combination with the second harmonic circuitry provide the class-E impedance at
the fundamental. Power measurements result in a drain efficiency of 64%, PAE of
48%, and 31.5 dBm output power at 8.35 GHz. The optical measurements were made
at 8.32 GHz, since the microwave frequency must be a multiple of the laser repetition
frequency of 80 MHz according to Eq. (3.1). The bias for the amplifier is V3,=7V,
Vgs=-0.9V.

3.5.2 Optical Time-Domain Measurements For the class-E cir-
cuit, only voltages at points B and E in Fig. 3.3 are shown, since they are the salient
waveforms of class-E operation.

Fig. 3.7 shows the voltage at point B, which is the voltage waveform across
the switch. For comparison, a harmonic balance simulation at 500 MHz for a different

class-E amplifier [20] is shown in Fig. 3.8. A suitable nonlinear model was available
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Figure 3.6. Optically sampled waveforms at points B, C and D in the class-F circuit.
In the switch waveform at B, the fundamental and third harmonic approximate a
square wave. At C, which is before the second harmonic shorting stub, there is a
significant second harmonic component, and at D, the harmonics have mostly been
filtered out. These waveform amplitudes cannot be used to calculate power since the
local impedance is unknown.

for this MESFET (Siemens CLY5). The switch voltage waveform in this case is not
! square, but has considerable fundamental and second harmonic content, giving it
the shape of a narrow, left-skewed half-sinusoid. The measurement also shows the
second harmonic portion of the waveform, which produces the left-skewed voltage
, wave. The simulated voltage is close to zero for nearly half of the period, approaching
ideal class-E operation. The measured voltage, however, is not flat in this half of the
period, resulting in a higher vi product (loss). This is consistent with non-optimal
class-E operation, since the circuit is operated above the critical frequency for class-
E operation, in this case, about 1.5GHz [21, 10]. The measured class-E waveform
is very different from the class-F switch voltage in Fig. 3.6 which depicts a square

wave consisting of the fundamental and third harmonic.
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Figure 3.7. Measured waveforms at points B and E in the class-E circuit. The
shape of the voltage wave at B is similar to that in Fig. 3.8, with a second harmonic
component in the waveform. The output wave at E is sinusoidal.

At point E, the filtered output waveform appears as a sinusoidal pattern as

shown in Fig. 3.7. This analysis verifies that the power amplifier is indeed operating

in the expected suboptimal class-E mode.

3.6 Conclusion

Optical sampling was used to examine the harmonic content of the voltage
waveform at various characteristic points in several nonlinear microwave circuits.
This information is vital in verifying the class of operation of high-efficiency switched-
mode power amplifiers, since the specific class depends on the shape of the switch
waveform. The class-F and E power amplifiers examined in this study were found
to operate in the correct mode. In the absence of good large-signal models for the
Fujitsu power transistors used here, this optical sampling analysis substantiates the

approximate design method based on small-signal parameters.
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Figure 3.8. Simulated waveform at point B of a 500 MHz class-E circuit using a
Materka-Kacprzak nonlinear model for a Siemens CLY5 MESFET. The solid line is
voltage and the dashed line denotes current.
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CHAPTER 4

EFFICIENCY OF CHIP-LEVEL VERSUS EXTERNAL POWER COMBINING

4.1 Introduction

With today’s device technology, high-efficiency microwave power amplifiers
such as the class-E and F varieties detailed in the previous chapters have typical
output powers ranging from 100 mW to a few watts. For a large number of applica-
tions, e.g., satellite transmitters, tens of watts of microwave power are required. In
order to obtain the desired power, it may be desirable to use larger devices capable of
higher output power. However, the efficiency becomes lower as device size increases,
so combining smaller amplifiers to achieve these power levels is an attractive option.
The work in this chapter compares several different power-combining architectures

with optimization of power consumption in mind and defines a power-combining effi-

ciency useful for that purpose. The analysis presented in this chapter is the combined

effort of this author and Dr. Eric Bryerton.

There are two basic methods of power combining: internal (or chip-level)
| and external. The latter includes methods such as circuit corporate and spatial power
combiners. At the device level, the gate periphery can be enlarged to increase the
power potential of the individual device at the expense of gain and efficiency. Alter-
natively, smaller and more efficient amplifiers can be combined externally (off-chip).
Both internal and external power combining can be used together. For instance, ten
1mm MESFETS can be circuit-combined instead of twenty 0.5 mm devices for the

same output power.
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The Fujitsu FLK052WG MESFET and the Fujitsu FLK202MH-14 are used
in this work for a comparison. The FLK052 and the FLK202 have the same intrinsic
structure, but the periphery of the FLK202 is four times larger [22]. They are both

packaged devices.

4.2 Chip-level power combining

Considering that the FLK202 is physically four times larger than the FLK052,
the output power might be expected to be four times larger as well. A more impor-
tant goal in low-power electronics, however, is to minimize power dissipation. It is
therefore more relevant to define the chip-level power-combining efficiency (PCEchip)
as the ratio of the overall efficiency of the FLK202 amplifier to that of the FLK052

amplifier,

TTAMP 202 (4.1)

PCEetip = TAMP,052

where namp is the overall efficiency, given by

TAMP = (4.2)

In order to accurately calculate PCEcpip for the FLK202 MESFET, both

devices should be used in a power amplifier that yields the highest possible efficiency

‘ at a given frequency and bias point. It was found experimentally that, around 8 GHz,
the FLKO052 gave the best overall efficiency in a class-F amplifier and the FLK202
gave the best overall efficiency in a class-E amplifier, while maintaining an output
power approximately equal to the maximum capability of each device. The design
and fabrication of these circuits are described in further detail in Chapter 3.

The output power and efficiency for each amplifier were measured as a
function of frequency and input power. Fig. 4.1 shows the output power and overall

efficiency versus frequency for the FLK052 class-F and the FLK202 class-E amplifiers.
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Device P, Pout Gain | 7amp | Pheat
FLK202 | 500mW | 1.700W | 5.3dB | 57% | 1.300W
FLKO052 | 125mW | 685mW | 7.4dB | 64% | 391 mW

Table 4.1. Summary of measurements for the class-F power amplifier using the
FLKO052 and the class-E power amplifier using the four-times larger FLK202. Phpeat
is the power dissipated as heat.

Fig. 4.2 shows the output power and overall efficiency versus input power for the
FLKO052 amplifier and the FLK202 amplifier. Table 4.1 shows the highest measured
overall efficiency for each amplifier over a range of freqeuncies and input powers. The
FLKO052 class-F amplifier has a maximum namp at 8.4 GHz of 64% with 685 mW
output power. The FLK202 class-E amplifier has a maximum namp at 8.35 GHz of
57% with 1.7 W output power. From Eq. 4.1, the chip-level PCE of the FLK202 is
89%. The time-domain waveforms at the input, output and switch are discussed in

Chapter 3, and indicate proper class-E and -F operation of the amplifiers.

4.3 Circuit Level Power Combining

In a circuit corporate combiner, shown in Fig. 4.3, the outputs from each
amplifier are successively combined using two-way adders such as Wilkinson com-
biners. Table 4.2 shows a comparison, for the same input power, between the circuit
corporate combining of 16 FLK202 amplifiers and 64 FLKO052 amplifiers for 0.2dB
loss per stage. To find the overall efficiency of the entire system (7), the overall
efficiency of the amplifier (napp) is multiplied by the power-combining efficiency of

the combining network (PCE.), given by
PCEqq = 10715, (4.3)

where L is the loss per stage in dB and n is the number of stages. The total number of
elements, N, is 2. Even for a low-loss combiner (0.2dB loss), the overall efficiencies

are approximately equal, but it would be less complex and use less space to combine
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Figure 4.1. Output power (a) and overall efficiency (b) versus frequency for the
FLKO052 class-F amplifier (solid line) and the FLK202 class-E amplifier (dashed
line). The input power is 20dBm for the FLK052 class-F amplifier and 26 dBm for
the FLK202 class-E amplifier. Vps=7.0V and Vgs=-09V.
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Figure 4.2. Output power (a) and overall efficiency (b) versus input power for the
FLKO052 class-F amplifier (solid line) and the FLK202 class-E amplifier (dashed line).
The frequency is 8.4 GHz for the FLK052 amplifier and 8.35 GHz for the FLK202
amplifier. Vps=7.0V and Vgs=-0.9V.
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Figure 4.3. A circuit corporate power combiner. The output of an amplifier is
connected to each circle.

the four larger FLK202 amplifiers.

4.4 Spatial Power Combining

Spatial, or quasi-optical, power combining, shown in Fig. 4.4, eliminates the
need for complicated and lossy corporate networks. In this approach, the output of
each amplifier is connected to an antenna. The powers from all the devices are thus
coherently combined in free space in a single stage. The power-combining efficiency
is therefore independent of the number of elements. This approach was first demon-
strated in 1968 with a 100-element array at 410 MHz [23]. Other examples inlude

a two-stage 14-element X-band lens array with 75% power-combining efficiency [24]
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Device | N | namp | Stages | PCEqy, Pout N Pheat
FLK202 | 16 | 57% 4 83% 226W | 47% | 25.5W
FLKO052 | 64 | 64% 6 76% 33.3W | 49% | 34.TW

Table 4.2. This table compares the circuit-combining efficiencies of a 4-stage FLK202
system and a 6-stage FLK052 system, each with 8 W of RF input power. The two-
way corporate combiners have 0.2dB loss per stage. namp is the overall efficiency
of the amplifier, PCE is the power-combining efficiency of the corporate network,
and 7 is the overall efficiency of the entire system. Ppeat is the total power dissipated
as heat in the system.

and a 4-element 5-GHz class-E array with 64% power-added efficiency and an esti-
mated PCE of about 80% [10]. A survey of spatial power combining techniques can
be found in [25].

Table 4.3 shows a comparison between spatially combining 16 FLK202 am-

plifiers and 64 FLK052 amplifiers. The overall efficiency of the entire system is

namp times the PCE of the spatial combiner (PCEspc). A value of 75% is assumed

for PCEspc. This includes the efficiency of the antennas. Py, is equal to the output
i power from each amplifier multiplied by N-PCE,p.. The area of the combining array
assumes a unit cell size of 0.8\ x 0.8\, and is therefore equal to 0.64-NA2. The
directivity, D, assumes an effective area equal to the physical area and is therefore
j equal to %’{--Area. The effective isotropic radiated power (EIRP) is the directivity
multiplied by Pout-

Since the power-combining efficiency is independent of the number of ele-

ments, it is more efficient in a spatial combiner to use a larger number of smaller

Device N | nanmp Pout 7 Pheat | Heat Flux D EIRP
FLK202 | 16 | 57% | 204W | 43% [ 27.0W | 2072% | 21.1dB | 2.63kW
FLKO052 | 64 | 64% | 329W | 48% | 356W | 682% | 27.1dB | 16.9kW

cIme<

Table 4.3. This table compares, for the same input power (8 W), the spatial power
combining of 16 FLK202 amplifiers and 64 FLK052 amplifiers. The heat flux calcu-
lations assume a unit cell size of 0.8\ x 0.8\. The directivity, D, assumes an effective
area equal to the physical area. Ppeat is the total power dissipated as heat in system.
A power combining efficiency of 75% is assumed.
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Figure 4.4. A spatial power combiner. The output of an amplifier is connected to
each circle.

amplifiers, if space is not an issue. In addition, a larger array has a higher directivity,
| so the effective isotropic radiated power (EIRP) is also higher. Thermal management
also becornes easier if a larger numbers of smaller devices are used, since the heat
flux is much less.

In order to compare circuit to spatial combining, an antenna should be
placed at the output of the circuit combiner. Assuming that the choice of antenna
is not constrained by size or substrate considerations, unlike the spatial combiner,
this antenna can be close to 100% efficient. A comparison of circuit combining to
spatial combining shows that for 0.2 dB loss per stage, a circuit combiner with more
than six stages (64 elements) will have a lower PCE than the 75% spatial combiner.

Since output power-combining efficiencies are being compared, the input
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power distribution (feed) network has not been mentioned. A spatial power combiner
can either be circuit fed, using a corporate structure similar to Fig. 4.3 as a divider,
or spatially fed, where the feed is also in free space. The circuit-fed approach has
the same problems with loss as a circuit combiner, but amplifiers can be placed in
the input network to account for this.

i The spatially fed approach has two problems: spillover loss and amplitude
and phase nonuniformities. As with the circuit-fed approach, spillover loss results in
the need of extra amplification at the input. Phase nonuniformities can be eliminated
by using a constrained lens approach [26] or by using an external lens to generate
a Gaussian beam [27]. Amplitude nonuniformities can cause problems since each
amplifier element will have a different input power, resulting in different output
powers, efficiencies, and amount of phase compression for each element in the array.
These factors reduce the overall efficiency and power combining efficiency of the
output array. A thorough comparison between circuit-fed and spatial-fed combiners

can be found in [28].

! 4.5 Conclusions
Using MESFETs with identical intrinsic structure but different gate pe-
ripheries, high-efficiency power amplifiers were designed. Also, a new definition of

power-combining efficiency is given, applicable to the problem of minimizing power

dissipation. Measurements indicate, for the larger device, a chip-level PCE of 89% in
terms of overall efficiency. However, this approach is limited by propagation delays
as the device periphery increases. Also, the input impedance drops as the number
of gate fingers increases, reducing bandwidth.

Using these power amplifiers, an overall efficiency was calculated for circuit
and spatial combiners. In circuit combiners, a small number of larger devices was

found to be more efficient. In spatial combiners, it is more efficient to use a large
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number of smaller devices. In addition, in applications that require an antenna
array at the transmitter output, distributed amplification (spatial combining) has

advantages with respect to EIRP and thermal management.
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CHAPTER 5

A 10 GHZ HIGH EFFICIENCY ACTIVE ANTENNA FOR SPATIAL POWER
COMBINING

5.1 Introduction

In the previous chapter, the discussion on different power-combining meth-
ods was concluded by the observation that for large numbers of smaller amplifiers
with more bandwidth, spatial combining has the most potential for high overall
system efficiency. However, in antenna arrays for spatial combining, the spacing be-
tween elements needs to be between A\/2 and A to have one main well-defined beam
that combines all the powers efficiently. Each unit cell contains at least one antenna
and one amplifier circuit with associated feed and bias lines. Usually, the antenna. is
designed to have a 50 Q2 input impedance at the design frequency and the amplifier
output is matched to a 502 load. In this type of design, it is often difficult to fit the
antenna and amplifier circuit in the available unit-cell space. In this chapter, a new
design methodology in which the antenna is treated as an optimal amplifier load, is
outlined. Because the antenna is directly matched to the amplifier output, the size
of the array element can be reduced considerably.

