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Dayawansa Weiss, M anoja (Ph.D., Electrical Engineering)

Switched-Mode Microwave Circuits for High-Efficiency Transmitters 

Thesis directed by Professor Zoya Popovic

In wireless communications systems, the  transm it front-end consumes a 

large fraction of th e  to tal available power. In  particular, the power amplifier preced

ing the antenna can consume more than 50% of the  to ta l average power. Therefore, 

increasing th e  power amplifier efficiency is essential to  extend battery lifetime (e.g. 

on a  satellite or in  portable applications) and reduce power lost to heat th a t leads 

to therm al degradation of the electronics in the front end. Both these factors are 

im portant in  reducing the total cost of the  system. By integrating efficient power 

amplifiers in each unit cell of a transm it antenna array, a  transm itter front-end may 

be optimised 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 a t 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 

tu rn  allows for lower array losses, and therefore higher power combining efficiency. 

W ith the proper biasing and RF input to a  class-E amplifier, the circuit presented to 

the output te rminals of the MESFET enables high efficiency operation by offsetting 

the phase of th e  current relative that to the voltage waveform, thereby minimizing 

losses. This can be accomplished with am output circuit having a complex output 

impedance, whose imaginary part is used to  adjust the  phases of the current amd
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the voltage so th a t the device operates as a  switch w ith minimal losses, while the 

real part of the  impedance is the desired load to  which the power is delivered. In 

this work, bo th  standard  50 Q 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 th a t 

is not purely real, bu t designed to be the optim al impedance for the class-E mode 

of operation. The implemented circuit w ith a  non-resonant slot antenna exhibits 

a measured ou tpu t 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 fl load.

Having optimized unit cell efficiency and size using a novel integrated ac

tive antenna, suitable linearization methods m ust be applied when using these cir

cuits in t r ansmitte r  systems. In most modem 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

herently low efficiencies; for example, the efficiency of class-A amplifiers is limited 

to 50%. W here high efficiency is needed, the solution is to linearize high-efficiency 

n on lin e a r  a m p lifie r s . In this work, an 8.4 GHz class-F PA was characterized when 

differen t linearization techniques are applied. T he two-tone intermodulation distor

tion and overall efficiency were compared for the  different techniques, leading to a 

technique for which the average efficiency for m ulticarrier signals was increased from 

10% without linearization to 44% with linearization. W ith 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 Iow-phase-noise frequency-stable oscillators a t  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 m in im ise  heating 

of the tem perature-sensitive oscillator, it is desirable to  maximize the efficiency of 

the frequency multiplier chain while maintaining ou tpu t power levels on the order 

of 0-10 dBm. The class-E topology is well suited for such an application.

In  th is thesis, the work in class-E PAs has been extended to  a  10.4 to

20.8 GHz frequency doubler th a t achieved 0.83 dB conversion gain and 7.1 dBm out

put power w ith  42% drain efficiency and 31% overall efficiency. Nonlinear theoretical 

analysis of switched-mode frequency multipliers reveals th a t the drain voltage for a  

doubler m ust be 4 times smaller than for an  amplifier w ith the same device. This 

lim it s  th e  theoretical ou tpu t power of a class-E doubler to  a  fourth of th a t obtained 

for an amplifier. A simplified technique for estim ating the  switching duty cycle is also 

formulated, since a doubler requires a 25% d u ty  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 transm itter front-ends. For constant 

envelope applications, this array may be used as the final stage in the transm itter, 

but for varying-envelope signals, an ampliifer stage amplitude-modulation through 

the bias m ust 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  transm it radio signals across the Atlantic 

ocean a t the tu rn  of the 20th 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 co m m u n ic a t io n  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

tions [2] including voice, data, and DBS-TV operate a t higher frequencies ranging 

from 4-30 GHz, and are moving up higher to 60 GHz and beyond in order to facili

ta te  higher da ta  ra tes  and a wider range of services. While the initial technological 

achievements in  b o th  mobile and satellite communications were geared to provide 

reliable service w ith  wide functionality, there is a  current focus on lowering the cost 

of service while m aintaining 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 approxim ately 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 transm itter power amplifiers [2].
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1.2 Reducing Costs by Conserving Power

The power amplifiers (PAs) in a  wireless transm itter amplify the signal to 

high power levels before delivering it to the an tenna for transmission. The tra n sm it  

power should be  high enough that the signal received a t  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 

to tal available power [2]. If the PA operates a t  about 30% efficiency [2], then 70% 

of 75% of the to ta l 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 th e  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, bu t also causes thermal degra

dation of electronic devices and necessitates bulky heat-sinking measures to cool the 

tr a n sm itte r . 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 im portan t in satellite communications where therm al waste managment 

is a challenge due to  the  harsh en v iron m e n t  of space where the temperature varies 

from approxim ately 4 K  to hundreds of Kelvin when exposed to direct sunlight. Less 

h e a t-s in k in g  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 

transm itters include the use of high-efficiency power amplifiers [3], the formulation 

of power-efficient modulation techniques [4], and real-tim e 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
!

j  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.

i
! 1.3 Switched-Mode Power Amplifiers and Frequency Multipliers

i  W hen using solid-state devices such as Field Effect Transistors (FETs) as
J

i  switching power amplifiers, highly efficient operation can be obtained. This is be-
I
j cause the voltage and current a t the switch are nonzero a t alternating time intervals,

| rendering the current-voltage product a t any given tim e, to  be ideally zero. This

! concept has been applied to power amplifiers a t frequencies a t UHF, VHF, and up to

j 5 GHz, while the work contained herein takes switched-mode PA operation to 10 GHz

i  with 100 mW  output power and an efficiency of over 30% above the manufacturer
I
i rating for conventional PA operation without switching. The power amplifiers dis-
i

cussed here are a t 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 tha t the 

output is taken a t a harmonic of the  input frequency. F E T  frequency multipliers are
i
j  part of the signal-generation circuitry in a transm itter. 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]. W ith 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 transm itter.

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 transm itter 

power a m p lifier , since it handles high am ounts of R F  power. These power amplifiers 

axe usually travelling wave tube amplifiers (TWTAs) and axe based on vaccuum tube 

technology. A more attractive option th a t is gaining attention today is to  use solid- 

i state power amplifiers (SSPAs) which axe small, light, and have longer lifetimes than

TWTAs, though they have lower ou tpu t power levels and axe less efficient. Solid- 

state power amplifiers a t X-band and higher axe built around solid-state devices such 

as M Etal 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 transm itter.

In  this thesis, solid-state devices are used in nonlinear switched-mode power 

amplifier architectures previously dem onstrated a t frequencies up to 5 GHz. The 

switched-mode power amplifier design methodology is extended to X-band with out

put power ranging from 100 mW  a t 10 GHz to 1.7 W  at 8.35 GHz. The DC-RF 

conversion efficiencies for these X-band PAs axe 74% and 64% respectively. These 

architectures, such as class-E and -F  PAs, axe 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-dom ain measurements is presented, for the first time in Ch. 3.

I Since the power levels obtained from these solid-state amplifiers are on the
i| order of 1 W , power combining m ethods suitable for use in a 20-30 W  transm itter

| system  are compared in Ch. 4. These m ethods are: chip-level, circuit-level, and
!

j  spatial power combining.

j  In the market-driven arena of cellular and PCS mobile communications,

j  commercial organizations are recognizing th e  importance of high-efficiency power am-
j

j  plifiers in  driving down costs w ithout compromising performance figures of merit such
|
i  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
i
; to  in tegrate the areas of microwave PA  design, digital signal processing, commu-
j
j 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
j
| into higher frequencies, a  comparison of efficiency-enhancing linearization methods

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

I Ch. 6  which discusses dynamic biasing m ethods for linear high-efficiency transmit-
!
j ters.

| Ch. 5 presents an  efficient and  com pact tr ansmitte r  which has a  class-E

! power amplifier a t 10 GHz integrated w ith  an antenna. This integration is done

j  by designing the antenna to directly m atch  the transistor output to the  impedance
!

| necessary for class-E operation. This m ethod avoids the use of separate matching

j  circuitry a t the transistor output and therefore minimizes output circuit losses and

area. T he transm itter is half the  size o f a  conventional transm itter consisting of the 

PA, ou tpu t matching circuitry, and a  50 Q antenna.

As communication frequencies get into the millimeter-wave region to allow 

for larger bandwidth and higher da ta  rates, the task of generating pure signals a t 

these frequencies becomes more challenging. An alternative is to generate the signal
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a t a low-frequency and use frequency multipliers to  obtain the desired LO signal. 

This m ethod is more preferable than designing an oscillator a t 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  

tem perature 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 O F SWITCHED-MODE CLASS-E AND -F POWER AM PLIFIERS

2.1 Definitions of Efficiency

T he function of a  power amplifier (PA) is to  convert DC power to R F  power 

by amplifying a  given input RF signal. The efficiency with which this amplification 

takes place can be described in terms of drain efficiency, t)d , power-added efficiency, 

PAE, and overall efficiency, 77.

D rain 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 

am p lifier  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 ou tpu t since it

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

are defined as

and 77

P A E

(2 .1)

(2 .2 )

(2.3)
Pin +  Pdc

In term s of drain efficiency and gain, G  =  Pout/Pin,

P A E  =  7 7 0 (1 - ^ ) (2.4)

and VD (2.5)
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co

Linear

t
Cut-off ' Vds

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 th e  saturation region.

2.2 Linearity and Power Amplifier Saturation

A m p lifier  linearity [7] describes the ability of the PA to correctly reproduce 

the a m p lit u d e  and phase of the input signal a t  the  amplifier output. At a  given 

frequency, the output am plitude should vary linearly with the input signal amplitude 

while the phase difference between the ou tpu t and input signals should remain a 

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

the  bandw idths 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, 

am plitude nonlinearity causes more signal distortion than  phase variation. Linearity 

is a fu n c tio n  of PA saturation, particularly the  am ount 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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ou t

'  \
PA Saturation

-Linear

<i>out

PA Saturation

Linear

Figure 2.2. Gain compression and phase variation due to  PA saturation. Pout is the 
outpu t power, 4>cmt is the  phase of the ou tpu t signal and Pin 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. I f  th e  am plitude remains a constant, the saturation  is a t a  constant level 

and therefore the gain of the  amplifier will remain the same, as will the phase of 

the  outpu t signal. For FM  signals, the phase may vary nonlinearly with frequency, 

bu t as mentioned before, the bandwidths of typical signals a t X-band are small (less 

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

The gain-compressed nonlinear behavior th a t occurs a t large input signal 

levels is caused by saturation  of the power amplifier. The phase of the output 

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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ds

V = 0

• AB

V = Vr gs fB, E, F

Vds

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 a t the output 

when two closely spaced frequencies are input to the  power amplifier. This is dis

cussed in more detail in Chapter 6 .

2.3 C lasses o f  P o w e r A m plifiers

Most microwave power amplifiers (PAs) used today operate in class-A, - 

AB or -C. Class-D, -E and -F switched-mode power amplifiers axe used in some 

transm itter 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  C u rre n t-S o u rc e  vs. S w itch e d -M o d e  P A s 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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t
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t
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1 dsk

saturatedClass-C
current source
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1 dsk
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t

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 a t each transistor ( 1  and 2 ) 
are shown for these classes.
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-C amplifiers, on th e  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 th a t voltage clipping occurs as shown in Fig. 2.4, making linear 

drain amplitude m odulation possible.

Switched-mode power amplifiers have high efficiency because the v i  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 th e  

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, w ith 100% theoretical drain  efficiency. In  the real world, 

however, transistor switches have stray reactances, a  saturation  ON resistance, and 

nonzero switching time, factors which contribute to  reduced efficiencies.

2 .3 .2  C la ss -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. W hen 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  C la ss-B  Class-B amplifiers have high gain, output power and 

linearity, and also operate under small-signal conditions, w ith 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 tha t 

the outpu t current is a  full sinusoidal waveform and the output power is double tha t 

of a  class-A power amplifier w ith the same device. For the same power ou tpu t as a 

class-A amplifier, class-B power amplifiers can be designed using a single transistor 

w ith a  timed circuit a t the  output to filter out the harmonics produced by th e  current 

clipping. However, this makes the circuit narrowband.

