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Transmission-Line Load-Network Topology for
Class-E Power Amplifiers

Andrew J. Wilkinson Member, IEEEand Jeremy K. A. EverardMember, IEEE

Abstract—Class-E amplifiers are a type of switching amplifier Recent developments in the literature include a transmis-
offering very high efficiency approaching 100% . In this paper, a sjon-line circuit utilizing a series line and single shunt stub
topology and design methodology, which could be used for a trans- to achieve class-E operation [8], and a power-combining

mission-line implementation of a class-E power amplifier, is pre- . o .

sented. A simprl)e transmission-line class-pE load neﬁwork is ppro- four—tran&stor class-E amplifier [9] employing GaAS M_ES'

posed that offers combined transformation of the load resistance FETS to obtain an output power 2.95 W at 935 MHz, with a

down to a suitable level, as well as simultaneous suppression ofpower-added efficiency of 67%.

hgrmonicg in thelload. Thelloa.d networkwas developed and tested This paper is organized as follows. Section Il reviews

with the aid ofa_tlme-domaln slmulator (i.e., SPICE)_.Amlcro_stnp the principles behind the class-E concept. Section Ill de-

layout was designed and a first prototype was built operating at . . . .

1 GHz utilizing a field-effect transistor as the switching device. s_crlbes the_ proposed transmlss_lon—llne topolqu and S|mul_ated

A drain efficiency of 72% was measured for our prototype after time-domain waveforms. Section IV describes the design,

tuning, although better performance can be expected with an im- implementation, and performance of a microstrip prototype.

proved switching transistor and careful tuning of the load network.  Section V describes a second transmission-line topology in
Index Terms—Amplifier, class E, high efficiency, microstrip, which the dc choke is replaced by a short inductive transmis-

power, transmission line. sion-line section. Conclusions are then given in Section VI.

|. INTRODUCTION
e o . . [I. CLASS-E AMPLIFIERS
LASS-E switching amplifiers offer high-efficiency con-

version of dc to ac via careful design of the transient wave- Switching amplifiers are amplifiers for which the active de-

forms of a resonant load network. The concept was first proice (or devices) approximates the operation of an idealized
posed by Sokal and Sokal [1] and design equations for an idesikvitch exhibiting a high impedance in the “off” state and a low
ized topology were derived by Raab [2], [3]. High efficiency apimpedance in the “on” state. In the ideal case of zero “on” resis-
proaching 100% is achieved by tailoring the transient resportag@ce and infinite “off” resistance, no power is dissipated in the
of the voltage and current waveforms to minimized energy loswitching device, except at the switching instants. In practical
at the switching instants. transistor circuits operating at high RF frequencies, a significant

Earlier class-E designs have concentrated on the develgpuse of energy loss is the short circuiting of the energy stored
ment of lumped-element load-network topologies for RF appiia the parasitic capacitan¢él/2)CV?) across the transistor as
cations operating in the megahertz range; both narrow-band [the switch closes. A lesser effect is the relatively small amount
[4] and broad-band networks [5], [6] have been developed. &fienergy stored in the parasitic series inductance of the device
the microwave region, lumped elements are not so easily falt /2)L,12), which is lost as the switch opens. Other sources
ricated and may depart from idealized components. To addre$foss include a nonzero “on” resistance and a noninfinite “off”
this problem, we proposed, developed, and tested [7] a transniissistance.
sion-line class-E load network that we envisaged would find ap-The class-E switching amplifier concept [1] aims to achieve
plication in the construction of microwave power amplifiers. Iigh efficiency by designing the voltage and current waveforms
this paper, we describe in detail the transmission-line topology as to minimize losses at the switching instants. As described
design methodology, simulated waveforms, and performancej@g$1], the ideal operation requires that the voltageacross
well as the implementation and performance of the distributéite device drops to zero immediately before the switch closes,
microstrip prototype operating at 1 GHz. and the curreni, through the device drops to zero immediately

before the switch opens.
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Fig. 1. (a) Lumped-element class-E amplifier. (b) Equivalent circuit.
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Fig. 2. Class-E switch waveforms.

B. Idealized Operation

1203

and zero derivative at the switch-on instant. Component sym-
bols are depicted in Fig. 1(b).

V2
Output power P, = 4 (1)
Rdc
Equivalent dc resistance Ry, = 1.7337R (2)
1
Shunt susceptance B = wC = ——— 3
Hnt stiscep wO=saeer O
Load angle 1 = 49.052° (inductive) 4)
Load-network impedance Z = R+ jX (5)
where X = Rtant = 1.152R (6)
Peak switch voltage V pnax = 3.56Vy. @)
Peak switch current . = 2.8471c. (8)

For a given specified output powgy, and supply voltag&.,
the required switch capacitan¢éand load reactancg + j.X
may be calculated. The idealized waveforms for the ¢4se=
1 andF, = 1 are shown in Fig. 2.
Raab’s equations can be used to design a practical class-E
amplifier based on the narrow-band hightopology shown in
Fig. 1(a).

I1l. TRANSMISSION-LINE TOPOLOGY

This section describes the design and development of the pro-
posed transmission-line topology (in more detail than first re-
ported in [7]).