As outlined in Chapter 2, class-E power amplifiers with high power-added-
efficiency (PAE) use the transistor as a switch where the i product is zero while
the harmonics of the switched voltage are reflected back towards the switch before
reaching the load [9, 7]. This is usually accomplished by the use of matching circuits

and filters. The losses within the switching transistor are thus minimized. A ™%
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increase in PAE was achieved without degrading the radiation properties by using
an integrated antenna that provided harmonic tuning [29].

i Previous work on integrated active antennas has included a circular sector
patch antenna providing the load to a 2.55GHz class-F amplifier in which the feed
position and sector angle in the circular patch were optimized for the correct load
and harmonic tuning. The PAE of this active antenna was 63% with 24.4dBm
output power [30]. Other work has explored broadband harmonic tuning by using a
photonic bandgap structure consisting of a microstrip line with a periodically etched
ground plane. The radiator was a slot antenna connected to this microstrip line. A
PAE of over 50% and output power above 22dBm was obtained from 3.7-4.0 GHz
[31].

As the frequency increases, it becomes more difficult to get high PAE be-

cause the transistor internal reactances and resistances are larger and cause simul-

taneously high current and voltage across the switch. This increases power loss in
the transistor and reduces efficiency. For example, at 0.5 GHz, a transmission line
class-E amplifier was demonstrated with 80% PAE and 27.4 dBm output power [10].
However, at 5 GHz, the same circuit topology resulted in 72% PAE and 27.8dBm
output power. We have extended the class-E topology to 10 GHz, achieving 62%
PAE at a reduced output power level of 20dBm and a 74% corresponding drain
efficiency. The class-E performance is achieved by using a microstrip-fed integrated
antenna instead of matching and filtering circuits.

In microstrip class-E power amplifiers, the output load at the fundamental
frequency is given by:

ZL _ 0“;)246 ej49.0524°’ (r 1)

where f is the fundamental frequency, and Cs is the transistor switch output ca-
pacitance [32]. At harmonics of the fundamental frequency, the output must be an

open circuit. These conditions result in a switch voltage which is zero while current
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is nonzero, and vice versa. The theoretical drain efficiency of the class-E circuit is
100%. Although the output must present an open circuit to all harmonics in an
ideal class-E circuit, it was demonstrated in [10] that adequate phase offset between
the voltage and current waveforms can be obtained by only considering the second
harmonic. The gain of the transistor at the third harmonic is usually negligible and
therefore the third harmonic content at the output is minimal.

Above a critical frequency dependant on the device, ideal class-E behaviour
is not possible and the efficiency decreases [21]. This critical frequency is proportional
to the maximum current handling capability of the device and inversely proportional
to the output capacitance [10]. In most commercial X and Ku band devices, however,
the output capacitance is proportional to the maximum current. Their ratio therefore
stays approximately constant and the critical frequency for 100 mW devices is about
6 GHz, causing the efficiency to degrade above this value.

In microstrip class-E amplifiers presented in [32], tuned microstrip matching
circuits at the output of the transistor provide the proper operating conditions. It
is possible to design an antenna with input impedance given by Eq. (5.1), which
removes the need to have a matching circuit and directly couples the amplifier power
; to the power of a wave in free space. Since a second-resonant slot antenna has a
relatively wide bandwidth (compared to eg. a patch antenna), its impedance could
! provide an approximate class-E match to the transistor over a wide frequency range
while maintaining high efficiency. A slot antenna was chosen as the amplifier load
instead of a patch antenna due to its larger bandwidth (approximately 20%) at the
second resonance. Even though the slot antenna presented here is not a resonant

structure, it is close to the second resonance and therefore relatively broadband.
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5.2 Passive Antenna Design and Measurement

An Alpha AFMO04P2 power MESFET chip with an output capability of
21 dBm was used as the switch in the class-E amplifier. Since there is no available
large signal model for this transistor, the switch (drain-source) capacitance was esti-
mated using small signal s-parameters to be 0.107 pF. This does not take into account
the nonlinear nature of this output capacitance, which causes it to vary with varying
gate-drain and gate-source voltage. For a more precise design, a large signal model
for the device is required. According to Eq. (5.1), the required load impedance for
this capacitance is 41.67 Q, £49.0524°, and s11 relative to 508 is —6.67 dB, £104°.

This reflection coefficient is provided by the slot antenna, which is microstrip-
fed with a 90° tuning stub and is initially designed to be a second-resonant antenna at
10 GHz. The antenna length and width were then optimized using Ansoft’s Ensemble
and HP Momentum to obtain the desired class-E reflection coefficient magnitude.
A 7mm long transmission line between the antenna and the amplifier provides the

correct phase of the reflection coefficient. At the second harmonic, the tuning stub

is 180° long and therefore the load impedance at the second harmonic is merely the

reactance of the line, which has a length of 12 mm from the open end to the tran-

sistor. Since this is approximately 360° at 20 GHz, the reactance is close to an open
circuit and therefore presents a large impedance at the second harmonic. Although
this is not ideal, it is sufficient for approximate class-E operation. The simulated
input impedance of the antenna is shown on a Smith chart in Fig. 5.1. As seen in
this figure, the antenna is not a resonant antenna. The slot antenna is 20 mm long,
2 mm wide, and is fed at the center.

A passive antenna was fabricated in order to measure the radiation patterns
and the impedance as seen by the transistor. The measured reflection coefficient of
the passive antenna is s11 = —6.8dB, £106°. This value is in good agreement with

the simulation shown in Fig. 5.1. The antenna gain was measured between 9 and
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i - 10GHz |
> 20GHz :

Figure 5.1: Input impedance of the passive antenna at 10 GHz (+) and 20 GHz (o).

11 GHz and ranged from about -3 dB to 4 dB. The negative gain comes from broadside
nulls in the antenna pattern at certain frequencies. The nulls may be caused by the
center-feed, and have been previously observed in second-resonant slots [3]- These
measured values of gain agreed well with the simulations at 10 GHz and above, but
the negative gain below 10 GHz was lower than expected. The crosspolarization ratio

is approximately 19dB. The gain of the antenna is approximately 2.3dB at 10 GHz.

5.3 Active Antenna Design and Measurement

The active antenna circuit was fabricated on a RT Duroid substrate with
’ €, = 2.2. The circuit outline is shown in Fig. 5.2. The Alpha AFM04P2 MESFET
has a 0.25 um gate length and a 400 um gate periphery, which allows a maximum
current of approximately 150 mA and a maximum output power of 21dBm up to
18 GHz. The DC drain-source series resistance, which is the switch ON resistance,

R,, is approximately 4.55 Q. Asstated above, the output capacitance, Cs, is 0.107 pF.
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Figure 5.2. Circuit layout of the 10 GHz active antenna. The capacitor C is part of
the bias network and provides an RF short.

| In [10] the expected drain efficiency is given by

14+ (3 +wCsR,)?
(1 + Z2)(1 + 7wsCs Rs)2’

where wy = 2w f. This equation takes into account loss in the switch due to the

(5.2)

no

switch voltage being nonzero when current flows through R;. A thorough analysis
can be found in [3]. According to this equation, a drain-efficiency of 85% is predicted
for the AFMO04P2.

The MESFET is mounted on a brass platform which is epoxied to the
ground plane. The gate and drain are wire-bonded onto the microstrip lines. DC
biasing is supplied 45° away from the transistor output so as to present an open to
the transistor at the second harmonic. The overall size of the active antenna is about
0.4)\2 where X is the wavelength in free space.

The performance of the final integrated antenna was measured using the

Friis transmission formula, since the output of the circuit couples directly to free
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Figure 5.3. Copolar (co) and crosspolar (x) radiation patterns in the E-plane of the
passive and active antennas.

space. The gain of the active antenna is the product of the amplifier gain and the
passive antenna gain. However, it was necessary to determine if the directivity of
the active antenna is equal to that of the passive antenna. This was accomplished

by comparing the radiation patterns of the active and passive antennas as shown in

Fig. 5.3 and Fig. 5.4. The active antenna pattern is similar in shape to that of the
' passive antenna. Therefore, the directivities of the active and passive antennas were
i assumed to be equal. In simulations with varying length of the feed line, leaving the
stub length and the antenna dimensions constant, the magnitude of the nulls varied
from 0.5 to 2dB while the position varied by about 20,. The measured nulls occur
| at approximately the same angles as in the simulation, but they are deeper. This is
believed to be in part due to the feed line connector. The cross-polarizations in the
two antennas are the same.

The input power is varied from -5dBm to 18dBm and the transmitted
power is received by a standard gain horn antenna in the far field. Using the Friis

formula and the measured directivity of the passive antenna, the iransmitted power
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Figure 5.4. Copolar (co) and crosspolar (x) radiation patterns in the H-plane of the
passive and active antenna.

was calculated as shown in Fig. 5.5. The maximum measured power is 20.5 dBm.
The efficiency of the amplifier with varying input power is shown in Fig. 5.6. As
seen here, the peak PAE of 62% is obtained at 12dBm, or approximately 5dB

gain compression. The corresponding drain efficiency is 74%, with approximately

20 dBm output power. The maximum drain efficiency is 79%, obtained at 18dBm
i input power. This is 6% lower than predicted by Eq. (5.2). This discrepancy may
indicate that the estimates of the output capacitance and/or series resistance used
i in the design are slightly lower than the realistic values. This reiterates the need for
large signal models in the design of high-efficiency power amplifiers.

; The frequency dependance of the output power and efficiency is shown in
figures 5.7 and 5.8 for 12dBm input power. From 9.7 GHz to 10.1 GHz, the PAE is

above 50% and the output power is above 19 dBm.
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Figure 5.5. Output power and gain of the active antenna for varying input power.
Vgs=-1.2V, V4;=4.0V, I, varies slightly around 35 mA.
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Figure 5.6. Drain efficiency and PAE of the active antenna for varying input power.
Vgs=-1.2V, V4,=4.0V, I, varies slightly around 35 mA.
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Figure 5.8. Drain efficiency and PAE of the active antenna from 9 to 11 GHz for
12dBm input power.
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5.4 Conclusions

A 10 GHz high-efficiency power amplifer was integrated with a slot antenna
which provides the correct output load to the transistor without the use of a matching
circuit. The antenna is also designed to provide harmonic tuning at the second
harmonic. This results in a smaller circuit and lower output losses, which affect the
efficiency much more than input losses. The radiation patterns of the antenna are
similar for both passive and active antennas. The maximum drain efficiency is 74%
with 62% PAE and an EIRP of 22.3dBm. The PAE and power remain above 50%
and 19dBm, respectively, over a relatively broad bandwidth of 400 MHz. The size

of the active antenna is approximately 0.4)\%. These results show that this active

antenna is suitable for spatial power combining in a high efficiency transmitter array.
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CHAPTER 6

LINEARITY OF X-BAND CLASS-F POWER AMPLIFIERS IN
HIGH-EFFICIENCY TRANSMITTERS

6.1 Introduction

In the preceding chapters, the importance of reducing transmitter size,
weight, and power consumption by employing high efficiency PAs was discussed.
However, when amplifying signals with varying envelopes, efficiency is less of a con-
cern than signal distortion, which renders high-efficiency class-E and F PAs useless
due to their inherent nonlinear behavior.

Most communication signals with variable envelopes, such as QAM (quadra-
ture amplitude modulation), are typically amplified by linear but inefficient PAs,
such as class-A and -AB, to minimize signal distortion. In addition, the PA is often
operated below its maximum power capability in order to avoid nonlinearities occur-
ing at high output power levels. This further reduces its efficiency. One method of
enhancing the PA efficiency is a technique known as envelope tracking, in which the
drain bias voltage varies proportionally with the input signal envelope while main-
taining the active device in the linear regime [33]-[35]. A class-A or B PA can also
be maintained in extended saturation and hence high-efficiency, by providing opti-
mum drain and gate biases [36]. Alternatively, the Kahn envelope elimination and
| restoration (EER) technique [37] allows the use of saturated high-efficiency power
amplifier classes such as E and F in linear transmitter systems. This method, which

we refer to as the classical Kahn method, has been successfully demonstrated from
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HF through L band using saturated class-AB PAs (38, 39].

Modifying the Kahn method to include dynamic power control provides
increased efficiency by conserving RF power consumption at low signal envelope
levels. This method has been demonstrated at L band using class-AB PAs [39]
and shows promise for use at higher frequencies. The novelty of this work is that
it experimentally compares a single X-band PA under different efficiency-enhancing
modes of operation, namely: linear with fixed bias; envelope tracking; and Kahn EER
with and without dynamic power control. The goal of the measurements presented
here is to determine the relationship between drain bias and RF drive level which
gives increased average efficiency without sacrificing linearity of the PA.

The results presented here are obtained by manually varying the drain bias
and RF drive level according to specific relationships. These control schemes may
be implemented, for example, by using DC-DC converters [34]. For highest linearity,
predistortion techniques derived from the signal envelope can be implemented using

DSP (digital signal processing).

6.2 Background of Kahn EER and Dynamic Power Control

The basic premise of the Kahn method is that any narrow-band signal is
equivalent to simultaneous amplitude and phase modulation of a carrier. As shown
in the block diagram of Fig. 6.1, the envelope is detected and amplified to high power
levels by an efficient amplitude modulator, such as a class S modulator [7], [39]. The
class-D, -E or -F PA is operated with high efficiency by correct choice of the fixed
input RF power level. The envelope is restored to the carrier through the drain
bias. When saturated, the RF input/output characteristics become increasingly
nonlinear due to the variation of gm, Cgs, Cga, Ra4s With gate-source and drain-
source voltages. In heavy saturation (switched-mode), the output voltage depends

only on the voltage being switched, the drain voltage, and not on nonlinear device
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Figure 6.1. Block diagram of a classical Kahn EER. transmitter system. The signal
! is separated into envelope and phase data, and the phase-modulated carrier drives
the PA. The amplitude is restored by modulation through the drain DC supply.
parameters. Therefore, theoretically, perfect linearity can be obtained through drain
amplitude modulation. In practice, the switch is nonideal and consequently some
nonlinear behavior appears in drain amplitude modulation. This gives efficient linear
amplification of the RF signal, since the PA gain is proportional to the drain bias.
In the classical Kahn method of Fig. 6.1, the amplitude of the phase-
modulated drive signal is kept fixed at a large enough value to ensure optimal PA
saturation and high efficiency at the peak envelope level. However, for lower enve-
lope levels, a smaller drive signal is sufficient to cause the same degree of saturation
and high efficiency. The same degree of saturation implies that the device is spend-
ing the same amount of time per period, in saturation. Therefore, by regulating
the RF drive amplitude in proportion to the signal envelope, the efficiency of the

Kahn method can be optimized over all envelope levels. Referred to as Kahn EER

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



59

with drive modulation, this method conserves RF drive power while keeping the PA
saturated and provides linear, efficient amplification.