2 .3 .4  C lass-A B  A good compromise between the  low 50% drain  effi

ciency and the narrowband operation of a  single-ended class-B amplifier w ith  78.5% 

efficiency is a  class-AB power amplifier which provides higher output power than  

both class-A and B, bu t 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  C lass-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 w ith constant-am plitude 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 p art of the 

conduction cycle. This results in slightly higher output power and efficiency, but 

the main advantage is th a t amplitude m odulation can be accomplished through the 

drain or collector bias to  obtain linear amplification.

2 .3 .6  C lass-D  The original switched-mode power amplifier is the 

class-D PA, which is very s im ilar 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. I t can be thought of as a  modified large-signal 

class-B amplifier, where energy tha t 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 s w itc h in g  times causing 

overlap between the  voltage and current waveforms.

2 .3 .7  C lass-E  a n d  -F  Class-E and -F power amplifiers are operated 

single-ended in switched-mode with tim ed circuits a t 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 C lass-E  P o w e r A m plifier T h e o ry

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 w ith a large enough RF signal, 

which produces a  gate-voltage swing th a t is below the threshold voltage for a portion 

of the period. During this time, the transistor current is clipped a t zero. However, 

when it starts to  conduct, the voltage becomes clipped a t zero due to  device satura

tion. The output of the transistor can be idealized as a switch in parallel w ith 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) a t all other times 

as shown in Fig. 2.5. During the O FF 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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Figure 2.5. Sketch of time-domain gate-source voltage waveform in a FET caused 
by a  large input R F  power show how switching occurs. The duty cycle, D , is the 
ratio T2 /T .  This input waveform controls the s ta te  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 A lan Sokal in 1975 [9], make use of harmonic tuning a t the ou tpu t 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, lim iting 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 0 

and C0  comprise a  tuned-circuit a t the ou tpu t frequency that ideally filters out all 

harmonics. A t th e  output frequency, th e  transistor output is presented w ith  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  La and Ca cancel each other a t the fundamental 
frequency, allowing th e  transistor output to see a  load R  + j X  and The output 
circuit, in c lu d in g  th e  switch capacitance, filters out all higher harmonics to provide 
a sinusoidal voltage and  current a t the load R.

impedance R + j X .  B y assuming th a t the output current and voltage are sinusoidal,

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  O FF  cycle. The operation of th e  circuit is described well in [8] 

and [7] and is discussed in more detail in C hapter 7.

The differential equation which defines th e  capacitor voltage vs(t) dining 

the O FF cycle is

where Cs is the switch ou tpu t capacitance, Ids is the  drain  DC current, Aids is the 

amplitude of the o u tp u t current, and <f> is the phase of the output current. Eq. 2.6

the voltage and curren t waveforms at the switch, the load impedance a t the fun

d ' s ~  A sia(N ujt +  <f>)\, (2 .6 )
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can be solved by integrating during the switch O FF cycle, to obtain

vs(t) =  f  pjr[l — A sm (N u jt + c(>)]dt 0 <  t  < D T
J  G$

— -0-\P +  ~^—cos{Nujt 4- <(>)] +  K ,Csg jV uj
(2.7)

which describes the  voltage waveform between tim e £ =  0 to time £ =  D T  where 

D  is the the  duty  cycle of the switch, and T  =  2nt/ uj is the period o f the output 

signal. The product D T  is therefore the end of the  switch OFF cycle. Ids is the DC 

drain current and Cs is the switch capacitance. T he unknowns in Eq. 2.7 axe K  (the 

integration constant), A, and <j>. The optimum duty  cycle, D, also m ust be specified, 

making a  to ta l o f four unknowns. Therefore, in order to solve for vs a t any arbitrary 

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

■Us(O) =  0

vs(D T) =  0

dvs
dt \ =  0 

I D T

D  =  0.5

(2 .8 )

(2.9)

(2.10)

(2.11)

The conditions specified by Eqs. 2.8 and 2.9 provide 100% efficiency by offseting 

the current and  voltage switch waveforms. W hen imposed on Eq. 2.7, they give 

K  =  A /(N Q )  and costf) = ir/(2A). Condition 2.10 allows the switch current to turn 

on softly, w ithout an abrupt change from zero to  some finite value and together 

with the last condition, gives a  maximum ou tpu t power capability. W hat is done is 

to vary the  slope and the duty  cycle and calculate the corresponding output power 

capability in  order to find the o p t im u m  combination.

O u tpu t power capability can be described by means of a  power utilization 

factor for the  device. It is the ratio of ou tpu t power to the product of maximum 

drain-source voltage and current, and is given by

Po,max
Pc

V m a x tm a x
(2.12)
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where P0,max is the maximum ou tpu t power, and vmax and imax are the maximum 

| voltage and current a t the switch for a  given DC drain voltage and load. pc is a

measure of how much ou tpu t power the  amplifier can provide w ithout pu tting  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 th is is available in [7]. This quantity provides a  good method 

of comparison between different amplifier designs tha t have the  same DC drain- 

source voltage and current. It provides a  cost/w att figure for the power amplifier,
!

j  since larger voltage and current swings a t the switch may indicate the need for a  more

! costly higher-power device. For example, a particular output load which increases
I
I Po,max by a factor of two may seem desirable a t first glance. However, if this output

j power increase comes a t the cost of requiring a maximum switch current swing, imax,
i

j greater than the capability of the device in question, the design is im practical with
I
j the device proposed and a  different device must be used. By varying bo th  the slope

| of the voltage waveform a t t  = D T  and the duty cycle D , the maximal power output

| capability is found to occur a t D  =  0.5 and a  slope of zero.

| The unknowns K , A, and (j> can be found by using the conditions listed in

{ Eqs. 2.8-2.11 to solve the  differential equation given in Eq. 2.7. The unknowns are
i

I found to be:
!I

*  =  (2-i3) 
A  =  1.862, (2.14)

and 0  =  —0.5669 rad. (2-15)

i
The switch current waveform during the ON time is given by

is (t) =  Ids{ 1 -  A  sin(u/f -f <j>)), (2-16)

which shows th a t the maximum switch current, imax= { 1 4- A) Ids and cannot exceed
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the maximum drain  current of the  device, I  max- Therefore, we find the maximum 

DC drain current is Imax /{  1 +  A), or =  Imax/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. T he drain voltage is given by

^  “  5 5 ^ 7 -  (2'17>

where I m ax  is the  maximum drain-source current of the device. The m a x im u m  

frequency of class-E operation is therefore

*— m E g - (218)

For a given device, ideal class-E operation is not possible above this frequency due to 

long switching times. However, suboptim al class-E operation, with less th a n  100% 

efficiency is possible up to 2 to 4 times fmax-

The load impedance necessary a t the outpu t 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 ,49.05°
6  ne± —  ^  ,  &Jnet — C  f  ^

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

required to design a  class-E amplifier w ith a  given device. This output capacitance 

can be approxim ated by the drain-source capacitance of the transistor, which is 

de-embedded from the s-parameters of the device. First, the j/-parameters of the 

transistor circuit model shown in Fig. 2.7 are calculated:

1 (1 - 3 l l ) ( l + 322) +312321 
V n  Z o ( l  +  S u ) ( l  +  S 2 2 ) - S l 2S 2 l )  1 ;

_  _1_____________________________ ~ 2si2 _ (2  211
y i2  Z q  (1  - f-  S n ) ( l  +  S22) S12S21)

y21 =  . 1 ________ =H£21-------------  (2.22)
y21 Z0 ( l +  s i i ) ( l  +  s22 ) - s 12s21) ^ ;

_  1 (1 + S l l ) ( l  - S 2 2 ) + S 1 2 S2 1

y2 2  Z 0 (1 -1- s u ) ( l  +  s22) -  s 12s2i)  1 ;
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■ f T S .  C
m gs

Source

Figure 2.7. Small signal circuit model for a  M ESFET. The output capacitance of 
the transistor switch can be considered to  be the  drain-source capacitance, Cds iu 
parallel w ith the gate-drain capacitance, However, Cgd is much smaller than  Cds and 
therefore the switch capacitance is considered to be ju st Cds-

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

9 m  — 

Rds =  

Cgd =

Cgs — 

Cds =

£ ( 2/1 2 ) (2.24)
1

3f(l/22)
(2.25)

- ^ ( 2/1 2 ) 
27r /

(2.26)

SQ /u) ^
2  * • /  c ’ d

(2.27)

^ ( 2/2 2 ) ^  
27r /  9d (2.28)

T he 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 th a t the drain-source voltage waveform is

9 1
va(t) =  Vds(l +  -sin(o;t) +  -sin(3o;f)) (2.29)
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for maximum flattening and m ax im u m  fundam ental output power. This flattening 

allows a  higher fundamental component to  exist while keeping the transistor voltage 

swing w ithin its physical limitations. Thus, a class-F PA can provide more funda

mental frequency ou tpu t 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, th e  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 ou tpu t load impedance a t th e  fundamental frequency is often deter

mined by the so-called power match discussed in  [8] and [11]. The transistor output 

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

m atch for maximum gain may require voltages th a t the transistor is not capable 

of, and therefore the  output power saturates a t a lower level th an  if matched for 

m a x im u m  output power. The power m atch is done by first calculating the transistor 

outpu t 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

r . = ^ L  (2.30)
Lm ax

for maximum power transfer, both for th e  linear and the saturated transistor [11]. 

The transistor output is represented by the output capacitance as de-embedded 

from s-parameters, in parallel with Rapt, 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 Rapt, and all even harmonics are short-circuited. Therefore, only 

the fundam ental and odd harmonics exist at the transistor switch, squaring the 

voltage waveform as shown in Fig. 2.4.

The input to  the transistor is m atched to  50 Q for maximum power transfer.
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Figure 2.8. O utput m atch for a class-F power amplifier. The drain-source capac
itance and  the lead inductance of the transistor are incorporated into the output 
m atching circuitry. For maximum power transfer, the output resistance seen by 
the transistor is R o p t, the equivalent resistance of the transistor ou tpu t. The trans
mission lines of lengths l\ and h  provide a  second harmonic short while I3 and I4 

tra n sfo rm  the load impedance a t the ou tpu t (usually 50 Q ) to R o p t, a s  seen from the 
transistor.
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CHAPTER 3

TIME-DOMAIN OPTICAL SAMPLING OF SW ITCHED-M ODE MICROWAVE

AMPLIFIERS

3.1 Introduction

As discussed in detail in the previous chapter, th e  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 a t 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 a t 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 num ber of parasitic elements which 

must be de-embedded from measurements.

Therefore, the design is carried out in an  approxim ate manner, using small 

signal s-param eters, as described in Chapter 2, w ithout 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 m aintaining high ou tpu t 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.

A t low frequencies (up to about 500MHz), 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 a t 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. T he measurements pre

sented in this chapter are the result of a  collaboration w ith Dr. John W hitaker at 

the University of M ic h ig a n , Ann Arbor. We are grateful to Dr. W hitaker for using 

our circuits to te st 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 ^m -thick substrate layer of GaAs, which was grown epitaxially a t 200 C 

(so-called low tem perature GaAs) and then annealed a t 600 C. The GaAs layer pre

pared in this fashion has a one-picosecond carrier relaxation tim e (so the sampling 

gate was active for only a  brief time), a resistivity of 107 il-cm  (so the photogate 

would have high off-state resistance), and a breakdown voltage of nearly 106 V/m. 

The photogate consisted of a  30 x 30/zm gold pattern  of interdigitated fingers, which 

are 1.5 fim  in w idth with 1.5 //m  separations. The probe, with its  7 /zm-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 a t the University of Michigan, Ann A rbor.

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 a t the photogate before being converted back into a  voltage signal.

The current to voltage conversion is accomplished by a JFE T  source follower 

circuit [19] w ith an input resistance of 1 T fi and an input capacitance of 3 pF. This 

high input resistance avoids charge drainage from the device under test so th a t 

measurement w ith minimal invasiveness is achieved. Due to the small am ount 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 a t the probe node to be determined a t 

the o u tpu t of the source follower, and thus bo th  AC and DC signals can be measured 

simultaneously.