In contrast to the Kahn EER method, conventional linear PAs are not
saturated, and the drain bias is kept fixed while the varying-envelope signal drives
the PA. This fixed drain bias is large enough to allow maximum linear voltage swing
for the highest signal envelope. Since smaller drive levels require less DC power
for the same gain, this armplification method is not efficient at low drive levels. To
alleviate this problem, the drain bias can be made to track the envelope of the input
signal in order to regulate DC power consumption. This dynamic power control
method, known as envelope tracking, allows higher efficiencies for all signal levels

while keeping the PA. in the linear regime.

6.3 Average Efficiency
The instantaneous efficiency of a PA is a function of the instantaneous

input and output power and the class of operation. In this work, the instantaneous

‘ efficiency is defined as
| _ PJ(B)
B(E)’

n(E) (6.1)

i
t
i where P,(F) is the output RF power and P;(F) is the total input RF and DC power
{ as a function of the signal envelope, E. Depending on the class of operation of the
I PA, the instantaneous efficiency is proportional to the output power or the output
voltage (envelope of signal). In practical PAs, the instantaneous efficiency usually
achieves a maximum when the gain is compressed by about 3dB.

Average efficiency is a good indicator of average power consumption in most

communication systems with time-varying envelopes. It is defined as:

oY

—==-, 6.2
=% (6.2)

where P, is the average output power and P; is the average total input power. The
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average input power is calculated as the expected value of P;(E), and the output
power is calculated similarly. If the probability distribution function (PDF') of the
envelope, p(E) is known, where E is the envelope, the average input and output

power can be calculated as

; Emax
F= / P{(E)p(E)dE, (63)

_ (Emas
i Pi= [ REwiE)E,

— Bma:z
| B = /0 P,(E)p(E)dE. (6.4)

The PDF of the envelope is a measure of the relative time corresponding to different
envelope levels. The PDFs of some common signals are shown in Fig. 6.2. For
frequency modulated (FM) and other constant-amplitude signals such as AMPS
(Advanced Mobile Phone Service), the signal is always at peak output. Shaped-
pulse data signals such as QAM have PDFs with peak-to-average power ratios of 3
to 6 dB [40]. Multi-carrier signals such as OFDM (offset frequency division multiplex)
have Rayleigh PDFs [41] with typical peak-to-average ratios from 7 to 13dB. Such
signals are used in cellular communications, multi-beam satellite systems, and digital
broadcasting.

The energy stored in a battery can be thought of as the product of average
power drawn and the battery lifetime. Therefore, by increasing the average efficiency
of a PA from 30% to 50% (a factor of 1.7), for the same average output power, the
average input power drawn from the battery is reduced by 1.7 times, and the battery
lifetime increased 1.7 times. At the same time, the average heat output is reduced
by a factor of 2.3. Higher average efficiency [42] is cbtained by having increased
efficiency over a large range of signal envelopes.

In order to measure the average efficiency of different ampifier modes, we
measure P;(E) and P,(E) for a sinusoidal input signal with amplitude E. From this

measured data, the average input and output power is then calculated for a signal

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



61

r 3
— Multi-carrier

0.0 0.2 0.4 £ 0.6 0.8 1.0

Figure 6.2. The probability distribution functions, p(E), of some common signals.
The Rayleigh distribution is for OFDM (multi-carrier) signals and the constant am-
plitude signal used in AMPS is always at peak power. E is the normalized time-
varying signal envelope. £ is the peak-to-average ratio, given in dB.

with any type of modulation with a known PDF. Note that for the Kahn modes, E
is the drain voltage since the amplitude information is fed through the drain bias,
and for the linear modes, E is the amplitude of the RF input signal since the drain

bias is held a constant while the signal is fed into the RF input.

6.4 Linearity

6.4.1 Intermodulation Distortion In signals such as OFDM, dis-
cussed in 6.3, varying envelope levels give rise to AM and AM/PM effects which
cause intermodulation distortion (IMD) in the output signal. For example, consider

a nonlinear transfer function
Vout = Q1Vin + G2U3, + A3V3, + ... + anvl,, (6.5)

where v;,, and vy are the system input and output signals in a system with an n-th

order nonlinearity. a;—a,, are gain terms for each order. If v;, is a pure tone with a
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constant amplitude, harmonics of each order will be generated by the system accord-
ing to the transfer function in Eq. 6.5. Being out of band, these harmonics are easily
filtered to obtain a pure-tone output signal. Therefore, there is no intermodulation
distortion for a single-tone constant-envelope signal in a nonlinear system.

On the other hand, if the input signal contains multiple tones, the system
nonlinearity creates in-band additives to the input signal spectrum, caused by odd
order mixing of tones. For example, in the case of a two-tone input signal consisting of
the sum of two single-tone constant-amplitude signals, second order mixing products,
(w1 £w2), fourth order products (2w; +2ws2), and all other even-order products don’t
distort the output signal since they are out-of band spectral components which are
easily filtered out. The problems are caused by third order mixing products (2w w2
and 2w; + wy), fifth order products, (4w; + wo and 4wy + wy), and all other odd-
order products. Usually, the third- and fifth-order products contribute most to the
unwanted spectral growth at the signal output. The same is true for any multi-tone
signal.

A signal with an arbitrary time-varying envelope can also be represented
as a multi-tone signal. For example, an input signal with a time-varying single-

frequency sinusoidal envelope, A;,(t) = E cos(wmt), can be written as

Uin = Am(t) COS(wct)

= FEcos(wmt) cos(wet), (6.6)

where E is the envelope maximum, wp, is the slowly varying modulating signal

frequency, and w, is the carrier frequency. This can now be re-written as:

Vin = %cos((wc — W)t + %—cos((wc + wm)t))
= —g—[cos(wlt) + cos(wat)], . (6.7)

which is the sum of the constant-amplitude single tones «w; and ws.
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Several conventions are used in the literature to represent the degree of
nonlinearity in a system. The figure of merit used in this thesis is the IMD (In-
terModulation Distortion) ratio, which is the the power in the highest-magnitude
odd-order intermodulation product relative to the power in one of the tones in a

' two-tone signal as given by Eq. 6.7.

Power in highest odd —order mixing product
Power in one of the two input tones

IMD = (6.8)

This IMD is usually measured at the output of the power amplifier when it is under
a two-tone excitation. The IMD varies as the power in the two-tone signal is varied,
and is therefore usually quoted for peak output power conditions (the envelope of
the output signal is maximum) when the distortion is typically worst.

6.4.2 Two-tone IMD Calculation based on Behavioral Modeling
Since two high-power sources at X-band were not available to measure the IMD at
peak output power, it was calculated based on measurements of gain compression
and phase distortion for a single tone excitation of the PA as a function of input
signal power, or analogously, input signal envelope, E. This input RF signal can be
written as Vin(E) = E cos(wt). The output signal as a function of this input signal

i amplitude (envelope) is then given by
Vout () = Aout(F) cos(wt + ¢(E)), (6.9)

where Agy:(F) is the amplitude modulation (AM) characteristic, and ¢(E) is the
amplitude to phase modulation (AM/PM), both of which are measured for each PA
mode. Using this data, a behavioral model of each PA mode can be formulated
that is then analyzed under a two-tone excitation. For the linearity calculation, a

two-tone signal such as

E E
I/in,two—ttme = 5 cos(wlt) + E COS(th) (6'10)
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is input to the behavioral model. This two-tone signal can also be represented as

. wlt) cos(wl + wp

2

w
V;'n.,two—tone = ECOS( L t), (6.11)

which is a signal of frequency ‘i’%“’z modulated by a slowly varying envelope of

amplitude E and frequency cos(“45%Lt). This expression can be written as
Vin(E) = Ain(t) cos(wt). (6.12)

Thus, Vout(t) can be calculated using Eqs. (6.9) and (6.12). Using a discrete Fourier
Transform, the spectrum of the output signal, Vi, , can then be analyzed. The power
ratio between the carrier and the highest of the 3¢ and 5%* intermodulation distortion
products is defined as the IMD. The IMD at peak output power is calculated for the
Kahn modes. For the linear modes, the IMD is calculated at peak output power and
at backed-off power. An acceptable value for IMD for communication applications

is 30 dBc (dB below the carrier).

6.5 Definition of PA Modes

This work characterizes a single power amplifier for operation in five differ-
ent biasing modes in order to determine the best method of dynamic bias control for
high efficiency and linearity. Two linear modes of operation, one with fixed and the
other with dynamic drain bias (envelope tracking), are compared with three modes
of saturated PA operation, one being the classical Kahn method described in sec-
tion 6.2, and the other two being modified Kahn methods with drive modulation.
The five PA modes represent specific relationships between the drain voltage and

RF signal amplitude, and are shown graphically in Fig. 6.3(a) as listed below:
(1) Linear: the signal is fed directly into the RF input, and the drain voltage is
fixed. This mode is called linear mode because the amplifier is unsaturated;
(2) ET (Envelope Tracking): Linear operation with dynamic drain voltage pro-

portional to signal envelope;
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(3) Kahn: Classical Kahn operation as in Fig. 6.1 with fixed RF drive;
(4) Kahn FDM (Full Drive Modulation): modified Kahn mode, with dynamic
i RF input amplitude proportional to signal envelope; and
(5) Kahn PDM (Partial Drive Modulation): another modified Kahn mode. Sim-
ilar to the Kahn FDM mode, but having a minimum value for the drive, in
order to increase efficiency at low envelope levels.

The fixed-bias linear mode and the Kahn mode are not dynamic in that
either the drain is kept fixed or the drive is kept fixed, as can be seen in Fig. 6.3(a).
The envelope tracking, Kahn FDM, and Kahn PDM modes are dynamic since both
the drain and the drive amplitudes change simultaneously. Fig. 6.3(b) shows the
instantaneous efficiency of the PA used in this study as a function of drain bias and
drive amplitude. It is apparent from this graph that dynamic control of both values
is necessary for maintaining high instantaneous efficiency.

Analogously, variation of the gate bias (quiescent current) in a RF PA also
results in significant savings of DC-input power. However, minimum drive and gate
bias levels are often required to ensure proper operation of the RF final amplifier and
| modulator [43]. The minimum drive/gate-bias level ensures saturation of the PA in
spite of gain reduction and/or reduces amplitude-to-phase conversion by decreasing
the degree of saturation so that nonlinear capacitance variations are reduced. All five
PA modes listed above were measured with various gate biasing schemes. However,
5 there was almost no change in average efficiency between these PA schemes, and the
linearity proved to be low. Therefore, for all measurements described in the following

text, the gate bias is kept fixed.

6.6 Measurements
The power amplifier used for this study is an 8.4 GHz class-F PA [44] de-
signed with a Fujitsu FLK052WG MESFET, and described in Chapters 3 and 4.
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This PA provides a maximum instantaneous efficiency of 55% with 610 mW of out-
put power and 5.3dB saturated gain with Vgg = —09V and Vpgs = 7V. The
electrical characteristics of this power amplifer are discussed in Chapter 4.

Each PA mode is implemented by manually changing the drain voltage
and drive signal amplitude according to the relationships shown in Fig. 6.3(a). By
monitoring the RF and DC power levels, and the phase of the output signal, P;(E),
P,(E), Vout(E), ¢(E) are measured for each PA mode. E is the RF signal amplitude
for the linear modes and the drain voltage for the Kahn modes. The power and phase
are measured using an HP70820A Transition Analyzer. An HP83020A preamplifier
is used to amplify the power levels from an HP83650A synthesized sweeper so as
to saturate the class-F PA. From this data, the average efficiency and linearity are

calculated for each mode as described in section 6.3.

6.7 Comparison of Modes

The effect of dynamic biasing on average efficiency can be shown by compar-
ing the measured instantaneous efficiency as a function of output signal amplitude,
as illustrated in Fig. 6.4. The linear amplifier with fixed bias has very low efficiency
at low power levels. The Kahn method, where the RF drive level is fixed, has higher
efficiency on average than the linear case due to PA saturation. However, the dy-
namic biasing schemes (envelope tracking, Kahn FDM, and Kahn PDM) have much
higher efficiency over the entire range of output levels. Kahn PDM has the best
efficiency performance of all the modes. Based on measurements of P;(E) and P,(F)
and the PDF's given in Fig. 6.2, the predicted average efficiency for multi-carrier and
QAM signals is calculated as shown in Table 6.1.

Each of the techniques, however, exhibits different AM/PM characteristics,
¢(E), as shown in the measured data in Fig. 6.5. The classical and PDM Kahn

methods have a large increase in AM/PM, due to deep saturation of the PA at low
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envelope levels.

The measured amplitude modulation linearity, given by the input-output
transfer characteristic Vou:(E), is shown in Fig. 6.6. The peak output level for all
modes is about 8 V. The linear modes saturate at high envelope levels and therefore
must be operated in back-off for high linearity. The Kahn modes, on the other hand,
have input-output characteristics which are approximately straight lines over the
entire envelope range. However, the classical Kahn and Kahn PDM modes suffer
from feedthrough, which occurs in an amplifier when a zero input signal envelope on
the drain results in a non-zero output due to the feedback capacitance of the device.
This degrades the linearity and also reduces dynamic range of the output. The Kahn
FDM technique gives no feedthrough and gives the highest amplitude modulation
linearity.

6.7.1 Multicarrier Results The predicted linearity and average ef-
ficiency of the various techniques are summarized in Table 6.1. The presented data
includes the average efficiency for multi-carrier signals with a 10dB peak to average
ratio, and for QAM signals with a 3dB peak to average ratio. Peak power for all

modes is about 0.6 W, corresponding to a maximum output envelope of about 8 V.

The probability distribution functions of both these signals are shown in Fig. 6.2.