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

by a  tra in  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 m, heterodyne mixing and equivalent 

time-sampling d ictate the following relationship between the microwave frequency 

and the interm ediate frequency:

fm  =  nfrep ±  f l F ,  (3-1)

where n  is an integer and f rep =  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 Tirsapphire 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 3.5 ps tim e 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 P h o to c o n d u c tiv e  P ro b in g  o f  H ig h  E ffic iency  A m plifiers

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 w ith er =  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 a t point A , and 

E  is the output. Harmonics generated a t the drain  are reflected back to  the input 

through the feedback capacitance Cgd 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 a t the
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Figure 3.2: Optical sampling measurement setup.

fundamental frequency. T he points a t which th e  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 th e  circuit so tha t an exposed gold 

area exists for the probe to  contact.

T he 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 a t 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 ou tpu t para- 

sitics, especially the small lead inductance. We estim ate from measurement th a t the
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Figure 3.3. G eneral outline of class-E and  -F  amplifier circuits showing locations of 
optical probing. FLK represents the Fujitsu M ESFET 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. T he effect of this series parasitic element 

is an  increase o f about 10-20 ps in rise and  fell tim es of an ideal square wave a t the  

intrinsic device ou tpu t. This means th a t th e  waveform at the intrinsic device leans 

more towards the rising edge compared to  th e  waveform measured a t B. T he wave

forms a t C, D and E are helpful in analyzing the  filtering functions of th e  ou tpu t 

circuit. The voltage a t 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 a t the fundam ental switching frequency. 

In addition, th e  ou tpu t circuit presents a  short circuit a t all even harmonics and  an  

open circuit a t  all odd  harmonics. The amplifier is bu ilt with th e  Fujitsu FLK052W G 

packaged M ESFET previously used a t C -band and  presented in [10]. The substra te  

is 0.508 mm Rogers Duroid RT5880 (er =2.2) and the optimum output resitance is 

8012, while th e  ou tpu t capacitance and  series inductance are 0.4 pF and 0.25 nH  re

spectively. T he fundam ental is term inated in th e  impedance for maximum sa tu ra ted  

power delivered to  the  load, as outlined in  C hap ter 2, while the drain capacitance 

and drain  lead inductance of the M ESFET are included in the  external tuned  cir

cuit. The second harm onic is term inated in a  short. The layout of the amplifier is 

shown in Fig. 3.4(a). The 3.81mm line and  4.12 m m  open stub  provide th e  second 

harmonic short. These in combination w ith  th e  4.84 mm line and  the 3.59 mm open
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Figure 3.4. M icrostrip layout of the class-F amplifier using the FLK052 (a)and  th e  
class-E amplifier using the  FLK202 (b). The substra te  is 0.508 mm thick RT5880 
Duroid (er =2.2) All dimensions are given in mm.

stub provide the fundam ental m atch. Electrical m easurem ents a t 8.0 GHz show a  

drain efficiency of 73%, a  power-added efficiency (PAE) of 61%, and 28.6 dB m  o u tp u t 

power w ith an  input power of 22 dBm . The device is biased a t  -0.9 V a t th e  gate  and  

1 V  at the drain. Harmonic balance simulations o f th e  waveforms were not possible 

because a  reliable large signal model for the transistor was not available. The design, 

fabrication and measurem ent of this amplifier were carried  out by Dr. Eric Bryerton, 

now with the N ational Radio Astronomy Observatory in Charlottesville, Virginia.

3 .4 .2  O p tic a l  T im e -D o m a in  M e a s u re m e n ts  The input waveform 

measured a t point A  in Fig. 3.3 is a  sinusoidal waveform biased a t about -1.0 V, as 

is shown in  Fig. 3.5. Since there is very little harm onic content in the waveform a t 

A , we can conclude th a t there is no significant harm onic power being reflected back 

to  the input of the amplifier.

Fig. 3.6 shows the voltage waveforms a t  points B , C, and D  in Fig. 3.3.
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The waveform a t B  shows the square shape of the  switch voltage, which is consistent 

w ith 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 i t  is presented with a 

short at the  output. Higher harmonics are not present because the  transistor does 

not have gain a t these harmonic frequencies.

However, in Fig. 3.6, it is evident that there is a  significant second harmonic 

contribution a t point C (Fig. 3.3). This is due to the standing wave between the 

transistor ou tpu t and the first stub , which provides the second harm onic short. The 

second harmonic is not strong in the waveform a t point D . T he  distortion in the 

waveform indicates that there is some second harmonic leakage beyond the first 

stub.

Beyond the second ou tpu t stub, at point E, the ou tpu t waveform is sinu

soidal. This is shown in Fig. 3.5 along with the input waveform for comparison. This 

is part of th e  design of a class-F circuit, in which the output circuit m ust 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 C la ss -E  N o n lin e a r A m p lif ie r

3 .5 .1  E lec tr ica l M e a su re m e n ts  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 o u tpu t capacitance extracted from the  manufacturer- 

provided s-param eters is 0.94 pF. Using Eq. 2.19 a t 8 GHz, a class-E PA was designed 

and built on the same RT Duroid 5880 as the class-F PA. The m icrostrip layout is 

shown in Fig. 3.4(b). The second harmonic is term inated in an  open circuit, provided 

by the 2.61m m  line and 3.32 m m  stub. The 4.96 mm line and  5.54 mm stub in
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Figure 3.5. Optically sampled waveforms a t 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 w ith  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. T he optical measurements were made 

a t 8.32 GHz, since the microwave frequency m ust be a  multiple of the laser repetition 

frequency of 80 MHz according to Eq. (3.1). The bias for the amplifier is 1 ^ = 7  V, 

Vgs=-0.9V.

3 .5 .2  O p tic a l T im e-D o m ain  M e a su re m e n ts  For the class-E cir

cuit, only voltages a t 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 a t point B , which is the voltage waveform across 

the switch. For comparison, a  harmonic balance simulation a t 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 a t B , the fundamental and th ird  harmonic approximate a 
square wave. At C, which is before the  second harmonic shorting stub, there is a 
significant second harmonic component, and a t 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 v i 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 1.5 GHz [21, 10]. T he 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. M easured waveforms a t points B  and E  in the class-E circuit. The 
shape of the voltage wave a t B  is similar to  th a t in Fig. 3.8, with a second harmonic 
component in the  waveform. The output wave a t E  is sinusoidal.

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

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

in the expected suboptim al 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 m ethod based on small-signal param eters.
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III

CH A PTER 4

EFFICIENCY OF CHIP-LEVEL VERSUS EXTERNAL PO W ER COMBINING

4.1 Introduction

W ith today’s device technology, high-efficiency microwave power amplifiers 

such as the class-E and F varieties detailed in the previous chapters have typical 

ou tpu t powers ranging from 100 mW  to  a  few watts. For a large num ber of applica

tions, e.g., satellite transm itters, tens of watts of microwave power are required. In 

order to  obtain the desired power, it m ay be desirable to use larger devices capable of 

higher ou tpu t 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 

w ith 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 m ethods such as circuit corporate and spatial power 

combiners. A t the device level, the gate periphery can be enlarged to increase the 

power potential of the individual device a t 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 

1 mm M ESFETs can be circuit-combined instead of twenty 0.5 mm devices for the 

same output power.
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The Fujitsu FLK052WG M ESFET and the Fujitsu FLK202MH-14 are used 

in this work for a  comparison. The FLK052 and the FLK202 have the same intrinsic 

structure, bu t th e  periphery of the FLK202 is four times larger [22]. They are both  

packaged devices.

4.2 Chip-level power combining

Considering th a t 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. I t  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,

PCEchip =  , (4.1)
77AMP,052

where 77amp is th e overall efficiency, given by

^  =  ( 4 2 )

In order to  accurately calculate PC Echip for the FLK202 MESFET, both  

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

a t a given frequency and bias point. I t was found experimentally that, around 8  GHz, 

the FLK052 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 outpu t 

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 ou tpu t 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 i n P  o u t G ain 77AMP P h e a t
FLK202
FLK052

500 mW 
125 mW

1.700 W  
685 mW

5.3 dB
7.4 dB

57%
64%

1.300 W 
391 mW

Table 4.1. Summary of measurements for the class-F power amplifier using the 
FLK052 and  the  class-E power amplifier using the  four-times larger FLK202. Pheat 
is the power dissipated as heat.

Fig. 4.2 shows the outpu t power and overall efficiency versus input power for the 

FLK052 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 

FLK052 class-F amplifier has a maximum 7?amp a t  8.4 GHz of 64% w ith 685 mW  

output power. The FLK202 class-E amplifier has a  maximum 17amp a t 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 a t the input, ou tpu t 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 W ilkinson com

biners. Table 4.2 shows a comparison, for the same input power, between the  circuit 

corporate combining of 16 FLK202 amplifiers and 64 FLK052 amplifiers for 0.2 dB 

loss per stage. To find the overall efficiency of the  entire system (77), the overall 

efficiency of the amplifier (t?amp) is multiplied by the power-combining efficiency of 

the combining network (PCEckt), given by

PCEckt =  10 1 0 , (4.3)

where L is th e  loss per stage in dB and n is the num ber of stages. The to tal number of 

elements, N, is 2n. Even for a low-loss combiner (0 .2dB loss), the overall efficiencies 

are approxim ately equal, but it would be less complex and use less space to  combine
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Figure 4.1. O u tpu t power (a) and overall efficiency (b) versus frequency for the 
FLK052 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 26dBm for 
the FLK202 class-E amplifier. Vos= 7.0 V  and Vg s = - 0 .9  V.
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amplifier. V bs=7.0 V  and Vg s=-G.9 V.
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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 outpu t of 

each a m p lifier  is connected to  an antenna. T he 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 w ith a 100-element array a t 410 MHz [23]. Other examples inlude 

a two-stage 14-element X-band lens array w ith 75% power-combining efficiency [24]
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Device N 77 AMP Stages PCEckt P  o u t V P h e a t
FLK202 16 57% 4 83% 22.6 W 47% 25.5 W
FLK052 64 64% 6 76% 33.3 W 49% 34.7 W

Table 4.2. This table compares the circuit-combining efficiencies of a  4-stage FLK202 
system and a  6 -stage FLK052 system, each w ith 8  W  of R F input power. The two- 
way corporate combiners have 0.2 dB loss per stage. 77amp is the  overall efficiency 
of the amplifier, PCEdct is the power-combining efficiency of the corporate network, 
and 77 is the overall efficiency of the entire system. Pheat is the to ta l power dissipated 
as heat in th e  system.

and a  4-element 5-GHz class-E array with 64% power-added efficiency and an esti

mated PC E of abou t 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 

77amP times the  P C E  of the spatial combiner (PCEspc)- A value of 75% is assumed 

for PCEspc- This includes the efficiency of the antennas. P out is equal to  the output 

power from each amplifier multiplied by N-PCEspc. T he area of the combining array 

assumes a  unit cell size of 0.8A x 0.8A, and is therefore equal to 0.64-NA2. The 

directivity, D, assumes an  effective area equal to the physical area and is therefore 

equal to  ^f-A rea. T he effective isotropic radiated power (EIRP) is the directivity 

multiplied by P  o u t-

SLnce 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 V A M P P  o u t V P h e a t H eat Flux D EIRP
FLK202 16 57% 20.4 W 43% 27.0 W 2 0 7  mw

6 8  ^  r m -

21.1 dB 2.63 kW
FLK052 64 64% 32.9 W 48% 35.6 W 27.1 dB 16.9 kW

Table 4.3. This tab le  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 0.8A x 0.8A. The directivity, D, assumes an effective 
area equal to  the physical area. Pheat is the to ta l power dissipated as heat in system. 
A power combining efficiency of 75% is assumed.
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Radiated
Combined
Power

Figure 4.4. A spatial power combiner. The ou tpu t 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 becomes 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 a t the  ou tpu t 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 th a t for 0.2 dB loss per stage, a circuit combiner w ith more 

than  six stages (64 elements) will have a lower PC E than  the 75% spatial combiner.

Since ou tpu t power-combining efficiencies are being compared, the input

Amplifier
Outputs

Antenna
Array
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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.

The spatially fed approach has two problems: spillover loss and am plitude 

and phase nonuniformities. As with th e  circuit-fed approach, spillover loss results in 

the need of ex tra  amplification a t 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 th e  array. 

These factors reduce the overall efficiency and power combining efficiency of the 

ou tpu t 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 o f 89% in 

term s of overall efficiency. However, th is approach is limited by propagation delays 

as the  device periphery increases. Also, the input impedance drops as the number 

of gate fingers increases, reducing bandw idth.

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 sm aller devices. In addition, in  applications tha t require an antenna 

array a t the  transm itter output, d istributed amplification (spatial combining) has 

advantages w ith  respect to EIRP and therm al management.
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CH APTER 5

A 10 GHZ HIGH EFFICIENCY ACTIVE ANTENNA FOR SPATIAL POW ER

COMBINING

5.1 Introduction

In  the  previous chapter, the discussion on different power-combining m eth

ods was concluded by the observation th a t for large numbers of smaller amplifiers 

with more bandw idth, 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  

tha t combines all th e  powers efficiently. Each unit cell contains a t least one antenna 

and one amplifier circuit w ith associated feed and bias fines. Usually, the antenna is 

designed to  have a  5012 input impedance a t the  design frequency and the amplifier 

output is m atched to  a  5012 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 trea ted  as an optimal amplifier load, is 

outlined. Because the antenna is directly m atched 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 vi 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. T he losses within the switching transistor are thus minimized. A 7%
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increase in PAE was achieved without degrading the radiation properties by using 

an integrated antenna th a t provided harmonic tuning [29].

Previous work on integrated active antennas has included a circular sector 

patch antenna providing the load to  a 2.55 GHz 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 24.4 dBm 

output power [30]. O ther work has explored broadband harmonic tuning by using a  

photonic bandgap structure consisting of a microstrip line w ith a  periodically etched 

ground plane. T he radiator was a slot antenna connected to  this microstrip line. A 

PAE of over 50% and output power above 22 dBm was obtained from 3.7-4.0GHz

[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, a t 0.5 GHz, a  transmission line 

class-E amplifier was dem onstrated with 80% PAE and 27.4 dBm output power [10]. 

However, a t 5 GHz, the same circuit topology resulted in 72% PAE and 27.8 dBm 

output power. We have extended the class-E topology to  10 GHz, achieving 62% 

PAE a t a  reduced output power level of 20 dBm 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 a t the fundamental

frequency is given by:

_  0-0446 c?-49.0524° ̂  (5 .!)
fC s

where /  is the  fundamental frequency, and Cs is the  transistor switch output ca

pacitance [32]. A t 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 outpu t must present an  open circuit to  all harmonics in an  

ideal class-E circuit, it was demonstrated in [10] th a t  adequate phase offset between 

the voltage and  current waveforms can be obtained by only considering the second 

harmonic. T he gain of the  transistor a t the third harmonic is usually negligible and 

therefore the th ird  harmonic content a t the ou tpu t 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 m a-rim nm  current handling capability of th e  device and inversely proportional 

to the ou tpu t capacitance [10]. In most commercial X and Ku band devices, however, 

the output capacitance is proportional to the maximum current. Their ratio therefore 

stays approxim ately constant and the critical frequency for 100 mW devices is about 

6 GHz, causing the efficiency to  degrade above th is value.

In m icrostrip class-E amplifiers presented in  [32], timed microstrip matching 

circuits a t th e  ou tpu t of the transistor provide th e  proper operating conditions. I t  

is possible to  design an antenna with input im pedance 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 bandw idth (compared to eg. a  patch  antenna), its impedance could 

provide an  approxim ate class-E match to the transistor over a  wide frequency range 

while maint aining; high efficiency. A slot antenna was chosen as the amplifier load 

instead of a patch  antenna due to its larger bandw idth (approximately 20%) a t 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 A lpha AFM04P2 power M ESFET chip w ith 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

m ated 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), th e  required load impedance for 

this capacitance is 41.67 f2, Z49.05240, and s n  relative to  50 Cl is 6.67 dB, Z104 .

This reflection coefficient is provided by th e  slot antenna, which is microstrip- 

fed w ith a  90° tuning stub and is initially designed to  be a  second-resonant antenna a t 

10 GHz. The an tenna length and width were then optimized using Ansoft’s Ensemble 

and HP M omentum to obtain the desired class-E reflection coefficient magnitude. 

A 7 mm long transm ission 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 a t th e  second harmonic is merely the 

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

sistor. Since this is approximately 360° a t 20 GHz, the reactance is close to an  open 

circuit and therefore presents a  large impedance a t the  second harmonic. Although 

this is not ideal, it is sufficient for approxim ate class-E operation. The simulated 

input impedance of the  antenna is shown on a  Sm ith chart in Fig. 5.1. As seen in 

this figure, the antenna is not a  resonant antenna. T he slot antenna is 20 mm long, 

2 mm wide, and is fed a t the center.

A passive antenna was fabricated in order to  measure the radiation patterns 

and the impedance as seen by the transistor. T he measured reflection coefficient of 

the passive antenna is s n  =  -6 .8  dB, Z106°. This value is in good agreement w ith 

the simulation shown in Fig. 5.1. The antenna gain was measured between 9 and
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Figure 5.1: Input impedance of the passive antenna a t 10 GHz (+) and 20 GHz (o).

11 GHz and ranged from about -3 dB to 4 dB. The negative gain comes from broadside 

mills in the antenna pattern  a t 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 a t 10 GHz and above, but 

the negative gain below 10 GHz was lower than  expected. The crosspolarization ratio 

is approximately 19 dB. The gain of the antenna is approximately 2.o dB at 10 GHz.

5.3 Active Antenna Design and Measurement

The active antenna circuit was fabricated on a RT Duroid substrate with 

er =  2.2. The circuit outline is shown in Fig. 5.2. The Alpha AFM04P2 M ESFET 

has a 0.25 pm  gate length and a  400 pm  gate periphery, which allows a maximum 

current of approximately 150 mA and a maximum output power of 21 dBm up to 

18 GHz. The DC drain-source series resistance, which is the switch ON resistance, 

R s, is approximately 4.55 f2. As stated above, the output capacitance, Cs, is O.lOTpF.
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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 [lOj the expected drain efficiency is given by

1 4- (![■ +  U JsC sR s)^

( l  +  £ ) ( l - ( - 7 r  UJSCSR S)2 '
(5.2)

where u s — 2irf. This equation takes into account loss in the switch due to the 

switch voltage being nonzero when current flows through R s. A thorough analysis 

can be found in [3]. According to  this equation, a  drain-efficiency of 85% is predicted 

for the AFM04P2.

The M ESFET is mounted on a brass platform which is epoxied to the 

ground plane. The gate and drain axe wire-bonded onto the microstrip lines. DC 

biasing is supplied 45° away from the transistor ou tput so as to present an open to 

the transistor a t the second harmonic. The overall size of the active antenna is about 

0.4A2 where A 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- T he 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 th a t of the  passive antenna. This was accomplished 

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

Fig. 5.3 and  Fig. 5.4. The active antenna p a tte rn  is similar in shape to  th a t of the 

passive antenna. Therefore, the directivities of the  active and passive antennas were 

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 th e  nulls varied 

from 0.5 to  2dB  while the position varied by about 20o. The measured nulls occur 

a t approxim ately 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.

T he input power is varied from -o dBm to 18 dBm and the  t r ansmitted  

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 transm itted power
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Figure 5.4. Copolar (co) and crosspolar (x) radiation patterns in  the H-plane of th e  
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 a t 12 dBm, 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 18 dBm  

input power. This is 6% lower than predicted by Eq. (5.2). This discrepancy may 

indicate th a t the  estim ates of the output capacitance and /or series resistance used 

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 12 dBm input power. From 9.7 GHz to 10.1 GHz, the PAE is 

above 50% and the  outpu t power is above 19 dBm.
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Figure 5.5. O utpu t power and gain of the active antenna for varying input power. 
V̂ S=-1.2V, =4.0 V, Ids varies slightly around 35 mA.

80

70 - Drain Eff. (%) 
PAE ( % )

60

50

40

30

20

10
10 15 20•5 0 5

Input Power(dBm)

Figure 5.6. D rain efficiency and PAE of the active antenna for varying input powrer. 
V̂ S=-1.2V, Vig=4.0 V, 1 ^  varies slightly around 35 mA.
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Figure 5.7. O u tpu t power and gain of the active antenna from 9 to  11 GHz for 
12 dBm input power.
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Figure 5.8. D rain efficiency and PAE of the active antenna from 9 to 11 GHz for 
12 dBm 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  th e  transistor without the  use of a  matching 

circuit. T he antenna is also designed to  provide harmonic tuning a t the  second 

harmonic. This results in  a  smaller circuit and  lower output losses, which affect the 

efficiency much more th an  input losses. T he radiation patterns of the antenna are 

similar for bo th  passive and active antennas. The maximum drain efficiency is 74% 

with 62% PAE and an EERP of 22.3 dBm. The PAE and power rem ain above 50% 

and 19 dBm, respectively, over a relatively broad bandwidth of 400 MHz. The size 

of the active antenna is approximately 0.4A2. These results show th a t th is active 

antenna is suitable for spatial power combining in a  high efficiency transm itter array.

iI
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CHAPTER 6

LINEARITY OF X-BAND CLASS-F PO W ER AMPLIFIERS IN 

HIGH-EFFICIENCY TRANSM ITTERS

6.1 Introduction

In the preceding chapters, the importance of reducing transm itter 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 m odulation), 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 a t 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 K ahn envelope elimination and
Ij restoration (EER) technique [37] allows the use of sa tu rated  high-efficiency power

amplifier classes such as E and F  in linear transm itter 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 a t low signal envelope 

levels. This m ethod has been dem onstrated a t L band using class-AB PAs [39] 

and shows promise for use at higher frequencies. The novelty of this work is tha t 

it experimentally compares a single X-band PA under different efficiency-enhancing 

modes of operation, namely: linear with fixed bias; envelope tracking; and K ahn 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 m ethod 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. W hen saturated, the RF inpu t/ou tpu t characteristics become increasingly 

nonlinear due to  the  variation of gm, Cg3, Cad, Rds 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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Envelope

Envelope
detector

Amplitude
Modulator

DC supply for PA
Vj)D (t)

Class F
RF output

Limiter RF PA

Figure 6.1. Block diagram  of a  classical Kahn EER  transm itter system. The signal 
is separated into envelope and phase data, and the phase-modulated carrier drives 
the PA. The am plitude 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 R F  signal, since the PA gain is proportional to the drain bias.

In the classical K ahn method of Fig. 6.1, the am plitude of the phase- 

modulated drive signal is kept fixed at a large enough value to  ensure optimal PA 

saturation and high efficiency a t 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 th a t the device is spend

ing the same am ount of time per period, in saturation. Therefore, by regulating 

the RF drive am plitude in proportion to the signal envelope, the efficiency of the 

Kahn method can be optimized over all envelope levels. Referred to as Kahn EER
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with, drive m odulation, th is m ethod conserves RF drive power while keeping the PA 

saturated and provides linear, efficient amplification.

saturated, and the  drain  bias is kept fixed while the varying-envelope signal drives 

the  PA. This fixed d ra in  bias is large enough to allow m axim um  linear voltage swing 

for the highest signal envelope. Since smaller drive levels require less DC power 

for the same gain, th is  amplification method is not efficient a t low drive levels. To 

alleviate this problem , th e  drain bias can be made to track  the  envelope of the input 

signal in order to regulate DC power consumption. T his 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

where P0(E ) is the o u tp u t R F power and P i(E ) is the to ta l input RF and DC power 

as a  function of the signal envelope, E . Depending on the  class of operation of the 

PA, the instantaneous efficiency is proportional to the o u tp u t power or the output 

voltage (envelope of signal). In practical PAs, the instantaneous efficiency usually 

achieves a maxim um  when the  gain is compressed by abou t 3 dB.

where PQ is the average ou tpu t power and Pi is the average to ta l input power. The

In contrast to  the  Kahn EER method, conventional linear PAs are not

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

efficiency is defined as

(6 .1)

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

communication system s w ith time-varying envelopes. I t  is defined as:

(6 .2 )
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average input power is calculated as the  expected value of P i(E ), and the output

envelope, p(E ) is known, where E  is the envelope, the average input and output 

power can be calculated as

The PDF of the  envelope is a  measure of the relative time corresponding to different 

envelope levels. The PD Fs of some common signals are shown in Fig. 6.2. For 

frequency m odulated (FM) and other constant-amplitude signals such as AMPS 

(Advanced Mobile Phone Service), the signal is always a t peak output. Shaped- 

pulse data signals such as QAM have PDFs with peak-to-average power ratios of 3 

to 6 dB [40]. M ulti-carrier signals such as OFDM (offset frequency division multiplex) 

have Rayleigh PDFs [41] w ith typical peak-to-average ratios from 7 to 13 dB. 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 th e  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 obtained by having increased 

efficiency over a large range of signal envelopes.