The overall amplifier linearity is obtained from a combination of the measured AM

and AM/PM effects, as described in section 6.3. One would expect the linear mode
in back-off to have the highest linearity, measured to be 27 dBc, albeit with low ef-
ficiency (less than 10%). Instead, the FDM Kahn technique, yields a slightly better
linearity, 28 dBc, with a significantly improved average efficiency of 44% (at least a
factor of 4.4 improvement).

6.7.2 QAM Results For QAM signals, the classical Kahn method

gives better efficiency than the linear fixed-bias mode, but the dynamic biasing
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Power amplifier | Predicted | Predicted average efficiency Peak
modes IMD ratio | Multi-carrier QAM Power
8.4 GHz (dBc) -10 dBPEP -3 dBPEP W)
Kahn 23.8 26.4% 43.8% 0.66
Kahn-FDM 27.7 43.7% 53.4% 0.66
Kahn-PDM 26 46.7% 54.4% 0.62
Linear (fixed drain)
Full power 17 9.5% 28.7% 0.61
0.67 of full power 27 0.41
Envelope tracking
Full power 23.1 36.1% 49.5% 0.72
0.7 of full power 24.6 - 0.50

Table 6.1. Comparison of average efficiency and linearity results. The predicted
values are obtained by analyzing PA models formed by measuring the characteristics
5 of each mode under a single-tone excitation.

schemes (envelope tracking, FDM and PDM Kahn) have much higher average ef-
ficiencies and are all comparable. This is because the PDF for the QAM signal is

only 3dB below the peak envelope level, where all the dynamic biasing schemes have

similar performances.

6.7.3 Summary of Results In reviewing the efficiency and linearity

data of Table 6.1, it is important to note the following:
(1) Kahn EER can be used to linearize highly nonlinear amplifiers such as sat-
urated class-F and E;
(2) The average efficiency and linearity of Kahn EER can be increased by drive
modulation;
(3) The average efficiency and linearity of a fixed bias class-F amplifier can be
increased by dynamic drain biasing (envelope tracking);

(4) Dynamic modes have higher average efficiency and linearity;
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(5) For approximately the same output power, the saturated dynamic modes
(Kahn FDM, PDM) give higher efficiency and linearity than the dynamic
linear method (ET); and

(6) Kahn EER with full drive modulation gives the highest linearity at the peak
output level, while increasing the average efficiency of the PA by a factor of

4.4 over the case of the unlinearized, fixed-bias PA.

6.8 Discussion

In summary, this chapter discusses the average efficiency and linearity of
an 8.4 GHz class-F nonlinear X-band PA intended for use in transmitters with time-
varying signal envelopes. The class-F amplifier has a high instantaneous efficiency
i for high signal amplitudes, but low efficiency for smaller signals, yielding a poor
efficiency when averaged over time. We show experimentally that several different
dynamic power control techniques can be used to improve the average amplifier

efficiency, and that the best simultaneous efficiency and linearity is obtained by a

modified Kahn EER technique. For example, the average efficiency for a Rayleigh
distribution of signal amplitudes (multi-carrier OFDM) was improved to 44% for this

amplifier at a peak output power of 0.6 W, with intermodulation distortion products

suppressed to 28 dBc. The same amplifier operated in linear fixed-bias mode has

only 10% average efficiency, with 17 dBc distortion at the same output power.
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(a) The five modes of PA operation compared in this paper. Each
mode represents a specific relationship between the drain bias and the instantaneous
envelope of the RF input. Two linear modes are compared with three Kahn modes
where the PA is saturated. (b) Instantaneous efficiency as a function of drain bias and
RF input amplitude. By varying both voltages in a dynamic manner, the efficiency
can be optimized for all input envelope levels.
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Figure 6.4. Measured instantaneous efficiency of the PA modes. The efficiency is
decreased for low signal levels.
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Figure 6.5. Measured AM/PM of the PA modes. For the Kahn modes, the envelope
is the drain voltage (0-7V), and for the linear modes, it is the amplitude of the RF
input (0-4.24V).
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Figure 6.6. Amplitude modulation linearity of the PA modes. Vi, is the amplitude
of the output signal, which has a peak value of about 8 V. For the Kahn modes, the
envelope is the drain voltage (0-7V), and for the linear modes, it is the amplitude
of the RF input (0-4.24V).
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CHAPTER 7

| HIGH-EFFICIENCY CLASS-E FREQUENCY MULTIPLIERS

7.1 Introduction

The previous chapters in this thesis have discussed the performance of
switched-mode high-efficiency power amplifiers at microwave frequencies up to 10 GHz,
while nothing has been said about the generation of the signal itself. In most mod-
ern microwave and millimeter-wave communication systems, the signal from a low-
frequency, high-quality oscillator is multiplied up to the desired frequency by a chain
of frequency multipliers, a general background of which can be found in [6]. One of
the main objectives in the use of frequency multipliers at microwave and millimeter-
wave frequencies is to separate the signal generating circuitry from the amplification
circuitry. This physical and electrical isolation reduces heating of the oscillator due
to heat generated by the power amplifiers, while at the same time avoiding po-
tentially unstable feedback of the power amplifier output into the oscillator. As a
commercial example, automotive radar systems at 60 and 76 GHz have been reported
to use frequency doublers [45], [46]. The output of this frequency multiplier chain is
the local oscillator (LO) signal which produces the RF carrier when mixed with the
modulated intermediate frequency (IF) signal.

Although transistor frequency multipliers do not consume the vast amounts
of power that power amplifiers do, they are the primary cause of power dissipation
in LO circuitry, and recent efforts have focused on the design of power-efficient

frequency multipiers. For example, low-cost, low-power frequency multipliers with
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outputs at 762 MHz and 3.050 MHz have been fabricated for mobile wireless applica-
tions [47]. Apart from wasting available power resources, the heat that is produced
by the frequency multipliers can cause thermally induced instabilities in the oscillator
frequency [6].

High-efficiency class-E frequency multipliers could present a viable method
of minimizing heat dissipation near the oscillator as well as lowering power consump-
tion in the LO circuitry. This chapter presents a 10.4/20.8 GHz MESFET frequency
doubler designed to be highly efficient by operating in class-E mode, in addition to

providing conversion gain.

7.2 Conversion Gain, Efficiency, and Harmonic Rejection
There are several parameters of interest when comparing different frequency
multipliers. Most important among these are conversion gain, DC-RF or drain effi-

ciency and overall efficiency, which are defined as,

Pout(N f)
§ = P (r-1)
| o = Zedlh), &

wd S R )

where Poyu:(N f) is the output power at the desired harmonic and Pi,(f) is the input
fundamental power. P, is the input DC power. Typically the efficiency quoted in
| the literature on multipliers is the conversion efficiency, which is the gain expressed
as a percentage. A conversion efficiency of less than 100% implies a conversion
loss. In this work, the term conversion efficiency will be avoided in favor of the
tern conversion gain. The only efficiencies of importance here are the drain and
overall efficiencies, since they determine the DC and RF power consumption of the
multiplier.

Another important quantity to consider in frequency multiplier design is the
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harmonic rejection. The fundamental power at the output must be much lower than
the power at the desired barmonic. This is usually accomplished by using an open
or shorted output stub to suppress fundamental frequency output power. Harmonic
rejection is presented as a ratio of fundamental power to desired harmonic power, in
dBc, or dB below the carrier, and an acceptable value is about 20dBc. At the input,
a shorted or open stub at the output frequency is used to suppress parasitic feedback
of output power to the input. The input and output harmonic terminations of the
frequency multiplier can have a profound effect on the conversion gain, as discussed

in detail by several authors in [48], [49] and [50].

7.3 Types of Frequency Multipliers
Any nonlinear device can be used as a frequency multiplier; Schottky diodes
which act as nonlinear resistances and varacter diodes which are nonlinear capaci-

tances are good candidates for this purpose. Transistor frequency multipliers rely

on nonlinear resistances and capacitances within the device as well as nonlinear
current-voltage relationships.
7.3.1 Diode Frequency Mutipliers A thorough treatise on this
i subject can be found in [51], which presents most of the theory behind diode fre-
i quency mulitiplier operation. Schottky diodes offer broadband operation due their
resistive nature while varacter diodes and Gunn diodes have lower phase-noise. Es-
sentially, the capacitive or resistive nonlinearity in a diode is exploited to generate
higher harmonic components of a fundamental input frequency. The harmonic of
interest is then extracted by suitable output circuit matching.
As an example, in COMSAT communication satellites, the signal generated
by a high-Q, stable 9.5 GHz oscillator is doubled by a diode chain for use as a
beacon [52]. Operating with a conversion gain of -2.2dB, this diode multiplier has

an output power of 14.8dBm at 19 GHz. In [53] a 40/80 GHz balanced doubler using
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six varacter diodes gives 96 mW of output power with an input of 200 mW, which
corresponds to a conversion gain of -3.2dB. At 25 and 40 GHz, 100 mW output power
levels are obtained for diode doublers with a conversion gain of about -4.5dB [54].
As can be seen from these examples, diode mutipliers are lossy since diodes cannot
provide signal gain. The maximum gain is then unity, although in practice losses
within the diodes limit the gain to below unity. Therefore, high-gain amplifiers, which
are typically inefficient, must be used to obtain sufficient output power. On the other
hand, transistors such as bipolar junction transistors (BJTs), metal semiconductor
field effect transistors (MESFETSs) and high electron mobility transistors (HEMTS)
can amplifiy the generated harmonic signal, and therefore can give greater gain and
output power.

7.3.2 FET Frequency Multipliers To overcome the lossy nature of
diode multipliers and achieve frequency multiplication with small conversion losses or
conversion gain, transistor frequency multipliers have been investigated, as discussed
at length by Camargo in [55]. For integration into MMICs, FET-based multipliers
are most attractive since FETSs are the building blocks of MMICs. Therefore, this dis-
cussion is limited to recent results obtained using FETs such as MESFETs, HEMTs
and pHEMTs. In particular, the focus is on frequency doubling.

Harmonic generation occurs in FETs due to several nonlinear mechanisms,
including nonlinearity of the input gate-source capacitor, the nonlinear transconduc-
tance, the nonlinear output conductance, and the clipping of the drain-source cur-
rent. A comparison of these nonlinearities for frequency doubling is carried out by
Gopinath et.al. in [56], which shows that current-clipping gives considerably higher
second harmonic levels than the other mechanisms. Current-clipping is achieved by
biasing the FET near pinchb-off or near V;; = 0V, which is near forward conduction

of the transistor.
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Since current-clipping is the main mechanism for generating second har-
monic content, the switched current of class-E amplifiers seems suitable for frequency
doubler design with both high gain, harmonic output power and high drain efficiency.

At X-band output frequencies, the doubler conversions gains reported are
in the -3 to 8dB range {56], [57], [58], [69], [60], [61]. The highest drain efficiency
found in the literature at X-band is 66.7%, with 1 dB gain and 13 dBm output power
at 8 and 12.5GHz [61]. All other reported drain efficiencies in the references given
above, are about 10%, while output power are on the order of 10-20 dBm.

At K-band (18-26 GHz), doubler conversion gains of 4dB and -1.8dB are
reported 18 and 20 GHz output frequencies [58] while at a 24 GHz output frequency,
-1.9dB conversion gain was obtained with a drain efficiency of about 5% [62|. The
typical output power is about 0 dBm.

7.3.3 Class-E Frequency Multipliers Class-E power amplifiers have

a theoretical DC-RF power conversion efficiency of 100% by operating the transistor
as a switch [9] and have been demonstrated at microwave frequencies upto 10 GHz
(63]. Class-E multipliers with drain efficiency greater than 95% have been discussed
and tested at an output frequency of 3.37 MHz [64]. In [65], class-E multipliers have
been demonstrated at 1 GHz and 5 GHz output frequencies with power-added effi-
ciencies of 35% and 29% respectively. The corresponding conversion gains for the
: last two cases are 8.5dB and 5.2dB [13].

The use of class-E topology at higher frequencies is limited only by device
output capacitance, maximum current capability, and drain voltage [10]. For today’s
typical devices this frequency limitation is at about 1-6 GHz. The results obtained
for class-E power amplifiers in [65] and [63] are at frequencies about a factor of
1.5-3 above the maximum frequency for ideal class-E operation. This causes class-
E performance to be suboptimal, with a resulting decrease in achievable efficiency.

However, even in suboptimal mode, the efficiency of class-E circuits is higher than
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other classes. A drain efficiency of 74% and a PAE of 62% were measured at 10 GHz
on an active antenna [63] using a commercial device produced by Alpha Industries.
The same device is used here in a 10.4/20.8 GHz frequency doubler.

The main objective of this work is to demonstrate the viability of subopti-
mal class-E frequency doublers as an alternative method of RF' power generation at
K-band with high DC-RF efficiency, reasonably high output power and conversion
gain. As a secondary objective, the drain- and gate-biasing requirements and output
power are compared for class-E amplifiers and class-E frequency doublers, in order

to further investigate class-E operation at microwave frequencies.

7.4 Previous Work on Class-E Multipliers

The design of class-E frequency multipliers has been analyzed by Zulinski
and Steadman in [64], assuming an ideal switch and an output circuit with infinite
Q. In the basic circuit diagram of Fig. 7.1, the transistor is switched between ON and
OFF states by a rectangular wave of duty cycle D and period T'. The corresponding
radial frequency is w. The only difference between this analysis and the class-E
! amplifier theory presented in Chapter 2 is that the output is constrained by the
tuned circuit to be at a harmonic Nw; for N = 1, the analysis simplifies to the
case of the class-E amplifier. However, this small difference causes the operating
conditions (duty cycle, output impedance and drain voitage) for a class-E multiplier
to be quite different from that of an amplifier. The work in [64] is summarized here
for clarity. The goal is to obtain design conditions for a class-E multiplier of order
N when the load R and switching frequency f are known.

The duty cycle, D, is the fraction of the period T' = 2m/w for which the
switch is OFF, and the switch voltage, vs, is nonzero. The DC current is I4s and the

output current is

io = Asin(Nwt + ¢) (7.4)
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Figure 7.1. The switch and output circuit for the general class-E multiplier circuit.
The transistor switch is represented as an ideal switch in parallel with a capacitance.
L, and C, comprise an ideal tuned circuit, providing the transistor output with a
load impedance Z,.: = R + X at the output frequency, while presenting an open
circuit to all higher harmonics.