In  order to measure the average efficiency of different ampifier modes, we 

measure Pi(E) and P0 (E) for a sinusoidal input signal with am plitude E . From this 

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

power is calculated similarly. If the probability distribution function (PDF) of the

  r E m  a a r

P i=  /  Pi(E)p{E)dE , 
Jo

(6.3)

and

/  P0 (E)p{E)dE. 
Jo

(6.4)
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Figure 6.2. The probability distributiou 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 a t peak power. E  is the normalized time- 
varying signal envelope, f  is the peak-to-average ratio, given in dB.

with any type of m odulation with a known PD F. Note that for the K ahn modes, E  

is the drain voltage since the amplitude information is fed through the drain bias, 

and for the linear modes, E  is the am plitude 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  In te rm o d u la tio n  D is to r t io n  In signals such as OFDM, dis

cussed in 6.3, varying envelope levels give rise to  AM and A M /PM  effects which 

cause interm odulation distortion (IMD) in th e  output signal. For example, consider 

a  n o n lin ea r  transfer function

where Vin and Uout are the system input and ou tpu t signals in a system with an n-th 

order nonlinearity. a i~ an, are gain terms for each order. If i/tn is a  pure tone with a

Vout =  CLiVin +  a2vfn -1- a3vfn -1- ... -I- anv?n , (6.5)
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constant am plitude, 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  pur e-tone output signal. Therefore, there is no interm odulation 

distortion for a  single-tone constant-envelope signal in a  nonlinear system.

On th e  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, 

(u)i ± 0 /2 ), fourth order products (2 lui ± 2u>2 ), and ad other even-order products don’t 

distort the o u tpu t signal since they are out-of band spectral components which are 

easily filtered out. The problems are caused by th ird  order mixing products (2u;i ±uj2 

and 2ui2 ±  uq), fifth order products, (4aq ±  UJ2 and 4uj2 ±  uq), and all o ther odd- 

order products. Usually, the third- and fifth-order products contribute m ost to the 

unwanted spectral growth a t the signal ou tpu t. The same is true for any multi-tone 

signal.

A signal w ith 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, Atn(£) =  E  cos(u!m t),  can be w ritten as

Vin =  A in(t)  C O s(u /c £)

=  Ecos(uJmt)  cos(u;c£), (6.6)

where E  is th e  envelope maximum, u/m is the slowly varying m odulating signal 

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

E  E
Vin =  —  C O s((td c  -  Ulm ) t  +  —  C O S ((w c  +  UJm )t))

E
=  — [cos(wx£) -f-cos(o;2 £)], (6.7)

which is the sum  of the constant-amplitude single tones uq and u>2 -
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Several conventions are used in the literature to represent the degree of 

nonlinearity in a  system. The figure of m erit used in this thesis is the  IMD (In- 

terM odulation 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 _.
I M P  — -------—--------- ;--------------— ------------;-------------------------  (6 .8 )

Power in  one ox the  two input tones

This IMD is usually measured a t th e  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 ou tpu t signal is maximum) when the distortion is typically worst.

6 .4 .2  T w o-tone  IM D  C a lc u la t io n  b ased  o n  B e h a v io ra l M odeling  

Since two high-power sources a t X-band were not available to measure the IMD at 

peak o u tp u t 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 R F signal can be 

w ritten as Vin (E) =  E cos(wf). The output signal as a function of this input signal 

am plitude (envelope) is then given by

VoutiE) =  Acmt(E) cos(uit +  <j>(E)), (6.9)

where A ^ t i E )  is the amplitude m odulation (AM) characteristic, and (j>{E) is the 

am plitude to  phase modulation (A M /PM ), bo th  of which Eire measured for each PA 

mode. Using this data, a behavioral model of each PA mode can be formulated 

th a t is then  analyzed under a two-tone excitation. For the linearity calculation, a 

two-tone signal such as

E  E
Vin,two—tone ~  C O s ( k /i£ )  “i — COS(u^2^) ( 6 . 1 0 )
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is input to  th e  behavioral model. This two-tone signal can also be represented as

Kn.ttoo-tone =  EcOS^ 1 g ^  t) COs(— (6-11)

which is a  signal of frequency ^1+^ m odulated by a  slowly varying envelope of 

am plitude E  and frequency cos(CJl ^UJl t). This expression can be written as

Vin(E ) =  A in{t) cos (cat). (6.12)

Thus, Vautit) can be calculated using Eqs. (6.9) and (6.12). Using a discrete Fourier 

Transform, the  spectrum  of the output signal, » can then be analyzed. The power 

ratio between the carrier and the highest of th e  3rd and 5th intermodulation distortion 

products is defined as the  IMD. The IMD a t peak output power is calculated for the 

Kahn modes. For the linear modes, the IMD is calculated at peak output power and 

a t backed-off power. An acceptable value for IMD for communication applications 

is 30dBc (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 w ith dynamic drain bias (envelope tracking), are compared w ith three modes 

of saturated  PA operation, one being the classical Kahn method described in sec

tion 6.2, and the other two being modified K ahn methods with drive modulation. 

The five PA modes represent specific relationships between the drain voltage and 

RF signal am plitude, 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) E T  (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 w ith fixed RF drive;

(4) K ahn FDM  (Full Drive M odulation): modified Kahn mode, with dynamic 

R F  input amplitude proportional to  signal envelope; and

(5) K ahn  PD M  (Partial Drive M odulation): another modified Kahn mode. Sim

ilar to  the Kahn FDM mode, bu t having a  minimum value for the drive, in 

order to  increase efficiency a t low envelope levels.

T he fixed-bias linear mode and  the K ahn mode are not dynamic in tha t 

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 K ahn 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 am plitude. I t  is apparent from this graph th a t dynamic control of bo th  values 

is necessary for maintaining high instantaneous efficiency.

Analogously, variation of the gate bias (quiescent current) in a R F  PA also 

results in significant savings of D C-input power. However, m inim u m  drive and gate 

bias levels are often required to ensure proper operation of the RF final amplifier and 

m odulator [43]. The minimum drive/gate-bias level ensures saturation of the PA in 

spite of gain reduction and/or reduces am plitude-to-phase conversion by decreasing 

the degree of saturation so that n o n lin e a r  capacitance variations are reduced. All five 

PA modes listed above were measured w ith various gate biasing schemes. However, 

there was alm ost 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

T he power amplifier used for this study  is an  8.4 GHz class-F PA [44] de

signed w ith a  Fujitsu FLK052WG M ESFET, and described in Chapters 3 and 4.
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This PA provides a  maximum instantaneous efficiency of 55% with 610 m W  of out

put power and 5 .3dB saturated gain w ith Vg s  — —0.9V  and Vqs — I V .  The 

electrical characteristics of this power amplifer are discussed in Chapter 4.

Each PA  mode is implemented by m anually changing the drain voltage 

and drive signal am plitude according to the relationships shown in Fig. 6.3(a). By 

monitoring the R F  and DC power levels, and the  phase of the output signal, Pi{E), 

P0 (E), VoutiE), 4>{E) are measured for each PA  mode. E  is the RF signal am plitude 

for the linear modes and  the drain voltage for th e  K ahn 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 am plitude, 

as illustrated in Fig. 6.4. The linear amplifier w ith  fixed bias has very low efficiency 

at low power levels. The Kahn method, where the  R F  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 ou tpu t levels. Kahn PDM has the best 

efficiency performance of all the modes. Based on measurements of Pi{E) and P0 (E) 

and the PDFs 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 th e  techniques, however, exhibits different AM /PM  characteristics, 

<p(E), as shown in the measured data in Fig. 6.5. The classical and PDM  K ahn 

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

The measured amplitude modulation linearity, given by the input-output 

transfer characteristic VautiE), is shown in Fig. 6.6. The peak output level for all 

modes is about 8 V. The linear modes sa tu ra te  a t 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 K ahn 

FDM technique gives no feedthrough and gives the highest amplitude modulation 

linearity.

6 .7 .1  M u ltic a rr ie r  R e su lts  The predicted linearity and average ef

ficiency of the various techniques are summarized in Table 6.1. The presented da ta  

includes the average efficiency for multi-carrier signals w ith a  10 dB 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 bo th  these signals are shown in Fig. 6.2. 

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

and A M /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 w ith low ef

ficiency (less th a n  10%). Instead, the FDM Kahn technique, yields a slightly better 

linearity, 28 dBc, w ith a  significantly improved average efficiency of 44% (at least a 

factor of 4.4 improvement).

6 .7 .2  Q A M  R esu lts  For QAM signals, the classical Kahn m ethod 

gives better efficiency than  the linear fixed-bias mode, but the dynamic biasing
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Power amplifier 
modes 
8.4 GHz

Predicted 
IMD ratio 

(dBc)

Predicted average efficiency Peak
Power
(W)

Multi-carrier 
-10 dBPEP

QAM 
-3 dBPEP

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 
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 PD F for the QAM signal is 

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

similar performances.

6 .7 .3  S u m m a ry  o f  R e su lts  In  reviewing the efficiency and linearity 

data of Table 6.1, it is important to  note the following:

(1) Kahn E E R  can be used to  linearize highly nonlinear amplifiers such as sat

urated class-F and E;

(2) The average efficiency and linearity of Kahn E E R  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 w ith full drive modulation gives th e  highest linearity a t 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, th is chapter discusses the average efficiency and linearity of 

an 8-4 GHz class-F n o n lin e a r  X-band PA intended for use in transm itters with time- 

varying signal envelopes. T he class-F amplifier has a  high instantaneous efficiency 

for high signal amplitudes, bu t low efficiency for smaller signals, yielding a poor 

efficiency when averaged over time. We show experimentally th a t several different 

dynamic power control techniques can be used to improve the average amplifier 

efficiency, and tha t 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 am plitudes (multi-carrier OFDM) was improved to 44% for this 

amplifier a t a peak output power of 0.6 W, w ith interm odulation distortion products 

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

i  only 10% average efficiency, w ith 17 dBc distortion a t the  same output power.
I
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—  Linear
—  ET 
—-Kahn
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—  Kahn PDM

0 1 2  3 4
RF Input Amplitude (V)
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(V) 0 0 RF Input 
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(b)
Figure 6.3. (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 R F 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 
R F 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.

20
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Linear
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Kahn FDM 
Kahn PDM

(V)

Figure 6.5. Measured A M /PM  of the PA modes. For the Kahn modes, the envelope 
is the  drain voltage (0-7 V), and for the linear modes, it is the amplitude of the RF 
input (0-4.24 V).
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Figure 6.6. Amplitude modulation linearity of the PA modes. Vout is the  am plitude 
of the ou tpu t signal, which has a  peak value of about 8 V. For the K ahn modes, the 
envelope is the drain voltage (0-7 V), and for the linear modes, it is the  am plitude 
of the R F input (0-4.24 V).
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CHAPTER 7

H IGH-EFFICIENCY CLASS-E FREQ U EN CY  M ULTIPLIERS

7.1 Introduction

T he previous chapters in this thesis have discussed the  perform ance of 

switched-m ode high-efficiency power amplifiers a t  microwave frequencies up to  10 GHz, 

while no th ing  has been said abou t th e  generation of the signal itself. In  m ost mod

em  microwave and millimeter-wave com m unication systems, the signal from a  low- 

frequency, high-quality oscillator is m ultiplied up to  the desired frequency by a  chain 

of frequency multipliers, a  general background o f which can be found in  [6]. O ne of 

the m ain objectives in the use o f frequency m ultipliers a t microwave and  millimeter- 

wave frequencies is to  separate the  signal generating  circuitry from th e  am plification 

circuitry. This physical and electrical isolation reduces heating of th e  oscillator due 

to  heat generated  by the power amplifiers, while a t  the same tim e avoiding po

tentially  unstab le feedback of the power am plifier ou tpu t into th e  oscillator. As a  

commercial example, automotive radar system s a t  60 and  76 GHz have been reported  

to  use frequency doublers [45], [46]. T he o u tp u t of this frequency m ultiplier chain is 

the local oscillator (LO) signal which produces the R F  carrier when m ixed w ith the  

m odulated interm ediate frequency (IF) signal.

A lthough transistor frequency m ultipliers do not consume the  vast am ounts 

of power th a t  power amplifiers do, they  are  the  prim ary cause of power dissipation 

in LO circuitry, and  recent efforts have focused on the design o f power-efficient 

frequency m ultipiers. For example, low-cost, low-power frequency m ultipliers w ith
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outputs a t 762 MHz and 3.050 MHz have been fabricated for mobile wireless applica

tions [47]. A part from wasting available power resources, the heat tha t is produced 

by the frequency multipliers can cause therm ally 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 th e  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 im portant among these are conversion gain, DC-RF or drain effi

ciency and  overall efficiency, which are defined as,

Paut(N f)
G =  ~ P m T '  ( ’

no =  P-2)
j  P7Ut{Nf) f^  ^

“ d ’ = iW /T+e*’ ( 7 ' 3 )

where Pout{N f) is the output power a t the desired harmonic and Pin ( f )  is the input

fundam ental power. Pdc 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 

term  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 im portant quantity to  consider in frequency multiplier design is the
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I harmonic rejection. The fundamental power a t the ou tpu t must be much lower than

| the power a t the desired harmonic. This is usually accomplished by using an  open

| or shorted ou tp u t stub to suppress fundamental frequency ou tpu t power. Harmonic

I rejection is presented as a  ratio of fundamental power to desired harmonic power, in
i

dBc, or dB below the carrier, and an acceptable value is abou t 20dBc. At the input, 

a  shorted o r open stub a t the output frequency is used to suppress parasitic feedback 

! of output power to the input. The input and output harmonic terminations of the
j
j  frequency multiplier can have a  profound effect on the conversion gain, as discussed
j
j  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 axe 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 

subject can be found in [51], which presents most of the theory behind diode fre

quency mulitiplier operation. Schottky diodes offer broadband operation due their 

j resistive nature while varacter diodes and Gunn diodes have lower phase-noise. Es-
ii
i sentially, the capacitive or resistive nonlinearity in a diode is exploited to generate
i
j higher harmonic components of a fundamental input frequency. The harmonic of
!

i 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 w ith a conversion gain of -2.2 dB, this diode multiplier has 

an output power of 14.8 dBm at 19 GHz. In [53] a 40/80 GHz balanced doubler using
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six varacter diodes gives 96 m W  of output power with, an input of 200 mW , which 

corresponds to  a conversion gain of -3.2 dB. At 25 and 40 GHz, 100 mW  ou tpu t power 

levels are obtained for diode doublers with a  conversion gain of about -4.5 dB [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, m ust be used to obtain sufficient output power. O n the  other 

hand, transistors such as bipolar junction transistors (BJTs), metal semiconductor 

field effect transistors (MESFETs) and high electron mobility transistors (HEMTs) 

can amplifiy th e  generated harmonic signal, and therefore can give greater gain and 

output power.

7 .3 .2  F E T  F re q u e n c y  M u ltip lie rs  To overcome the lossy nature of 

diode multipliers and achieve frequency multiplication w ith 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 a ttractive since FETs are the building blocks of MMICs. Therefore, this dis

cussion is limited to recent results obtained using FE T s 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 th an  the other mechanisms. Current-clipping is achieved by 

biasing the F E T  near pinch-off or near Vgs =  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.

A t X-band output frequencies, the doubler conversions gains reported are 

in the -3 to  8dB  range [56], [57], [58], [59], [60], [61]. T he highest drain efficiency 

found in  the literature a t X-band is 66.7%, w ith 1 dB gain and  13 dBm output power 

a t 8 and  12.5 GHz [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.

A t K-band (18-26 GHz), doubler conversion gains o f 4dB  and -1.8 dB are 

reported 18 and 20 GHz output frequencies [58] while a t a  24 GHz output frequency, 

-1.9 dB conversion gain was obtained with a  drain efficiency o f about 5% [62], The 

typical ou tpu t power is about 0 dBm.

7 .3 .3  C lass-E  F re q u e n c y  M u ltip lie rs  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 dem onstrated a t microwave frequencies upto 10 GHz 

[63]. Class-E multipliers with drain efficiency greater th an  95% have been discussed 

and tested a t an output frequency of 3.37 MHz [64]. In [65], class-E multipliers have 

been dem onstrated at 1 GHz and 5 GHz output frequencies w ith  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 a t higher frequencies is lim ited only by device 

output capacitance, maximum current capability, and drain voltage [10]. For today’s 

typical devices this frequency limitation is a t about 1-6 GHz. The results obtained 

for class-E power amplifiers in [65] and [63] are a t 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, wfitn 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 a t 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 th is work is to  dem onstrate 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 ou tpu t 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 a t microwave frequencies.

7.4 Previous Work on Class-E Multipliers

The design o f class-E frequency multipliers has been analyzed by Zulinski 

and Steadman in [64], assuming an ideal switch and an ou tpu t circuit w ith 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 u .  The only difference between this analysis and the class-E 

amplifier theory presented in C hapter 2 is that the ou tpu t is constrained by the 

timed circuit to be a t  a harmonic N oj; for N  = 1, the  analysis simplifies to the 

case of the class-E amplifier. However, this small difference causes the operating 

conditions (duty cycle, ou tput impedance and drain voltage) for a class-E multiplier 

to be quite different from th a t of an  amplifier. The work in [64] is sum m arized 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 /  are known.

The duty cycle, D, is the fraction of the period T  = 2 -k/uj for which the 

switch is OFF, and the  switch voltage, vs, is nonzero. The DC current is Ids and the 

output current is

i0 =  A  sin(Nu>t +  0) (7.4)
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Figure 7.1. The switch and ou tpu t circuit for the general class-E m ultiplier circuit. 
The transistor switch is represented as an ideal switch in parallel w ith  a  capacitance. 
L a and C0  comprise an ideal tim ed circuit, providing the transistor ou tpu t with a 
load impedance Znet =  R  + j X  a t  the output frequency, while presenting an  open 
circuit to  all higher harmonics.

The current through the capacitor during the OFF cycle is Cs ^ - .  By consider

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

obtained for the OFF cycle.

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

switch voltage as follows.

The unknowns in  Eq. 7.6 are Cs, K ,  A, 0  and D. Therefore, in order to  solve for vs 

a t any arb itrary  time t during th e  O FF cycle, five equations are necessary, and are 

obtained by considering the requirements for 100% DC-RF efficiency and  maximal 

output power capability.

Cs -rj- -- /<fa[l — A sm (N u t +  0)] (7.5)

Asin(Aru t  +  <p)]dt

7 T [* +  t t -c o s (N u A  +  0)] +  K , 0 <  t  <  D T .
C/s IvCd

(7.6)
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100% DC-RF conversion efficiency is obtained when the switch voltage 

is zero during the  ON state. This means th a t dining the O FF  state , the switch 

voltage m ust begin and end a t zero, implying tha t vs(t) =  0 for t  =  0, D T . This 

supplies two equations for the solution of Eq. 7.6. A third equation is provided by 

the condition th a t the input DC power m ust equal the output power dissipated in 

the load resistance, or Vdslds =  (A ids)2 / 2 R - Vds is the time-average of the switch 

voltage waveform of Eq. 7.6.

Two more equations can be obtained by maximizing the ou tpu t power 

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

class-E m ultiplier is found by setting R  and the ratio Vds/Ids> and calculating the 

output power capability for various values of £ and jD; £ is the slope, dvs/d t , w ith 

which the  voltage waveform goes to  zero a t  th e  end of the O FF cycle, a t t  =  D T . 

The optim um  values are found to  be £ =  0, and D  =  0.5/N .  £ determines the 

magnitude of the  current a t switch tum -on due to capacitor discharge through the 

switch. I t  affects bo th  the  output power and  the voltage and current swings (apart 

from the current impulse) at the switch. The du ty  cycle affects th e  generation of the 

desired harmonic.

In  su m m ary, three equations enforce the condition of 100% DC-RF effi

ciency, and  two equations pertain to  maximizing the output power capability. W ith 

these five conditions, it is possible to  solve for the unknowns to obtain  the following 

main results for class-E multiplier design:

C  -  (77)Cs ~  N 2 Roj’ { ]
and X  =  1.1525R. (7.8)

Additionally, expressions for vs(t), i s (t) and Pout, among others, are also presented in 

the Zulinski paper. For the purposes of th is thesis, it is more appropriate to  assume 

the switch capacitance is known and solve for the  load impedance, Znet = R  +  j X ,
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necessary a t the desired harmonic. This is the direction taken by the analysis that 

follows, in which th e  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 estim ation of the duty cycle. The maximum switching frequency for class-E 

operation is an im portant 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 d ictate a  m ax im u m  frequency less than  the switching frequency 

desired, then a new device and/or bias point m ust be chosen. The duty  cycle is 

a very im portant 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 th a t the correct duty cycle is obtained, 

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  O FF cycle instead of the center. The analysis in this section 

is more tractable th an  th a t 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:

«.(0) =  0, (7.9)

vs(D T) =  0, (7.10)
dv=
~df = ° ’ (7-U )UL t = D T

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:

*  "  - % & " « * > •  (7'13>
A  =  1.862, (7.14)

and (p =  —0.5669 rad. (715)

It should be pointed out here th a t these results are slightly different from Zulinski 

and Steadm an’s in that 4>, given in radians, is independant of N .  This is due to the 

fact th a t in this analysis time is referenced to the beginning of the du ty  cycle. When 

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

s tart tim e 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 O FF cycle is presented in Eq. 7.6 and the current 

waveform during the ON cycle is

i3 {t) — Irf.fl — Asin.(Nujt — </>)] (7.16)

where maximum possible current swing is assumed such th a t Ids =  Imax/{ 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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Figure 7.2. Simulated switch, voltage and current waveforms for a  class-E amplifier 
and a  doubler designed w ith an  Alpha AFM04P2 M ESFET. 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 o f the device having to charge 

and  discharge in a  shorter du ty  cycle. The slope a t which the switch capacitor 

charges is a  constant regardless of N , and depends only on the ratio Imax /C s- For 

higher output power it is desirable to maximize this ratio.

Also of note is th a t 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 ra th e r than  B JT s more suited to  the design of class-E multipliers 

since FETs 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 m ultiplier analysis presented in the 

previous sections, the  drain  biasing, frequency lim itations, output power consid

erations, and duty-cycle determ ination is analyzed in  more detail in the following

l sections.
I

7.6.1 Drain Biasing of Class-E Multipliers B y  perform in g  a  F ourier

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

r D T1 [ UL 
Vds = —  I vs(t)d t

-Ls  J O

Ids (7.17)2n2Csf N 2

The procedure is similar to  those discussed in [3]. T  and /  axe the switching period 

and frequency respectively. Since the maximum possible switch current is imax = 

1-max =  (14- A)Ids-: the  drain voltage for class-E operation can be written thus:

^ <718)

This means th a t for the same switching frequency, the drain voltage must decrease 

as N 2 for an  ou tpu t a t a  harmonic N f.  This is prim arily because the du ty  cycle 

decreases w ith  N , while the capacitor-charging slope a t t  =  0 remains the  same. 

This implies a  lower peak switch voltage and correspondingly small DC component.

If  a  d rain  voltage lower than  the knee voltage of the  device is required, 

then a  class-E m ultiplier of th a t order is not possible. Suboptimal operation might 

be possible w ith a slightly higher drain voltage, bu t 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 a t a  given 

drain voltage for a given device:

fmax =  56.5 VdsCsN2  (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 

maximum switching frequency. Also, reducing drain voltage will allow the charging 

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 w ith  suboptim um class- 

E operation ( /  >  /m a x ), the  drain voltage must be decreased to maintain the same 

/m ax- This may be considered as maintaining the same level o f suboptim al behavior.

7 .6 .3  L o ad  Im p e d a n c e  o f  a  C la ss-E  F re q u e n c y  M u ltip lie r  The 

previous sections discussed DC drain voltage and frequency requirements for class- 

E operation using a  given device. The next im portant 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 w ith gin open circuit while the desired harmonic has a  load impedance 

given by the ratio  of output voltage, ui, to output current ia.