The current through the capacitor during the OFF cycle is Cs‘%’g. By consider-

ing Kirchoff’s current law at the drain node, the following differential equation is

obtained for the OFF cycle.

cs‘%‘i — I[L — Asin(Nuwt + )] (7.5)

Eq. 7.5 can be solved by integrating to obtain an expression for the time-domain

switch voltage as follows.

vs(t) = 509[1 — Asin(Nwt + ¢)]dt

I A
a[t + mcos(Nwt +@)]+K, 0<t<DT. (7.6)

The unknowns in Eq. 7.6 are Cs, K, A, ¢ and D. Therefore, in order to solve for vs
at any arbitrary time ¢ during the OFF cycle, five equations are necessary, and are
obtained by considering the requirements for 100% DC-RF efficiency and maximal

output power capability.
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100% DC-RF conversion efficiency is obtained when the switch voltage
is zero during the ON state. This means that during the OFF state, the switch
voltage must begin and end at zero, implying that vs(t) = 0 for ¢ = 0, DT. This
supplies two equations for the solution of Eq. 7.6. A third equation is provided by
the condition that the input DC power must equal the output power dissipated in
the load resistance, or VyIds = (Algs)2/2R. Vg, is the time-average of the switch
voltage waveform of Eq. 7.6.

Two more equations can be obtained by maximizing the output power

! capability defined in Eq. 2.12. The maximal output power capability for a general

class-E multiplier is found by setting R and the ratio Vs /Iy, and calculating the
E output power capability for various values of £ and D; £ is the slope, dvs/dt, with
which the voltage waveform goes to zero at the end of the OFF cycle, at t = DT.
The optimum values are found to be £ = 0, and D = 0.5/N. £ determines the
magnitude of the current at switch turn-on due to capacitor discharge through the
switch. It affects both the output power and the voltage and current swings (apart
from the current impulse) at the switch. The duty cycle affects the generation of the
desired harmonic.

In summary, three equations enforce the condition of 100% DC-RF effi-
ciency, and two equations pertain to maximizing the output power capability. With
these five conditions, it is possible to solve for the unknowns to obtain the following

main results for class-E multiplier design:

0.1836
Cs = R (7.7)
and X = 1.1525R. (7.8)

Additionally, expressions for vs(t), is(t) and P,yt, among others, are also presented in
the Zulinski paper. For the purposes of this thesis, it is more appropriate to assume

the switch capacitance is known and solve for the load impedance, Zpet = R + j.X,
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necessary at the desired harmonic. This is the direction taken by the analysis that
follows, in which the goal is to study the relationship between the drain voltage, gate

biasing conditions and the switching frequency for class-E amplifiers and doublers.

7.5 Simplified Class-E Multiplier Analysis
In addition to a re-interpretation of previous work as needed for practi-

cal microwave high-efficiency multipliers, this thesis contributes a new theoretical

derivation for the critical frequency between ideal and suboptimal class-E operation,
and the estimation of the duty cycle. The maximum switching frequency for class-E
operation is an important consideration in the design of a class-E multiplier circuit,
since it is determined by the device being used, the bias point and the multiplier or-
der. If these factors dictate a maximum frequency less than the switching frequency
desired, then a new device and/or bias point must be chosen. The duty cycle is

a very important criterion for class-E multiplier operation. It determines the load

impedance presented to the transistor output, and therefore class-E operation. Only

by biasing and driving the multiplier such that the correct duty cycle is obtained,

!

|

i can class-E waveforms be expected.

; This analysis begins with the same differential equation (Eq. 7.5) as Zulin-
; ski, but the transistor capacitance is known instead of the load, and time is referenced
‘ to the begining of the OFF cycle instead of the center. The analysis in this section
i is more tractable than that in Zulinski’s paper and therefore more instructive to the

beginner.
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In analogy to the class-E power amplifier theory in section 2.4, the differ-

ential equation in Eq. 7.5 is solved with the following four boundary conditions:

US(O) = 07 (7-9)

: vs(DT) = 0, (7.10)
3 dug

= 0, (7.11

dt t=DT )

and D = 0.5/N. (7.12)

‘ The first three conditions are idential to the class-E power amplifier case, wheras the

duty cycle is now a function of N. The following results are obtained:

I, A
= C, mCOS((ﬁ), (7.13)
A = 1.862, (7.14)
and ¢ = —0.5669rad. (7.15)

It should be pointed out here that these results are slightly different from Zulinski
; and Steadman’s in that ¢, given in radians, is independant of N. This is due to the
fact that in this analysis time is referenced to the beginning of the duty cycle. When

time is referenced to the center of the OFF cycle, the duty cycle and the duty cycle

start time are functions of the desired harmonic. This results in the phase of the
: output current and voltage also being functions of the output harmonic.

| The switch voltage and current waveforms are shown graphically in Fig. 7.2.
The voltage waveform during the OFF cycle is presented in Eq. 7.6 and the current

waveform during the ON cycle is
is(t) = Igs[1 — Asin(Nwt — ¢)] (7.16)

where maximum possible current swing is assumed such that Ijs = Imaez/(1 + A).
As seen in Fig. 7.2, the voltage swing at the switch decreases for the doubler

(N = 2) compared to the amplifier (N = 1) while the current swing remains the
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Class-E Waveforms for N=1,2

0 0.25

Figure 7.2. Simulated switch voltage and current waveforms for a class-E amplifier
and a doubler designed with an Alpha AFM04P2 MESFET. The switch capacitance
is 0.107 pF, the switching frequency is 10 GHz, and the maximum drain current is
140 mA.

same. The output voltage swing is also reduced as N increases, even though the
| output current is the same. This produces a reduction in the output power. The

reduction in switch voltage swing with N is the result of the device having to charge

, and discharge in a shorter duty cycle. The slope at which the switch capacitor
charges is a constant regardless of N, and depends only on the ratio In../Cs. For
higher output power it is desirable to maximize this ratio.

Also of note is that the switch current for N > 1 is bidirectional (both
positive and negative) whereas it is unidirectional for the case of the class-E amplifier.
This makes FETs rather than BJTs more suited to the design of class-E multipliers
since FETSs can support bidirectional current flow when the drain and source voltages

are reversed.
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7.6 Extended Analysis of Class-E Multipliers

Using the previously reported class-E multiplier analysis presented in the
previous sectious, the drain biasing, frequency limitations, output power consid-
5 erations, and duty-cycle determination is analyzed in more detail in the following
sections.

7.6.1 Drain Biasing of Class-E Multipliers By performing a Fourier

series analysis on the time domain switch waveform, the DC drain voltage is found.

V = - ve(t)dt
ds T/ s()

— 145
= 223G, /NZ (7.17)

The procedure is similar to those discussed in [3]. T and f are the switching period
and frequency respectively. Since the maximum possible switch current is Zmer =

Loz = (1 + A)I4, the drain voltage for class-E operation can be written thus:

_ Inex
Vis = 5550 7N (7.18)

This means that for the same switching frequency, the drain voltage must decrease
as N2 for an output at a harmonic Nf. This is primarily because the duty cycle
decreases with N, while the capacitor-charging slope at ¢ = 0 remains the same.
i This implies a lower peak switch voltage and correspondingly small DC component.

If a drain voltage lower than the knee voltage of the device is required,
then a class-E multiplier of that order is not possible. Suboptimal operation might
be possible with a slightly higher drain voltage, but degradation in efficiency and
output power will result.

7.6.2 Maximum Class-E Frequency of Operation Eq. 7.18 can
be rearranged to solve for the maximum frequency of class-E operation at a given

drain voltage for a given device:

_ Imax
fmas = S5 5y CuN? (7.19)
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This frequency limit occurs because of a finite capacitor-charging slope, as discussed
in the previous sections. By using a device with a larger ratio of maximum current

to switch capacitance, this slope can be increased, with a resulting increase in the

i maximum switching frequency. Also, reducing drain voltage will allow the charging
i and discharging of the capacitor to occur within the duty cycle since the peak of the
waveform will be lowered.

In addition, when building higher-order multipliers with suboptimum class-
E operation (f > fmaz), the drain voltage must be decreased to maintain the same
fmaz- This may be considered as maintaining the same level of suboptimal behavior.

7.6.3 Load Impedance of a Class-E Frequency Multiplier The
previous sections discussed DC drain voltage and frequency requirements for class-
E operation using a given device. The next important design consideration is the
load impedance presented to the transistor output. The output circuit is considered
to have infinite Q at the frequency of the desired output harmonic, which causes a
sinusoidal current to flow in the load at this frequency. Therefore, all other harmonics
are presented with an open circuit while the desired harmonic has a load impedance
given by the ratio of output voltage, v, to output current i,.

In the following analysis, w = 27w f is used such that the final expressions
are obtained as functions of frequency, f. The complex Fourier series of the switch

i voltage waveform is given by,

o«
vs(t) =Ko+ Y Kne®™f! (7.20)

n=—oc

where Kj is the time average or Vy,, and the complex coefficients K, are calculated

as usual using the following equation.
DT ]
K,= / ve(t)e I2 Sty (7.21)
0
The harmonic component corresponding to NV is given by

Vs(Nf) = (Kn + K_n)cos(2nN ft) + j(Kn — K_n)sin(2w N ft), (7.22)
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and is found to be
3.278 Iys e™"*%1% jornge

Va(Nf) = .
This voltage appears across the load impedance that bears a current
L(Nf) = 1.862 Iz, e=70-5669 =3m/2 gi2vNJt (7.24)

The load impedance, Z,: = R+ jX, is then calculated from the ratio of the voltage

and current phasors.

0.0446 _ju0.05°

CIN? (7.25)

Znet(Nf) =

All other harmonics are presented with an open circuit. For the case of the class-E
amplifier, this equation is the same as that presented in [3] and [10]. For frequency
multipliers, the load impedance scales as 1/N2.

As an example, consider a practical MESFET device manufactored by Al-
pha Industries, AFM04P2. Based on the device specifications provided by the man-
ufacturer, the optimum loads were calculated and are shown in Fig. 7.3. As can be
seen, the load impedance changes with N and approaches a short circuit as the mul-

tiplier order is increased, causing output mismatch problems in a 502 environment

to become more pronounced, limiting the gain of the frequency multiplier.
E 7.6.4 Output Power of a Class-E Frequency Multiplier  The
output power is the power delivered to the real part of the load impedance, R, and

can be calculated from i2R. It is given by

0.0062 I2
P, = ———2% 7.26
o Cs f N2 ( )
This shows that the output power for an ideal doubler is 6 dB lower than that for an
ideal class-E amplifier, assuming that switch capacitance and parasitic resistance re-

main the same at the doubled frequency. The drain-source capacitance de-embedded

from s-parameters is 0.107 pF at 10 GHz, and 0.103 pF at 20 GHz. This is a change
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Figure 7.3. (a) Class-E load impedance as a function of multiplier order N for
the Alpha AFMO4P2 transistor. The switch capacitance is about 0.107 pF and the
switching frequency is 10 GHz. For higher-order multipliers, the load impedance
approaches zero and becomes difficult to match at the output. (b) Comparison of
class-E load impedance with the conjugate match (class-A) required for high gain.
Points closer to the center of the Smith chart indicate that the class-E load impedance
and the class-A load impedance are similar, whereas points further away from the
center indicate that the class-E impedance deviates from that required for high-gain
operation.
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of less than 4%. The parasitic resistance may change slightly with frequency due
to the skin-effect, but this is not a significant effect. There is also the issue of the
device gain being lower at the doubled frequency, which might lead to lower output
power for the doubler than predicted by Eq. 7.26.

7.6.5 Gate Bias and Duty Cycle for Maximum Harmonic Gen-
eration For class-E doubler operation, the duty cycle is critical since the load
impedance is calculated for a duty cycle of 0.25. For other duty cycles, the ampli-
fier will not have class-E waveforms at the switch. The duty cycle of the transistor
switch is determined by the gate bias, which determines the ON/OFF threshold, the
RF input power, which does the switching, and the input reflection coefficient. A
vague guess for the gate bias is the value which gives a current of approximately
I4s = Imax/2-86 based on DC I-V curves. This predicted gate bias is different when
RF power is input to the transistor. The RF input power necessary to switch at a
particular duty cycle is not known without the aid of large-signal simulations.

An approximate method is formulated here for determining the duty cycle
of a switched-mode circuit for a given RF input, gate bias, pinch-off voltage, gate
capacitance and approximate gate-source series resistance. This method assumes
| perfect RF isolation between the input and output of the transistor such that a
sinusoidal voltage swing can be assumed across the gate source input capacitor. This
is a reoasonable first-order approximation if proper harmonic terminations exist at
the input to the transistor such that harmonic content is minimized.

Fig. 7.4 shows that the average power drawn from the source is dissipated
1 in the input resistance Rs. Therefore, the current charging the input capacitor Cg,

is
Pin(1 —s%,)
R

%in

(7.27)

where s;; is the input return loss of the multiplier. Therefore, the amplitude of the
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Figure 7.4. The switch and output circuit for the general class-E multiplier circuit.
The transistor switch is represented as an ideal switch in parallel with a capacitance.
L, and C, comprise an ideal tuned circuit, providing the transistor output with a
load impedance Zner = R + jX at the output frequency, while presenting an open
circuit to all higher harmonics.

sinusoidal voltage across the gate capacitor is

. 1 Pin.(]-_s%l)
Vc_wcgs‘/ T (7.28)

The duty cycle of the switch voltage can be estimated as:

D= E =0.5— la.rcsin——(V;’s —Vp)

T p 7 (7.29)

where T> is defined in Chapter 2 in Fig. 2.5, and it is assumed that Vs > Vp, which
applies for duty cycles less than 0.5.

As a practical example, the manufacturer provides s-parameters for the
Alpha AFM04P2 MESFET and the gate capacitance, Cys = 0.42pF, is extracted
using the method described earlier in Chapter 2. The gate resistance is typically
about 2 Q for microwave power transistors. From a nonlinear TOM3 model provided
by Alpha Industries, the gate resistance for the AFM04P2 is foﬁnd tobe R;,=18Q. If
a nonlinear model is not available, as is often the case, the total gate-source resistance
is approximately 2 for most microwave FETs [66]. (Note: The aforementioned
TOMS3 model could not be used successfully in the simulation of the circuits discussed

here due to its inability to represent switched-mode operation.) The pinch-off voltage
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Figure 7.5. The calculated duty cycle as given by Eq. 7.29, assuming a perfect input
match.

is Vp=-1.8 V. Therefore it is possible to find the duty cycle for different combinations
of P;, and Vg,. The typical values range from 0.1 to 0.5, as shown in Fig. 7.5. For the
10 GHz class-E power amplifier of Ch. 5, the duty cycle calculated from measured
gate bias and RF input power values is 0.4408 and is also shown in this figure. This
agrees reasonably well with the expected duty cycle of 0.5 for class-E power amplifier

operation.