In the following analysis, u; =  2 ir f  is used such th a t the final expressions 

are obtained as functions of frequency, / .  The complex Fourier series of the switch 

voltage waveform is given by,
oo

vs (t) = K 0 + K ne>2™ft  (7.20)
n = —oc

where K q is the tim e average or V ^, and the complex coefficients K n are calculated

as usual using the  following equation.
[■DT

K n = vs(t)e -j 2™ftdt. (7.21)
Jo

The harmonic component corresponding to N  is given by

Vs( N f) =  (K n  +• K - w )cos(2-kN f t )  + j{ K N -  K - N)sm(2.TvN f t ) ,  (7.22)

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



86

and is found to  be
e j 2 i r N ' f t (7.23)

This voltage appears across the load impedance th a t bears a current

I s (N f)  = 1.8621& e-i°-5669 e ~ j w / 2  e?2*N ft. (7.24)

The load impedance, Z net =  R - h j X , is then  calculated from the ratio of the voltage 

and current phasors.

All other harmonics are presented with an open circuit. For the case of the class-E 

amplifier, th is equation is the same as th a t presented in [3] and [10]. For frequency

As an  example, consider a practical M ESFET device manufactored by Al

pha Industries, AEM04P2. Based on the device specifications provided by the man

ufacturer, the optim um  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 mism atch problems in a  50 Q environment 

to become more pronounced, limiting the gain of the  frequency multiplier.

7 .6 .4  O u tp u t  Pow er o f  a  C la ss-E  F re q u e n c y  M u ltip lie r  The 

output power is th e  power delivered to the real part of the load impedance, R , and 

can be calculated from i%R. It is given by

This shows th a t th e  output power for an ideal doubler is 6 dB lower than th a t for an 

ideal class-E amplifier, assuming tha t switch capacitance and parasitic resistance re

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

from s-param eters is 0.107pF a t 10 GHz, and 0.103 pF a t 20 GHz. This is a change

(7.25)

multipliers, the  load impedance scales as 1 / N 2.
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Doubler
 -J_ _

(a)

N=2 \ Doubler'
 ^design

" \  \  ,

(b)

Figure 7.3. (a) Class-E load impedance as a  function of multiplier order N  for 
the Alpha AFM04P2 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  m atch a t the output, (b) Comparison of 
class-E load im pedance with the conjugate m atch (class-A) required for high gain. 
Points closer to th e  center of the Smith chart indicate th a t the  class-E load impedance 
and the class-A load impedance are similar, whereas points further away from the 
center indicate th a t  the class-E impedance deviates from th a t 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 a t  the doubled frequency, which might lead to lower output 

power for the doubler th a n  predicted by Eq. 7.26.

7 .6 .5  G a te  B ia s  a n d  D u ty  C ycle  fo r  M a x im u m  H arm o n ic  G en 

e ra tio n  For class-E doubler operation, the du ty  cycle is critical since the load 

impedance is calculated for a  du ty  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 O N /O FF 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 

Ids =  /max/2.86 based on DC I-V curves. This predicted gate bias is different when 

RF power is input to  th e  transistor. The RF input power necessary to switch at a 

particular duty  cycle is no t known without the aid of large-signed simulations.

An approxim ate m ethod 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 approxim ate gate-source series resistance. This method assumes 

perfect RF isolation between the input and ou tpu t 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 th a t harmonic content is minimized.

Fig. 7.4 shows th a t the average power draw n from the source is dissipated 

in the input resistance R s .  Therefore, the current charging the input capacitor Cgs 

is

where s n  is the input re tu rn  loss of the multiplier. Therefore, the amplitude of the
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Lossless
Input
Match

reft

Transistor
Input

Figure 7.4. T he switch and output circuit for th e  general class-E multiplier circuit. 
The transistor switch is represented as an  ideal switch in parallel w ith a  capacitance. 
L0 and C0 comprise am ideal tuned circuit, providing the transistor output with a 
load impedance Z net =  R  + j X  a t the output frequency, while presenting an open 
circuit to all higher harmonics.

sinusoidal voltage across the gate capacitor is

1 Pin( l - s * u )
u C t R*

(7.28)

The duty cycle o f the switch voltage can be estim ated as:

n  T 2 n .  1 . (Vg s - V p )D  =  — =  0 .5  arcsin-
7T Vc

(7.29)

where Ti is defined in Chapter 2 in Fig. 2.5, and it is assumed tha t Vgs >  Vp, which 

applies for du ty  cycles less than 0.5.

As a  practical example, the m anufacturer provides s-parameters for the 

Alpha AFM04P2 M ESFET and the gate capacitance, Cgs =  0.42 pF, is extracted 

using the m ethod described earlier in C hapter 2. The gate resistance is typically 

about 2 Cl for microwave power transistors. From a  nonlinear TOM3 model provided 

by Alpha Industries, the gate resistance for the AFM04P2 is found to be i l s=1.8 Cl. If 

a n o n lin ea r  model is not available, as is often the  case, the total gate-source resistance 

is approximately 2 fl for most microwave FE T s [66]. {Note: The aforementioned 

TOM3 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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Duty Cycle (s11«0)
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-5  0 5 10 15
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Figure 7.5. The calculated duty  cycle as given by Eq. 7.29, assuming a perfect input 
match.

is V/>=-1.8 V. Therefore it is possible to  find the duty cycle for different combinations 

of Pin and VgS. The typical values range from 0.1 to 0.5, as shown in Fig. 7.5. For the 

10 GHz class-E power am plifier 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 w ith the  expected duty  cycle of 0.5 for class-E power amplifier 

operation.

7.7 C onclusion

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 determ ination 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 th a t when designing a  frequency doubler, 

the maximum switching frequency is lower by a  factor of N 2 compared to  a  class-E 

amplifier using the same device a t the  same drain  voltage. This means th a t 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 

th a t operates a t the same degree of suboptim al behavior, unless the bias voltage is 

reduced by a  factor of N 2.

The du ty  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 w ith a  

large RF input signal. For a class-E frequency doubler, however, the duty  cycle is 

25%, and the  bias/drive points th a t 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, R F  drive power, input gate capacitance and gate-source resistance. For 

most microwave MESFETs, the gate-source resistance is on the order of 2 f I.

In  th e  next chapter, the theory presented in this chapter is applied to 

the design of a  10/20 GHz class-E frequency doubler. By comparing th is frequency 

doubler w ith th e  class-E amplifier of C hapter 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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A CLASS-E X/K-BAND FREQUENCY DOUBLER W ITH CONVERSION GAIN

8.1 Design

T he class-E frequency multiplier theory presented in the earlier chapter 

is evaluated in  this chapter by designing a  10/20 GHz class-E frequency doubler 

to com pare w ith 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 m aking good use o f lim ited resources and reducing system  

heat-sinking requirements.

A n AFM04P2 medium  power M E SFE T  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-em bedding 

a  bond-wire inductance o f 0.1 nH. These intrinsic s-parameters are then used to  ob

tain y-param eters from which the com ponent values are obtained as described in 

C hapter 2. The 0.1 nH  value was obtained by calculating the parallel inductance of 

two bond wires, where th e  inductance of each  wire was found from a  two-wire line

where h, d, and  I are shown in Fig. 8.1.

T he 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.

model (equivalent to  a  single bond wire reflected in a  ground plane). This is shown 

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

nH cm  1 (8.1)
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microatrip

ground

Figure 8.1. Schem atic diagram of a  bond-wire on microstrip lines. T he bond-wire 
inductance is calculated using Eq. 8.1 by reflecting the bond-wire in  th e  ground 
plane.

Znet — 7.09 -f j 8.1711 is the desired, load impedance a t 20 GHz. This value is then  

optimized on H P ADS such tha t th e  small-signal gain of the doubler and  the  funda

mental rejection are maximized, while th e  ou tp u t mismatch of the class-E amplifier 

is minimized for high conversion gain. This necessitates a  compromise between the 

ideal class-E m atch  and an ideal o u tp u t m atch to 50 ft. The final value of the 

load im pedance a t 2 0 GHz is Zioad =  13.65 -I- jT5.74f2, and  the ou tp u t m ism atch 

is 822 =  —6 dB. This load impedance was chosen since it maintains th e  load angle 

required for class-E operation. T he m agnitude of the impedance is higher th an  the 

ideal doubler class-E impedance.

The m icrostrip circuit was fabricated on Rogers TMM10 w ith a  dielectric 

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

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

Gate Drain

ds
m gs

Source

Figure 8.2. M ESFET small signal circuit model used to extract the o u tp u t capaci
tance of the transistor switch.
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0396 2308

1396

Figure 8.3. O utline of the fabricated 10.4/20.8 GHz multiplier circuit. T he dim en
sions are in millimeters, and the substrate is 0.381 m m  in height, w ith er =9.2.

allows room  for a  platform  upon which the t r ansisto r 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 sm all m etal 

platform, one is constructed using shorted chip resistors which are com parable to  

the size of the  transistor.

The m icrostrip lines are wire-bonded to  C PW /m icrostrip t r ansitions (ob

tained from JMicroTechnology, Inc.). These transitions made it possible to  perform  

the m easurements on a  Cascade 9000 Probe S ta tio n  since soldering connectors to  the 

circuit would p u t too much torque on the circuit edges, causing the b rittle  substrate  

to break.

8.2 Small-Signal Measurements

The m easured and simulated s-param eters for this circuit are shown in 

Fig. 8.4. The sim ulations were originally carried  ou t for an  input m atch a t  10 GHz 

and class-E operation a t the output a t 20 GHz. However, since the m easured input 

match is a t 10.4 GHz, the simulations were modified to  include a  0.075 m m  overetch 

of the lines during the  milling of the circuit. T his overetch results in  the sim ulated 

results of Fig. 8.4, which match the m easurm ent reasonably well.
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These 5-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.

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 0.6 V,

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



96

-20

-25
10 15 20

Frequency (GHz)

 10m
■oX -20
CM

03 -30

-40

-50
20

Frequency (GHz)

-20
CD
T3
£T-40
CO

-60 -1 0

-80 -15
20

—  Simulated
-  -  Measured

Frequency (GHz) Frequency (GHz)

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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Fat ricated

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 40 mA. 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 V^=0,1,2,..5V, and the gate voltages were =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 17 dBm.

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 

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, sn , is measured at each bias/drive point and used in the calculation. The 

drain voltage is 1V. 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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Duty Cycle

10GHz Amplifier 
Meas: 0.4408

RF Input (dBm)

(a)

Duty Cycle

ioubler 0.4 
025 /

RF Input (dBm)

(b )

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 7 dBm for an input power of about 10 dBm. 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 5 dB can be obtained for low input powers and 

-IV  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 -1V 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 1V. 

Fig. 8.9(b) shows the output power at 20.8 GHz with a maximum output power of

7.1 dBm; 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 1^=1 V, and V,3= -l V, the power

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



101

Output Power (dBm) for Vds =1 V Duty Cycle

RF Input (dBm)

(a)

Conversion Gain (dB) for Vds =1 V Duty Cycle

RF Input (dBm)

(b)

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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Drain Efficiency (%) for Vds =1 V O utyC yde

RF Input (dBm)

(a)

Overall Efficiency (%) for Vds =1 V D utyC yde

RF Input (dBm)

(b)

Figure 8 .8 . M easured drain (a) and overall (b) efficiency contours of 20.8 GHz dou
bler. The blue s ta r is the expected approximate operating point based on DC prop
erties and a  perfect input m atch assumption.
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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 V̂ a= l  V. The efficiency is highest for 
V(is= l  V, and  there is no significant increase in output power as the drain voltage is 
increased.
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Table 8 .1 . O ptim um  O perating Points and  Performance of the 10.4/20.8 G H z Dou
bler. tjd is th e  d ra in  efficiency and  77 is th e  overall efficiency. For th e  d u ty  cycle 
calculations, Vp=~ 1.8 V  and ife= 1 .8 fl, an d  Cga =  0.42 pF.___________

P roperty O ptim ized Property
Pout and  tjd G V G and  77

(V) 1 1 1 1

Vgs (V) -0.7 - 1 - 1 - 1

Pin (dBm) 9.265 -3.735 6.265 0.265
s n  (dB) -7.4 -3.56 -11.46 -7.68
D u ty  Cycle 0.3380 - 0.3443 0.04
Pout (dBm) 7.495 3.445 7.095 5.495
G ain  (dB) -1.77 7.18 0.83 5.23
VD (% ) 51 13.8 42.7 25.3
77(%) 28.9 13.5 31.6 23.5

sweeps for th is bias point are presented in Fig. 8.10. The D ata presented in  this fig

ure include o u tp u t power, return loss, conversion gain, drain efficiency, a n d  overall 

efficiency. As can  be seen in Table. 8.1, the  optim um  conversion gain occurs for a  

regime in which the  device is not in  switched-mode, evidenced by a  com plex duty  

cycle. Therefore, device nonlinearities o ther th an  switching are the sources o f har

monic generation for maximum conversion gain. A gain of 5.23 dB can b e  obtained 

with efficiencies o f about 25% and  abou t 5.5 dB m  output power. The d u ty  cycle 

for this case is 0.04, indicating th a t mechanisms other than  switching a re  causing 

the harmonic generation for this d a ta  point. However, for both  optimum efficiency 

(t)d and 77) points, the  duty  cycle is 0.34, m eaning tha t switching is tak ing  place. 

Since this value is different from the  desired value of 0.25, it may imply a  class of 

operation between class-E and satu ration  class-A which has a  duty cycle o f  0.5. O n 

the other hand, it  m ay imply th a t the d u ty  cycle calculation m ust be modified to 

include effects such as reflection of harm onics to  the input.

The harm onic rejection of the class-E doubler at VgS= - l  V, Vd3= 1 V  is shown 

in Fig. 8.11 as th e  inpu t R F power varies.
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Figure 8.10. M easured o u tp u t power and  conversion gain, (a) and  drain and  overall 
efficiency (b) of the 20.8 GHz doubler as a  function of input R F  power. T he bias 
point is Vds— IV , and  V^s=-1  V.
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Figure 8.11. M easured harm onic rejection of the 20.8 GHz doubler vs. R F  input 
power for 1 ^ = 1  V and  Vgs—- \  V.

8.6 Reflection of Harmonic Power Towards The Input

W hen calculating the  switching duty cycle as presented in Chapter 7, a 

sinusoidal voltage swing across the input capacitor was assum ed for simplicity of 

analysis. However, in  reality, harmonics generated a t th e  o u tp u t of the transistor are 

reflected back to  the  inpu t through the feedback capacitor Cgd- The reflected second 

harmonic component was measured a t 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 a t the in p u t of the multiplier so th a t th is effect could be measured. 

In  practical multipliers, a  shorted or open stub would be used a t the  input to  supress 

this feedback.

The m easurem ents were carried out a t V ^= 2  V  due to  equipment failure. 

(Note: Uncalibrated m easurem ents made later a t  K * = 1 V  show the same type of 

behavior, bu t are not presented here.) However, the conclusions drawn from these
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measurements also apply a t th e  optim um  drain bias of V ^ —l  V  also. The reflected 

power is shown in Fig. 8.12 together w ith the ou tpu t power. Also shown are the 

efficiencies corresponding to  the  different power levels.

This reflected power d a ta  shows that there is a  considerable second har

monic content a t  the input a t  the  point of maximum overall efficiency, which oc

curs a t an  inpu t power of 6.4 dBm . The second harmonic power a t the input is

8.2 dBm. Therefore, the voltage across the input capacitor cannot be assum ed to be 

sinusoidal an d  th e  duty  cycle calculation must be updated  to  account for a  second 

harmonic com ponent. Unlike the  simple fundamental-frequency analysis presented 

in section 7.6.5, th is  second harm onic analysis needs to  include a  tim e-dom ain anal

ysis since the  d u ty  cycle depends on the time-domain voltage swing a t the  transistor 

input. By utilizing adequate inpu t harmonic filtering, be tte r agreement between the 

calculation and  measurement can be expected.

8 .7  C o m p a r is o n  w ith  10 G H z  C la ss -E  A m p lifie r

T he 10 GHz class-E amplifier to  which th e  doubler is com pared, is the 

active in tegrated  antenna described in Chapter 5. For th is amplifier, theory  dictates 

a  class-E am plifier drain bias of V^s=2.4 V, 7^=42-52 mA for a  device w ith no switch 

resistance o r o ther parasitic losses. The pinch-off voltage of the A lpha AFM04P2 

M ESFET used for this amplifier is -1.8 V. The fabricated amplifier is is biased at 

Vda=4V , / i s  = 3 5 mA, Vgs=- 1.2V  and  requires 12dB m  input power for an  optimal 

PAE of 62%. T he input reflection coefficient is approxim ately -15 dBm . According 

to the m ethod devoloped in  Ch. 7, a  du ty  cycle of 0.4408 is calculated from these 

measured values, which agrees m oderately well w ith the desired value of 0.5, but 

dem onstrates th e  need for a  more accurate calculation the  duty  cycle, including more 

accurate values o f gate-source capacitance and input resistance. T he DC resistance 

across the  drain-source term inal is measured to be about 4 .50. T his is partially
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responsible for the need  for a  larger drain  voltage th a n  th e  theoretical prediction.

Based on th e  class-E theory in  the  previous chapter, the expected bias point 

of the frequency doubler is about Vd3=0.6 V  and  7^= 42-52  mA, indicating a  rough 

estimate for gate bias, V9s w-0.8V, based on  m easured transistor DC I-V  curves. 

The measured bias-point d a ta  a t the  point o f  optim al overall efficiency are Vd»=1 V, 

Ti*=10 mA, Vgs=- 1 V  while th e  RF input power is 6.265 dBm. The d rain  and  gate 

voltages are quite close to  the  expected values, b u t the  d rain  current is suprisingly 

low. This is found to  be  p a rtly  due to  the m easured DC characteristics of th e  device 

which has low curren t values for Vgs <-0.7 V, and  partly  because the d rain  voltage 

is near the knee region. The duty cycle a t  th e  optim al efficiency point is 0.3443, 

which agrees m oderately  well with the  required value of 0.25, but indicates th a t 

refinement o f the  d u ty  cycle calculation is w arranted. I t  is also probable th a t the 

doubler performs in  a  hybrid  class-E/A mode.

The ou tpu t power of the doubler, w hen operating with optim al overall ef

ficiency, is 7.1 dBm, w hich is approxim ately 12.9 dB lower th an  the 20 dB m  ou tpu t 

power of the 10 GHz class-E  amplifier. Theoretically, an  ideal class-E doubler p ro 

duces 6 dB less power th a n  an  ideal class-E amplifier w ith the  same device and  sam e 

switching frequency. In  these experimental results however, the doubler o u tp u t is 

lower by an  additional 6.1 dB . This is p artly  due to  a  significant am ount (approxi

mately 3dB ) of harm onic power being reflected back to  the input via in ternal feed

back. Additional losses could be due to  lower gain a t  20.8 GHz and the fact th a t the  

output m atching is n o t an  ideal class-E b u t a  hybrid class-E/A  design.

8.8 Discussion

We have show n th a t class-E m ultiplier design can  be extended to  K -band 

with commercial transisto rs  to  obtain high D C -R F (42.7%) and  overall (31.6%) ef

ficiency w ith 0.83 dB conversion gain. 5.23 dB  conversion gain and 5.5 dB m  o u tp u t
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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 Ices. Class-E doublers also provide higher effi-
i
| dency th an  o ther transistor doublers.

| Specifically th e  following conclusions can be  draw n from this work:

j (1) In  order to  operate a t the sam e level of suboptim um  class-E behavior, dou-

j  biers m ust be biased a t  lower drain voltages th a n  class-E amplifiers using

| the same device.
i

j (2) As the order of the m ultiplier increases (e.g. tripler) the ou tpu t m atch
!

| deteriorates, lim iting the conversion gain.

(3) The gate bias of the doubler m ust be set carefiily in order to  operate w ith ap

proxim ately 0.25 du ty  cycle. This is the only du ty  cycle a t which the class-E 

waveforms can be obtained w ith the im pedance given in Eq. 7.27. There

fore, it is useful to have a  m ethod of estim ating d u ty  cyde a t a  particular 

j com bination o f gate bias and  R F  input power.

i  (4) The d u ty  cycle can be approximately estim ated by analyzing the input circuit

a t a  particu lar R F input power and gate bias, and  a ssu m in g  a  sinusoidal 

voltage swing across the input capacitor.

(5) No second harmonic tuning was applied a t the  input. A significant amount

j of reflected second harmonic power was m easured, causing the gate voltage

J  swing to  deviate from a  sinusoidal shape. This dem onstrates the need for

j input harm onic tuning. If input harmonic tuning is used to  limit harmonic

reflections, then  the approxim ate method of calculating duty cycle can be 

used to  estim ate the gate bias and  RF input power.

(6) M easurements indicate th a t 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 p roper harm onic filtering is used.
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CHAPTER 9 

CONCLUSIONS AND FU TU RE WORK

9.1 Summary and Conclusions

The m ain th rust 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. P ast work on class-E and F  transmission-line microwave power 

amplifiers has shown th a t high power efficiencies can be obtained a t frequencies upto 

5 GHz. By designing and building class-E and F  amplifiers a t 8 GHz, and 10 GHz, 

this work dem onstrates th a t this power amplifier architecture is applicable for high- 

efficiency applications a t X-band, at frequencies up to four times the maximum 

frequency for class-E operation.

Time-domain waveforms measured a t 8 GHz using a novel optical sampling 

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 dem onstrate 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 

u n d er sta n d in g  of switch mode operation a t microwave frequencies.

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

power amplifiers, C hapter 4 considers methods of combining the power of several

I
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units. Spatial combining provides a  more efficient m ethod of combining large num

bers of units, while circuit combining is a lower-loss m ethod 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 ou tp u t 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 w ith about 2 dB directiv

ity. The size of an array unit cell using this active an tenna is about half the size of 

a  conventional amplifier integrated w ith a  50 $1 antenna. T he concept of designing 

antennas designed to have the  class-E load impedance is especially useful for cases 

when the class-E impedance causes ou tpu t mismatches th a t lim it the power available 

from the output of the power amplifier. This active an tenna has a power output of 

100 mW, a compressed gain of 8 dB, 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 R F  input signal amplitude. Five different methods which 

have been previously dem onstrated in the literature a t various frequencies and with 

different devices, are compared with each other using a single power amplifier. This 

allows the direct comparison of the effectiveness of each m ethod w ith regards to both 

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

bias and the input signal am plitude 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 a t K -band and higher, a class- 

E frequency doubler was built, as described in C hapters 7 and 8, with the same 

device as th a t used for the  10 GHz active antenna. A 20.8 GHz power output of 

over 5 mW , 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 a t a  reduced drain 

voltage, a t the same degree of suboptimal behavior as the  10 GHz active antenna. An 

approximate m ethod 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 m ethod predicted a  duty 

cycle of 0.3443 a t  the optim al bias point where the overall efficiency of the doubler 

was maximized; the theoretical duty cycle for class-E performance is 0.25. W hen 

the same m ethod 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 a t the doubler input show tha t there may be a  significant second harmonic 

component in the gate voltage swing. Therefore, the d u ty  cycle calculation must be 

modified to  include harmonic content.

9.2 S u g g estio n s  fo r F u tu re  W ork

9.2 .1  P u s h  th e  L im its  o f  S u b o p tim a l C la ss -E  B eh av io r Since 

this work has shown reasonably high efficiency a t 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 th e  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 a t a  drain voltage of 

4 V  in  an  amplifier configuration. This would imply th a t it is possible to obtain 

good amplifier performance from this device upto 4-times this critical frequency, at 

24 GHz.

9 .2 .2  S tu d y  o f  S w itched -M ode A m p lif ie r  I n p u t  C irc u it a n d  D u ty  

C ycle 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 s tudy  not only the switch waveforms a t  the  drain, but also the switching 

waveform a t th e  gate.

The study  of switching duty cycle should be extended to include harmonic 

content a t 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  P o w e r C om bin ing  A class-E frequency doubler antenna-array 

could be built to  show the spatial power combing properties of switched-mode cir

cuits a t K-band. A t 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 satu rated  at different levels, with different efficiences, output powers, 

and output phases. All these factors limit the ou tpu t 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 th e  transm it side of the array where four doubler unit 

cells generate the doubled frequency and tra n sm it, using patch antennas designed to 

directly provide the  class-E load impedance to the devices a t the second harmonic. 

This will avoid problems w ith  outpu t mismatch in the doubler circuits.
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Figure 9.1: Proposed design concept for a  class-E frequency doubler array.
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