7.7 Conclusion

In this chapter, class-E multiplier theory was presented, with the addition
of two new contributions, one being the derivation of the maximum switching fre-
quency for class-E operation, and the other being the first-order determination of
the switching duty cycle.

The maximum switching frequency depends on the device current capabil-

ity and output capacitance as well as on the drain bias voltage and the order of
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multiplication. In this work, it is shown that when designing a frequency doubler,
the maximum switching frequency is lower by a factor of N2 compared to a class-E
amplifier using the same device at the same drain voltage. This means that a de-
vice used for a 10 GHz suboptimal class-E amplifier factor of 2 above the maximum
- frequency for class-E amplifier operation cannot be used as a 10/20 GHz doubler
that operates at the same degree of suboptimal behavior, unless the bias voltage is
reduced by a factor of N2.

The duty cycle of a switched-mode class-E amplifier is 50%, which in prac-
tice is accomplished by biasing the amplifier near pinch-off and driving it with a
large RF input signal. For a class-E frequency doubler, however, the duty cycle is
25%, and the bias/drive points that give this duty cycle are not as obvious as for
the case of the amplifier. Therefore, a simple model of the transistor input was used
to estimate to first order, the duty cycle of an amplifier, based on knowledge of the
gate bias, RF drive power, input gate capacitance and gate-source resistance. For
most microwave MESFETS, the gate-source resistance is on the order of 2 2.

In the next chapter, the theory presented in this chapter is applied to
the design of a 10/20 GHz class-E frequency doubler. By comparing this frequency
doubler with the class-E amplifier of Chapter 5, the simplified class-E theory and the
new contributions on the class-E critical frequency and the duty cycle calculations

are verified.
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CHAPTER 8
A CLASS-E X/K-BAND FREQUENCY DOUBLER WITH CONVERSION GAIN

8.1 Design

The class-E frequency multiplier theory presented in the earlier chapter
is evaluated in this chapter by designing a 10/20GHz class-E frequency doubler
to compare with the 10 GHz class-E amplifier described in Chapter 5. 20 GHz is
currently used for satellite communications, which is an area where high-efficiency
circuits can be useful for making good use of limited resources and reducing system
heat-sinking requirements.

An AFM04P2 medium power MESFET with 21 dBm output power capabil-
ity is used as the switch for a 10/20 GHz frequency doubler. The small signal circuit
model shown in Fig. 8.2 is extracted from modified s-parameters after de-embedding
| a bond-wire inductance of 0.1 nH. These intrinsic s-parameters are then used to ob-
tain y-parameters from which the component values are obtained as described in
Chapter 2. The 0.1 nH value was obtained by calculating the parallel inductance of
two bond wires, where the inductance of each wire was found from a two-wire line
model (equivalent to a single bond wire reflected in a ground plane). This is shown

in Fig. 8.1. The equation for calculating the bond wire inductance is

Lyonda =21n (%) nHem™! (8.1)

where h, d, and ! are shown in Fig. 8.1.
The required load impedance for a class-E doubler with a switching fre-
quency of 10 GHz is obtained from Eq. 7.27 and the component values in Fig. 8.2.
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ground

Figure 8.1. Schematic diagram of a bond-wire on microstrip lines. The bond-wire
inductance is calculated using Eq. 8.1 by reflecting the bond-wire in the ground
plane.

Znet = 7.09 + j8.17Q2 is the desired load impedance at 20 GHz. This value is then
optimized on HP ADS such that the small-signal gain of the doubler and the funda-
mental rejection are maximized, while the output mismatch of the class-E amplifier
is minimized for high conversion gain. This necessitates a compromise between the
ideal class-E match and an ideal output match to 50€2. The final value of the
load impedance at 20GHz is Zj,qq = 13.65 + 715.74Q, and the output mismatch
is 822 = —6dB. This load impedance was chosen since it maintains the load angle
required for class-E operation. The magnitude of the impedance is higher than the
i ideal doubler class-E impedance.

The microstrip circuit was fabricated on Rogers TMM10 with a dielectric

constant of 9.2 and a thickness of 0.381 mm. An LPKF milling machine was used

to mill the circuit shown schematically in Fig. 8.3. A hole milled in the dielectric

Gate ng Drain
+* -I— —{— -l_ * +
v C R v
gs T Cgs g v T ds % ds ds
m gs
- L l L 7Y -
Source

Figure 8.2. MESFET small signal circuit model used to extract the output capaci-
tance of the transistor switch.
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1.996

Figure 8.3. Outline of the fabricated 10.4/20.8 GHz multiplier circuit. The dimen-
sions are in millimeters, and the substrate is 0.381 mm in height, with €,=9.2.
allows room for a platform upon which the transistor is epoxied. A separate ground
plane is epoxied onto the dielectric ground plane for the transistor platform to be
mounted. Due to the difficulty in finding or constructing a sufficiently small metal
platform, one is constructed using shorted chip resistors which are comparable to
the size of the transistor.

The microstrip lines are wire-bonded to CPW /microstrip transitions (ob-
tained from JMicroTechnology, Inc.). These transitions made it possible to perform
the measurements on a Cascade 9000 Probe Station since soldering connectors to the
circuit would put too much torque on the circuit edges, causing the brittle substrate

to break.

8.2 Small-Signal Measurements

The measured and simulated s-parameters for this circuit are shown in
Fig. 8.4. The simulations were originally carried out for an input match at 10 GHz
and class-E operation at the output at 20 GHz. However, since the measured input
match is at 10.4 GHz, the simulations were modified to include a 0.075 mm overetch
of the lines during the milling of the circuit. This overetch results in the simulated

results of Fig. 8.4, which match the measurment reasonably well.
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These s-parameter measurements are relative to microstrip calibration stan-
dards built using the CPW/microstrip transitions. Simulations were carried out on
HP ADS, assuming ideal transmission lines without T-junction or open stub models
since prior experience has shown that this gives better agreement with measured
data. For fabrication, the open stubs are corrected according to [67] by adding
0.362 mm, to account for the shortening effect due to the T-junctions and the length-
ening effect due to the open end.

The simulated class-E/A performance at 20.8 GHz is shown in Fig. 8.5 to
verify that the frequency shift will not degrade the doubler performance significantly.

i 8.3 Large-Signal Measurements
8.3.1 Measurement Setup An HP70820A Microwave Transition
Analyzer was used to measure the power and efficiency performance of the frequency
doubler as a function of input power, drain voltage and gate voltage. The quantities
measured are listed below.
(1) Output power at 10.4, 20.8, and 31.2 GHz
(2) Reflected power at 10.4, 20.8 GHz
(3) DC drain voltage and current, gate voltage
The output power at the various harmonics is used to quantify harmonic
rejection and output power at the doubled frequency, while the reflected power indi-
cates the input match at the fundamental as well as the amount of second harmonic
power wasted by reflection towards the input. Efficiency is calculated from the out-
put power and DC power. Output power at 41.6 GHz was not measured since the
gain at this frequency is very low.
8.3.2 DC Bias and RF Input Power These data are taken at
several drain and gate biases in order to verify the trends predicted by the class-E
theory presented in Sec. 7.6.1. From Eq. 7.20, the predicted drain bias is 0.6V,
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Figure 8.4. Measured vs. simulated s-parameters for the X/K-band frequency dou-
bler. The simulations were carried out on HP ADS. A line overetch of 0.075 mm is
used in the simulations to account for the 4% upward shift in input match frequency
from the design of 10 GHz to the measured 10.4 GHz.
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Figure 8.5. Load impedance of the fabricated circuit at 20.8 GHz compared to the
ideal class-E and class-A doubler load impedances. As seen in this figure, the fabri-
cated multiplier is close to the design point and operates somewhere between these
two classes.
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while the drain current is about 40mA. From DC current-voltage measurements
this combination of DC drain voltage and current corresponds to an initial guess
for gate voltage of about -0.8 V. This vague estimate of the required gate bias will
change once RF input power is applied. Since the knee voltage is about 1V, drain
voltages below this were not used in the measurements. The drain voltages used
were V3,=0,1,2,.5V, and the gate voltages were V,=0,-0.2,-0.7,-1,-1.2, and -1.5'V.
The pinch-off voltage of the device is about -1.8 V. At each bias point, the RF input
power was varied from -6 to 17dBm.

The various combinations of gate bias and RF input power are used to test

the doubler at different duty cycles whereas the different drain bias points are used

to verify Eq. 7.31 to compare the drain bias point of a class-E doubler to that of a

i class-E amplifier at the same switching frequency.

8.4 Measured Performance at Different Duty Cycles

The duty cycle is calculated from Eq. 7.31 for different combinations of
gate bias and RF input power and is shown in Fig. 8.6. The input match or return
loss, 81;, is measured at each bias/drive point and used in the calculation. The
drain voltage is 1 V. For higher drain voltages, this plot changes since the reflection
coefficient is different. Fig. 8.6 shows the effect of input match on duty cycle. The
bias/drive point for 25% switching duty cycle, predicted assuming a perfect input
match, is not consistent with that duty cycle once the actual input match is taken
into account.

The performance of the doubler is plotted in contour format in Figs. 8.7
and 8.8 for the different gate bias and RF input power combinations which specify
duty cycle. The shaded areas in these contour graphs are duty cycle, while the black
contour lines correspond to power, conversion gain, or efficiency. The drive/bias

combination predicted assuming a perfect input match and the DC operating point,
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Figure 8.6. The calculated duty cycle as given by Eq. 7.31 for (a) a perfect input
match, and (b) the measured input match. The blue star is the expected approximate
operating point based on DC properties and a perfect input match assumption.
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is shown as a blue star for comparison.

The output power in Fig. 8.7(a) increases with input power, with a maxi-
mum of about 7dBm for an input power of about 10dBm. For higher input powers,
the output power decreases as the second harmonic generation is reduced. The con-
version gain is shown in the contours of Fig. 8.7(b). As can be seen from this plot,
a maximum conversion gain of over 5dB can be obtained for low input powers and
-1V gate voltage." '

The drain efficiency is shown in the contours of Fig. 8.8(a) As can be
seen from this plot, the drain efficiency is as high as 50% for certain duty cycles.
Fig. 8.8(b) shows the overall efficiency contours with a maximum of over 30%.

From Figs. 8.7 and 8.8 it is clear that a gate bias of -1 V gives higher output
power, efficiency and conversion gain, albeit at different RF input power levels. By
plotting similar data at higher drain voltages, it is seen that increasing the drain
bias has no effect in producing higher performance. Fig. 8.9 shows that there is a
remarkable decrease in performance for higher drain voltages. This is consistent with
Eq. 7.20 which predicts a drain voltage of about 0.6 V for the class-E doubler.

As seen in Fig. 8.9, a drain voltage of 1V provides the highest efficiency
and power. Fig. 8.9(a) depicts the variation of drain efficiency with drain voltage
and RF input power. There is clearly a higher efficiency for a drain voltage of 1 V.
Fig. 8.9(b) shows the output power at 20.8 GHz with a maximum output power of

7.1dBm; increasing drain voltage does not produce increased output power.

8.5 Optimum Measured Performance

The doubler performance can be optimized for drain efficiency, overall effi-
ciency, output power, or conversion gain. The following is a list of optimum points
based on Figs. 8.7 and 8.8.

Since the optimum points occur mostly at Vgs=1V, and Vys=-1V, the power
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Figure 8.7. Measured output power (a) and conversion gain (b) contours of the
20.8 GHz doubler vs. duty cycle, shown by the shaded areas. The blue star is the
expected approximate operating point based on DC properties and a perfect input
match assumption.
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Figure 8.8. Measured drain (a) and overall (b) efficiency contours of 20.8 GHz dou-
bler. The blue star is the expected approximate operating point based on DC prop-
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Figure 8.9. Measured drain efficiency (a) and output power (b) of the 20.8 GHz
doubler vs. drain bias and RF input power for V;,=1V. The efficiency is highest for
V4s=1V, and there is no significant increase in output power as the drain voltage is

increased.
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Table 8.1. Optimum Operating Points and Performance of the 10.4/20.8 GHz Dou-
bler. 7p is the drain efficiency and 7 is the overall efficiency. For the duty cycle
calculations, Vp=1.8 V and Rs=1.812, and Cys = 0.42pF.

Property Optimized Property
Pow and np G N G and 7

Vas (V) 1 1 1 1

Vs (V) -0.7 -1 -1 -1

Pin (dBm) 9.265 -3.735 | 6.265 | 0.265
s11 (dB) -74 -3.56 | -11.46 | -7.68
Duty Cycle 0.3380 - 0.3443 | 0.04
P ou:(dBm) 7.495 3.445 | 7.095 | 5.495
Gain (dB) -1.77 7.18 | 0.83 5.23
np (%) 51 13.8 | 427 25.3
7 (%) 28.9 135 | 31.6 23.5

sweeps for this bias point are presented in Fig. 8.10. The Data presented in this fig-
ure include output power, return loss, conversion gain, drain efficiency, and overall
efficiency. As can be seen in Table. 8.1, the optimum conversion gain occurs for a
regime in which the device is not in switched-mode, evidenced by a complex duty
cycle. Therefore, device nonlinearities other than switching are the sources of har-
monic generation for maximum conversion gain. A gain of 5.23dB can be obtained
with efficiencies of about 25% and about 5.5dBm output power. The duty cycle
for this case is 0.04, indicating that mechanisms other than switching are causing
the harmonic generation for this data point. However, for both optimum efficiency
| (np and 7n) points, the duty cycle is 0.34, meaning that switching is taking place.
Since this value is different from the desired value of 0.25, it may imply a class of
operation between class-E and saturation class-A which has a duty cycle of 0.5. On
the other hand, it may imply that the duty cycle calculation must be modified to
include effects such as reflection of harmonics to the input.

The harmonic rejection of the class-E doubler at Vgo=-1V, V4,=1V is shown

in Fig. 8.11 as the input RF power varies.
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Figure 8.10. Measured output power and conversion gain, (a) and drain and overall
efficiency (b) of the 20.8 GHz doubler as a function of input RF power. The bias
point is Vg=1V, and V=1V,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

Vds =1V, Vgs =1 V

5_10_ .................................. T SATaEMRReIL SR SRR N
=2 ? UL Ll
] ,;"'
g—zo“"-"'—"'.“.‘."."b -“‘-""' ' '{
o :
5 :
8-so}- . ]
(o] __'_z ‘.\'\" ";\‘l S e - N
= [— SecondHarmonic | .. _- |
—40 - - - Fundamental :
----- Third Harmonic z
5% 0 5 10 15 20
RF Input (dBm)

Figure 8.11. Measured harmonic rejection of the 20.8 GHz doubler vs. RF input
power for Vgo=1V and Vg,=-1V.
8.6 Reflection of Harmonic Power Towards The Input

When calculating the switching duty cycle as presented in Chapter 7, a
sinusoidal voltage swing across the input capacitor was assumed for simplicity of
analysis. However, in reality, harmonics generated at the output of the transistor are
reflected back to the input through the feedback capacitor Cgq. The reflected second
harmonic component was measured at the input as shown in the experimental setup
of Fig. 3.2 in order to quantify the effect of this feedback capacitor. No harmonic
tuning was used at the input of the multiplier so that this effect could be measured.
In practical multipliers, a shorted or open stub would be used at the input to supress
this feedback.

The measurements were carried out at V=2V due to equipment failure.
(Note: Uncalibrated measurements made later at Vz,=1V show the same type of

behavior, but are not presented here.) However, the conclusions drawn from these
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measurements also apply at the optimum drain bias of Vg3 =1V also. The reflected
power is shown in Fig. 8.12 together with the output power. Also shown are the
efficiencies corresponding to the different power levels.

This reflected power data shows that there is a considerable second har-
monic content at the input at the point of maximum overall efficiency, which oc-
curs at an input power of 6.4dBm. The second harmonic power at the input is
8.2dBm. Therefore, the voltage across the input capacitor cannot be assumed to be
sinusoidal and the duty cycle calculation must be updated to account for a second

harmonic component. Unlike the simple fundamental-frequency analysis presented

i in section 7.6.5, this second harmonic analysis needs to include a time-domain anal-
f ysis since the duty cycle depends on the time-domain voltage swing at the transistor
input. By utilizing adequate input harmonic filtering, better agreement between the

calculation and measurement can be expected.

8.7 Comparison with 10 GHz Class-E Amplifier

The 10GHz class-E amplifier to which the doubler is compared, is the
active integrated antenna described in Chapter 5. For this amplifier, theory dictates
a class-E amplifier drain bias of Vg, =2.4V, I4,=42-52mA for a device with no switch
resistance or other parasitic losses. The pinch-off voltage of the Alpha AFM04P2
MESFET used for this amplifier is -1.8 V. The fabricated amplifier is is biased at
Vas=4V, I33=35mA, Vy=-1.2V and requires 12dBm input power for an optimal
PAE of 62%. The input reflection coefficient is approximately -15dBm. According
to the method devoloped in Ch. 7, a duty cycle of 0.4408 is calculated from these
measured values, which agrees moderately well with the desired value of 0.5, but
demonstrates the need for a more accurate calculation the duty cycle, including more
accurate values of gate-source capacitance and input resistance. The DC resistance

across the drain-source terminal is measured to be about 4.5Q. This is partially
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Figure 8.12. Measured output and reflected power (a) and drain and overall efficiency
(b) of the 20.8 GHz doubler as a function of input RF power. The bias point is
Vis=2V, and Vge=-1V.
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responsible for the need for a larger drain voltage than the theoretical prediction.

Based on the class-E theory in the previous chapter, the expected bias point
of the frequency doubler is about V3,=0.6 V and I3,=42-52mA, indicating a rough
estimate for gate bias, Vs =~0.8V, based on measured transistor DC I-V curves.
The measured bias-point data at the point of optimal overall efficiency are Vg =1V,
I3,=10mA, Vg=1V while the RF input power is 6.265dBm. The drain and gate
voltages are quite close to the expeclfe;i values, but the drain current is suprisingly
low. This is found to be partly due to the measured DC characteristics of the device
which has low current values for Vg, <-0.7V, and partly because the drain voltage
is near the knee region. The duty cycle at the optimal efficiency point is 0.3443,
which agrees moderately well with the required value of 0.25, but indicates that
refinement of the duty cycle calculation is warranted. It is also probable that the
doubler performs in a hybrid class-E/A mode.

The output power of the doubler, when operating with optimal overall ef-
§ ficiency, is 7.1dBm, which is approximately 12.9dB lower than the 20dBm output
power of the 10 GHz class-E amplifier. Theoretically, an ideal class-E doubler pro-
duces 6 dB less power than an ideal class-E amplifier with the same device and same
switching frequency. In these experimental results however, the doubler output is
lower by an additional 6.1dB. This is partly due to a significant amount (approxi-
mately 3dB) of harmonic power being reflected back to the input via internal feed-
back. Additional losses could be due to lower gain at 20.8 GHz and the fact that the
output matching is not an ideal class-E but a hybrid class-E/A design.

8.8 Discussion
We have shown that class-E multiplier design can be extended to K-band
with commercial transistors to obtain high DC-RF (42.7%) and overall (31.6%) ef-

ficiency with 0.83 dB conversion gain. 5.23 dB conversion gain and 5.5dBm output
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power can be obtained at a decreased 23.5% overall efficiency.

Therefore, class-E doublers are a more power efficient alternative to diode
doublers which exhibit conversion loss. Class-E doublers also provide higher effi-
ciency than other transistor doublers.

Specifically the following conclusions can be drawn from this work:

(1) In order to operate at the same level of suboptimum class-E behavior, dou-
blers must be biased at lower drain voltages than class-E amplifiers using
the same device.

(2) As the order of the multiplier increases (e.g. tripler) the output match
deteriorates, limiting the conversion gain.

(3) The gate bias of the doubler must be set carefuly in order to operate with ap-
proximately 0.25 duty cycle. This is the only duty cycle at which the class-E
waveforms can be obtained with the impedance given in Eq. 7.27. There-
fore, it is useful to have a method of estimating duty cycle at a particular
combination of gate bias and RF input power.

(4) The duty cycle can be approximately estimated by analyzing the input circuit
at a particular RF input power and gate bias, and assuming a sinusoidal
voltage swing across the input capacitor.

(5) No second harmonic tuning was applied at the input. A significant amount
of reflected second harmonic power was measured, causing the gate voltage
swing to deviate from a sinusoidal shape. This demonstrates the need for
input harmonic tuning. If input harmonic tuning is used to limit harmonic
reflections, then the approximate method of calculating duty cycle can be
used to estimate the gate bias and RF input power.

(6) Measurements indicate that approximately half the generated harmonic power
is reflected towards the input. The conversion gain and efficiency of the mul-

tiplier could be improved significantly if proper harmonic filtering is used.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

9.1 Summary and Conclusions

The main thrust of the work presented in this thesis has been to push low-
frequency switched-mode power amplifier design towards the millimeter-wave region
of the spectrum. Past work on class-E and F transmission-line microwave power
amplifiers has shown that high power efficiencies can be obtained at frequencies upto
5 GHz. By designing and building class-E and F amplifiers at 8 GHz, and 10 GHz,
this work demonstrates that this power amplifier architecture is applicable for high-
efficiency applications at X-band, at frequencies up to four times the maximum
frequency for class-E operation.

Time-domain waveforms measured at 8 GHz using a novel optical sampling
i technique were used to verify class-E and F operation of microwave power amplifiers.
These measurements, presented in Chapter 3, substatiate the approximate design
procedures used due to lack of suitable large signal models. These time-domain
measurements demonstrate the suboptimal behavior of the circuits since the class-E
and F waveforms have nonideal switching duty cycles. The technique of measuring
waveforms in nonlinear microwave circuits proves to be very useful in the better
understanding of switch mode operation at microwave frequencies.

In order to increase the total output power of class-E and F high-efficiency

power amplifiers, Chapter 4 considers methods of combining the power of several
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units. Spatial combining provides a more efficient method of combining large num-
bers of units, while circuit combining is a lower-loss method for small numbers.
Spatial combining requires the outputs of all amplifier elements to be radiated into
free space, where they coherently combine to give high output power.

The 10 GHz novel active integrated antenna presented in Chapter 5 is well-
suited to spatial power-combining of high-efficiency power amplifies. The novel an-
tenna performed class-E amplification as well as radiating with about 2dB directiv-
ity. The size of an array unit cell using this active antenna is about half the size of
a conventional amplifier integrated with a 50 Q antenna. The concept of designing
antennas designed to have the class-E load impedance is especially useful for cases
when the class-E impedance causes output mismatches that limit the power available
from the output of the power amplifier. This active antenna has a power output of
100 mW, a compressed gain of 8dB, a drain efficiency of 74%, and a power-added
efficiency of 62%.

High-efficiency power amplifiers are limited in their usefulness if the signal
distortion due to their inherent nonlinearities are is not remedied. The work pre-
sented in this Chapter 6 is an experimental study of different methods of linearizing
an 8.4 GHz class-F switched-mode amplifier by controling the relationship between
the drain bias and the RF input signal amplitude. Five different methods which
have been previously demonstrated in the literature at various frequencies and with
5 different devices, are compared with each other using a single power amplifier. This
allows the direct comparison of the effectiveness of each method with regards to both

efficiency and signal distortion. It was shown that simultaneously varying the drain

bias and the input signal amplitude results in higher efficiency and linearity than if
one or the other is kept constant. Also, the proportional variation of the two voltages
while the device is kept in constant saturation is seen to perform with higher effi-

ciency and linearity than when the device is never allowed to saturate. In conclusion,
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proportionally varying the drain bias and the input signal amplitude of the class-
F power amplifier resulted in 44% average efficiency for multicarrier signals, while
the spectral distortion was 28 dB below the desired frequency components. For the
unlinearized amplifier, the average efficiency was 10% and the distortion was 17 dB
below the desired frequency.

In the quest to build high-efficiency circuits at K-band and higher, a class-
E frequency doubler was built, as described in Chapters 7 and 8, with the same
device as that used for the 10 GHz active antenna. A 20.8 GHz power output of
over 5mW, a drain efficiency of 42%, and a conversion gain of 0.83 dB was obtained
The input signal is 10.4 GHz, and therefore the circuit operates at a reduced drain
voltage, at the same degree of suboptimal behavior as the 10 GHz active antenna. An
approximate method of determining the duty cycle of the switch based on gate bias,
RF input power, and input reflection coefficient, was formulated. In the absence
of large signal models for the device, this method is very useful in estimating the
necessary gate bias for class-E multiplier operation. This method predicted a duty
cycle of 0.3443 at the optimal bias point where the overall efficiency of the doubler
was maximized; the theoretical duty cycle for class-E performance is 0.25. When
the same method was applied to calculate the duty cycle of the 10 GHz class-E
active antenna, a value of 0.4408 was obtained, which supports the applicability
of the approximate first-order method. Measurements of reflected second harmonic
power at the doubler input show that there may be a significant second harmonic
component in the gate voltage swing. Therefore, the duty cycle calculation must be

modified to include harmonic content.

9.2 Suggestions for Future Work
9.2.1 Push the Limits of Suboptimal Class-E Behavior Since

this work has shown reasonably high efficiency at frequencies upto 4-times the critical
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frequency for class-E operation, it is necessary to pursue the task of taking class-E
operation into the millimeterwave region. For example, the Alpha AFM04P2 MES-
FET used for the 10 GHz active antenna and the 10.4/20.8 GHz frequency doubler
has a class-E critical frequency of about 6 GHz when used at a drain voltage of
4V in an amplifier configuration. This would imply that it is possible to obtain
good amplifier performance from this device upto 4-times this critical frequency, at
24 GHz.

9.2.2 Study of Switched-Mode Amplifier Input Circuit and Duty
Cycle The waveforms from this circuit should be measured using the time-domain
optical techniques since both circuits measured in this thesis were packaged devices.
The Alpha AFM04P2 MESFET is a chip, and therefore it may be possible to perform
the optical probing on the gate and drain pads themselves, which would help im-
mensely to study not only the switch waveforms at the drain, but also the switching
waveform at the gate.

The study of switching duty cycle should be extended to include harmonic
content at the gate. This may be carried out by including a harmonic generator across
the gate resistance and capacitance which contributes various harmonic voltages to
the gate voltage swing. A time-domain analysis is necessary to determine the duty
cycle.

9.2.3 Power Combining A class-E frequency doubler antenna-array
could be built to show the spatial power combing properties of switched-mode cir-
cuits at K-band. At lower frequencies, the large size of the arrays cause problems
due to nonuniform amplitude distribution across the array. This causes the array
elements to be saturated at different levels, with different efficiences, output powers,
and output phases. All these factors limit the output power and power combining
efficiency of the array. At K-band, the array size will be smaller and therefore the

feed nonuniformities across the array will be less.
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A first-order design for the frequency doubler unit-cell is shown in Fig. 9.1.
The receive-side unit cell has a 10 GHz patch antenna which, in addition to being a
receive element, also performs the function of a 4-way power divider if the antenna
feeds are positioned properly on the nonradiating edges. Four vias guide the power
through the substrate to the transmit side of the array where four doubler unit
cells generate the doubled frequency and transmit using patch antennas designed to
directly provide the class-E load impedance to the devices at the second harmonic.

This will avoid problems with output mismatch in the doubler circuits.
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Figure 9.1: Proposed design concept for a class-E frequency doubler array.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BIBLIOGRAPHY

[1] Lawrence Harte, Steve Prokup, and Richard Levine, Cellular and PCS: The
Big Picture, McGraw-Hill, New York, 1997.

[2] Garry D. Gordon and Walter L. Morgan, Princples of Communications
Satellites, Wiley, NY, 1993.

[3] Thomas B. Mader, Quasi-Optical Class-E Power Amplifiers, Ph.D. thesis,
Univ. of Colorado, Boulder, CO, 1995.

[4] Kamilo Feher, Digital Communications: Satellite/Earth Station Engi-
neering, Noble, Atlanta, 1997.

[5] G.Haningtor, P.F. Chen, P.M Asbeck, and L.E. Larson, “High-efficiency power
! amplifier using dynamic power-supply voltage for CDMA applications,” TEEE
i Trans. Microwave Theory Tech., vol. 47, no. 8, pp. 1471-6, Aug. 1999.

[6] Steven A. Maas, Nonlinear Microwave Circuits, IEEE Press, 1997.

i [7] Herbert L. Krauss, Charles W. Bostian, and Frederick H. Raab, Solid State
Radio Engineering, chapter 14, pp. 432476, John Wiley, New York, 1980.

[8] S. C. Cripps, RF Power Amplifiers for Wireless Communications,
Artech House, Boston, 1999.

[9] Nathan O. Sokal and Alan D. Sokal, “Class E - a new class of high-efficiency
tuned single-ended switching power amplifiers,” IEEE Journal of Solid-
State Circuits., vol. 10, pp. 168-176, June 1975.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



118

[10] Thomas B. Mader, Milica Markovi¢, Eric Bryerton, Micheal Forman, and
Zoya Basta Popovié¢, “Switched-mode high-efficiency microwave power ampli-
fiers in a free space power-combiner array,” IEEE Trans. Microwave Theory
Tech., vol. 46, no. 10, pp. 1391-1398, Oct. 1998.

[11] S. C. Cripps, “A theory for the prediction of GaAs FET load-pull contours,” in
1983 IEEE MTT-S Int. Microwave Symp. Dig., Boston, MA, June 1983,
pp. 221-223.

[12] John F. Davis and David B. Rutledge, “A low-cost class-E power amplifier
with sine-wave drive,” in 1998 IEEE MTT-S Int. Microwave Symp. Dig.,
Baltimore, MD, June 1998, pp. 1113-6.

[13] Eric Bryerton, High-Efficiency Switched-Mode Microwave Circuits,
Ph.D. thesis, Univ. of Colorado, Boulder, CO, 1999.

[14] G. David, K. Yang, M. Crites, J. S. Rieh, L. H. Lu, P. Bhattacharaya, L. P. B.
Katehi, and J. F. Whitaker, “Photoconductive probing and computer simula-
tion of microwave potentials inside a SiGe MMIC,” Int. Topical Meeting
on Silicon Monolithic Integrated Circuits in RF Systens, Ann Arbor,
Sept. 1998.

[15] Gerhard David, Tae-Yeoul Yun, Matthew H. Crites, John F. Whitaker,
Todd R. Weatherford, Kay Jobe, Scott Meyer, Mario Bustamante, Bill Goyette,
Stephen Thomas II1, and Kenneth R. Elliot, “Absolute potential measurements
inside microwave digital ICs using a micromachined photoconductive sampling
probe,” IEEE Trans. Microwave Theory Tech., vol. 46, no. 12, pp. 2330
2337, Dec. 1998.

[16] J.F. Whitaker, “Optoelectronic applications of LTMBE III-V materials,” Mat.
Sci. Eng., vol. B22, pp. 61-67, 1993.

[17] S. Gupta, J.F. Whitaker, and G. Mourou, “Ultrafast carrier dynamics in ITI-V
semiconductors grown by molecular-beam-epitaxy at very low substrate tem-
peratures,” IEEE J. Quantum Electron., vol. 28, pp. 24642472, Oct. 1992.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(18] J.R. Hwang, H.J. Cheng, J.F. Whitaker, and J.V. Rudd, “Modulation band-
width and noise limit of photoconductive gates,” Optical and Quantum
| Electronics, vol. 28, pp. 961-973, 1996.

[19] J.R. Hwang, H.J. Cheng, J.F. Whitaker, and J.V. Rudd, “Photoconductive
sampling with an integrated source follower/amplifier,” Appl. Phys. Lett.,
vol. 68, pp. 1464-1466, 1996.

[20] M. Markovic, A. Kain, and Zoya Popovié, “Nonlinear modeling of class-E
microwave power amplifiers,” International Journal of RF & Microwave
Computer-Aided-Engineering, vol. 9, no. 2, pp. 93-103, Mar. 1999.

[21] F. H. Raab, “Suboptimum operation of class-E power amplifiers,” in Proc.
RF Technology Expo 89, Santa Clara, CA, Feb. 1989, pp. 85-98.

[22] “Microwave semiconductor databook,” Fujitsu, 1995, pp. 34-39.

[23] D. Staiman, M. E. Breese, and W. T. Patton, “New technique for combining
solid-state sources,” TEEE Journal of Solid-State Circuits., vol. SC-3, pp.
238243, Sept. 1968.

: [24] Tore Berg, Stein Hollung, Jason A. Lee, and Zoya Popovié, “A two-stage am-
i plifier lens array,” in Proc. European Microwave Conf., Amsterdam, Oct.
1998, pp. 178-183.

[25] Robert A. York and Zoya B. Popovi¢, Eds., Active and Quasi-Optical Ar-
rays for Solid-State Power Combining, John Wiley, New York, 1997.

[26] Jon S. H. Schoenberg, Scott C. Bundy, and Zoya Basta Popovié, “Two-level
power combining using a lens amplifier,” TEEE Trans. Microwave Theory
Tech., vol. 42, no. 12, pp. 24802485, Dec. 1994.

[27] M. Kim, E. A. Sovero, J. B. Hacker, M. P. DeLisio, J.-C. Chiao, S.-J. Li,
D. R. Gagnon, J. J. Rosenberg, and D. B. Rutledge, “A 100-element HBT grid
amplifier,” IEEE Trans. Microwave Theory Tech., vol. 41, no. 10, pp.
1762-1771, Oct. 1993.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

[28] Mark A. Gouker, “Spatial power combining,” in Active and Quasi-optical
arrays for solid-state power combining, Robert A. York and Zoya B.
Popovié, Eds., chapter 2. John Wiley, New York, 1997.

[29] V. Radisic, Qian Yongxi, and T. Itoh, “High efficiency power amplifier inte-
grated with antenna,” TEEE Microwave and Guided Wave Lett., vol. 7,
pp- 39-41, Feb. 1997.

[30] V. Radisic, Qian Yongxi, and T. Itoh, “Class F power amplifier integrated with
cicular sector microstrip antenna,” IEEE MTT-S Int. Microwave Symp.
Dig., vol. 2, pp. 687-90, June 1997.

[31] V. Radisic, Qian Yongxi, and T. Itoh, “Broadband power amplifier integrated
with slot antenna and novel harmonic tuning structure,” IEEE MTT-S Int.
Microwave Symp. Dig., vol. 3, pp. 1895-8, June 1998.

[32] T. B. Mader and Z. B. Popovi¢, “The transmission line class-E amplifier,”
IEEE Microwave and Guided Wave Lett., vol. 5, no. 9, pp. 290-292, Sept.
1995.

[33] A. A. M. Saleh and D. C. Cox, “Improving the power-added efficiency of FET
amplifiers operating with varying-envelope signals,” IEEE Trans. Microwave
Theory Tech., vol. 31, no. 1, pp. 51-55, Jan. 1983.

[34] G. Hanington, P.F. Chen, V. Radisic, T. Itoh, and P.M Asbeck, “Microwave
power amplifier efficiency improvement with a 10 MHz HBT DC-DC converter,”
IEEE MTT-S Int. Microwave Symp. Dig., pp. 589-592, 1998.

[35] F.H.Raab, “Efficiency of envelope-tracking RF power-amplifier systems,”
Proc. RF Expo East 86, pp. 303-311, Nov. 1986.

[36] B.D. Geller, F.T. Assal, R.K. Gupta, and P.K. Cline, “A technique for the
maintenance of FET power amplifier efficiency under backoff,” IEEE MTT-S
Int. Microwave Symp. Dig., pp. 949-952, June 1989.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

[37] L.R. Kahn, “Single sideband transmission by envelope elimination and restora-
tion,” Proc. IRE, vol. 40, pp- 803-806, July 1952.

(38] F.H. Raab and D.J.Rupp, “High-efficiency single-sideband HF /VHF transmit-
ter based upon envelope elimination and restoration,” Proc. Sixth Int. Conf.
HF Radio Systems and Techniques (HF’94) (IEE CP 392), pp. 2125,
July 1994.

[39] F.H. Raab, B.E. Sigmon, R.G. Myers, and R.M. Jackson, “L-band transmitter
using Kahn EER. technique,” IEEE Trans. Microwave Theory Tech., vol.
46, no. 12, pp. 2220-2225, Dec. 1998.

[40] L. Sundstrom, “The effect of quantization in a digital signal component sepa-
rator for LINC transmitters,” IEEE Trans. Veh.Technol., vol. 45, no. 2, pp.
346-352, May 1996.

[41] R. van Nee and R. Prasad, OFDM for Wireless Multimedia Communi-
cations, Artech, Norwood, MA, 2000.

[42] F.H.Raab, “Average efficiency of power amplifiers,” Proc. RF Technology
Expo 86, pp. 474-486, Jan. 1986.

[43] F.H.Raab, “Drive modulation in Kahn-technique transmitters,” IEEE MTT-
S Int. Microwave Symp. Dig., vol. 2, pp. 811-814, June 1999.

; [44] E.W. Bryerton, M.D. Weiss, and Z. Popovi¢é, “Efficiency of chip-ievel ver-
sus external power combining,” Special Issue on Low Power Devices of
theIEEE Trans. Microwave Theory Tech., vol. 47, no. 8, pp. 1482-1485,
Aug. 1999.

[45] T. Saito, T. Ninomiya, O. Isaji, T. Watanabe, H. Suzuki, and N. Okubu, “Au-
tomotive FM-CW radar with heterodyne receiver,” IEICE Trans Commun.,
vol. E79-B, no. 12, pp. 1806-1812, Dec. 1996.

[46] Y. Campos-Roca et. al., “Coplanar small PHEMT MMIC frequency multipliers

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

for 76-ghz automotive radar,” TEEE Microwave and Guided Wave Lett.,
vol. 9, no. 6, pp. 242—-244, June 1999.

[47] Hector J. De Los Santos, Daniel D. Nardi, Kevin L. Hargrove, Madjid Hafizi,
and William E. Stanshina, “High-efficiency InP-based DHBT active frequency
multipliers for wireless communications,” JEEE Trans. Microwave Theory
Tech., vol. 44, no. 7, pp.- 1165-1167, Dec. 1996.

[48] Donald Thomas Jr. and G. R. Branner, “Optimization of active microwave
frequency multiplier performance utilizing harmonic terminating impedances,”
IEEE MTT-S Int. Microwave Symp. Dig., pp. 659-662, 1996.

[49] Christen Rauscher, “High-frequency doubler operation of gaas field-effect tran-
! sistors,” IEEE Trans. Microwave Theory Tech., vol. 6, pp. 462-473, June
! 1983.

[50] B. Thibaud, D. Barataud, M. Campovecchio, J. M. Nebus, S. Tranchant,
| P. Quentin, and D. Floriot, “Cad oriented design methods of frequency multi-
pliers; application to a millimeterwave mmic phemt tripler and a microwave hbt
doubler,” IEEE MTT-S Int. Microwave Symp. Dig., vol. 4, pp. 1747-50,
June 1999.

[51] Marek T. Faber, Jerzy Chramiec, and Miroslaw E. Adamski, Microwave and
Millimeter-Wave Diode Frequency Multipliers, Artech House, Boston,
1995.

[52] R. Mott, “High-performance frequency doublers for the COMSTAR beacon,”
in COMSAT Technical Review, 1977, vol. 7.

[53] David W. Porterfield, Thomas W. Crowe, Richard F. Bradley, and Neal R.
Erickson, “A high-power fixed-tuned millimeter-wave balanced frequency dou-
bler,” Apr. 1999, vol. 47, pp. 419-425.

[54] A. Chu, W. E. Courtney, L. J. Mahoney, R. W. McClelland, and H. A. Atwater,
“Gaas monolithic frequency doublers with series connected varactor diodes,”
IEEE MTT-S Int. Microwave Symp. Dig., pp. 514, June 1984.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

[55] E. Camargo, Design of FET Frequency Multipliers and Harmonic Os-
cillators, Artech House, Boston, 1998.

[56] Anand Gopinath and J. Bruce Rankin, “Single-gate mesfet frequency doublers,”
IEEE Trans. Microwave Theory Tech., vol. 30, no. 6, pp. 869-875, June
1982.

[57] Marc J. DeVincentis, Sadik Ulker, and Robert M. Weikle I1, “A balanced hemt
doubler for quasi-optical applications,” IEEE Microwave and Guided Wave
Lett., vol. 9, no. 6, pp. 239-241, June 1999.

[58] Philip T. Chen, Chiun tun Li, and Patrick H. Wang, “Dual-gate GaAs FET as
a frequency multiplier at Ku-band,” IEEE MTT-S Int. Microwave Symp.
Dig., pp. 309-11, June 1978.

[59] E. Camargo, “Sources of non-linearity in GaAs MESFET frequency multi-
pliters,” IEEE MTT-S Int. Microwave Symp. Dig., pp. 343-5, June 1983.

[60] Madhu S. Gupta, Richard W. Laton, and Timothy T Lee, “Frequency multi-
plication with high-power microwave field-effect transistors,” TEEE MTT-S
i Int. Microwave Symp. Dig., pp. 498-500, May 1979.

[61] J. J. Pan, “Wideband mesfet micrwave frequency multiplier,” IEEE MTT-S
Int. Microwave Symp. Dig., pp. 306-8, June 1978.

(62] Yasushi Shizuki, Yumi Fuchida, Fumio Sasaki, Kazuhiro Arai, and Shigeru
Watanabe, “A 12/24 GHz frequency doubler MMIC using resistive feedback
circuit,” in 1999 IEEE MTT-S Int. Microwave Symp. Dig., Anaheim,
CA, 1999, vol. 1, pp. 307-310.

[63] M.D. Weiss and Z. Popovié¢, “A 10 GHz high-efficiency active antenna,” TEEE
MTT-S Int. Microwave Symp. Dig., pp. 663-666, 1999.

[64] Robert E. Zulinski and John W. Steadman, “Idealized operation of class-E
frequency multipliers,” IEEE Trans. Circuits Syst., vol. CAS-33, no. 12,
pp. 1209-1218, Dec. 1986.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

[65] M. Weiss, M. Crites, E. Bryerton, Z. Popovi¢, and J. Whittaker, “Time-domain
! optical sampling of switched-mode amplifiers and multipliers,” TEEE Trans.
Microwave Theory Tech., vol. 47, no. 12, pp. 2599-2604, Dec. 1999.

[66] J. Michael Golio, Microwave MESFETs & HEMTs, p. 77, Artech House,
Norwood, MA, 1991.

(67] “Puff manual,” .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