A. Design Objectives

Our primary aim was to develop a narrow-band load network
consisting of only distributed transmission-line elements. In our
first design, this requirement was relaxed to allow the presence
of an ideal RF choke as the dc feed (in Section V, a topology
is discussed which replaces the choke with a transmission line);
additionally, it was assumed that a lumped capacitor (of neg-
ligible reactance) could be present to block any dc component
from reaching the load resistor. The load network should exhibit

The circuit shown in Fig. 1(a) was analyzed in detail by RadBe€ following desirable properties. . _
[2] who derived analytical expressions for the idealized equiva- ® The load network should present a high reactive

lent circuit depicted in Fig. 1(b). His analysis assumes (1) power
is fed to the circuit via a RF choke of infinite inductance (current  *
1, is constant) (2) the output filter passes only the fundamental
fo to the load resistor and presents an infinite impedance at all ®
harmonics. Parasitic capacitar@gis lumped together with the
additional capacito€’; in capacitorC.

The waveforms for the case of a 50% switching duty cycle
are shown in Fig. 2. The voltage across the switch drops to zero
at the switch-on instant and also is designed to have zero slope,*
hence, relaxing the switch speed requirement.

In the following section, the main results of the analysis given
by Raab are summarized for their relevance to the explanation®
of the transmission-line topology in subsequent sections.

C. Class-E Design Equations

impedance at harmonics of the fundamental.

The network should suppress all harmonics to a low level
atthe load (e.qg., better than 40 dB below the fundamental).
The load resistance (typically 50) should be appropri-
ately transformed down to a practical value to achieve the
required output power. This should also take into account
the “on” resistance of the active switch and the current
through and voltage across the active device.

The peak voltage across the switch and peak current
through the switch should not exceed device specifica-
tions.

The topology should be easily converted to a microstrip
realization, and should be as “simple” as possible.

B. Design Methodology

Reproduced below are the design equations [2] for an ideal-The approach taken in the development of the transmis-
ized class-E amplifier with a 50% duty cycle and zero voltagaon-line load-network topology was as follows.
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1) A realistic specification for a transistor amplifier design vac Zin = 19 + j©
was first considered and typical ballpark values were cal- |9
culated for the load-network input resistanBetaking i§ rrc cs00 >

into account load resistance, required output power, and
limits of the transistor breakdown voltage and current.

2) A lumped-element circuit was then designed that would 7.90 oF 3,5.3 S0 Ok
};C r . 7r="7

satisfy the specifications and also provide adequate sup-
pression of harmonics to the load.

3) The Iump?d C.II’CUIt. Wa§ then converted t9 an eq.u'valeﬂb. 3. Lumped-element model with impedance transformation stages.
transmission-line circuit, carefully observing the imped-

ances of the transmission-line elements at higher he vec 20=33.5
EL=90 @ 3GHz

monics. 70232
4) The circuit was then simulated to validate its operatio,/ | , ] EL=90 @ ScHz
and components were tuned to obtain ideal class-E way j RFC <500 rH>
forms. i
5) The transmission-line design was then convertedto ad . T . | |
tributed microstrip layout. l J_ EL=17 _L EL=17 L
6) A prototype circuit was built and tested. R SO Ohm
1) Design ConsiderationsAs a starting point, we consid- i N
ered the goal of designing a 1-GHz class-E amplifier delix == L] z0=32 =
ering 1 W into a 501 resistive load. It was assumed an FE1 z0= EL=90 @ 4cH=

0=33.5
. . . ‘o . EL=90 @ 2GH
would be used as the active switch, with an “on” resistance u. =

around 1¢2 ‘T’md a CapaCitanC_G_ of _a“?U’?d 2 pF. The efﬁden%fg. 4. Transmission-line topology (operating at 1 GHz).
of the practical class-E amplifier is limited by the “on” resis-

tance of the device implying that a high load-network resistangg 5 high-impedance line [10], and shunt capacitors by lower
R is required. On the other hand, a high valueRbimplies impedance open-circuit stubs.

a large supply voltage to achieve the desired output power [aSrhe glectrical parameters of the capacitive stubs can be
dictated by (1) and (2)]. Assuming an FET breakdown voltagg,qineered to provide simultaneously the correct reactance at

of, say, 15 V, the maximum supply voltage would be limited tg,¢ ,ndamental frequendfy; (for the impedance transformer),

15/3.56 = 4.2 V [from (7)]. In terms of the output poweF, 45 \yel| as provide enhanced suppression of harmonics reaching
and maximum switch voltag¥, ., the resistive componentyne |5ad by arranging the stub lengths to have low input

of the impedance of the load network is given [from (1), (2) anghnedance at selected harmonics (i.e., short circuiting the har-

(7)] by monic to ground). This is achieved by choosing the stub length
Rae V2 (V, max/3.56)2 such that its electrical length is exactly°9ét the particular
R= 17337 1.733‘:7]3 = 17337 . harmonic that one would like to suppress. The impedance

of the stub is then chosen to provide the desired capacitive
i § \ v “'> reactance at the fundamental. Fig. 4 shows our proposed
required. The inductive reactan&e= 11.5is chosen providing transmission-line topology (for the 1-GHz design example).
a load angle) = 49.0°. _ _ Each shunt capacitor has been replaced by two stubs, providing
The required switch shunt capacitance according to (3)fi§y harmonic suppression at four frequencies. The stubs were
C =1/(5.4466 Rw) = 2.92 pF. chosen to have an electrical length of @0 frequencie€,,
2) Initial Lumped-Element TopologyErom practical con- 3¢/ 4 £, and5f,. It is noted that the input impedance of a
siderations, it was concluded that a step down stage wowlgih which is a quarter-wavelength long at frequefigywill
be required for driving a 50 load. To achieve the requiredgisg have a low impedance at frequencfgél + 2k), where
transformation, as well as to provide satisfactory suppressipng g positive integer, i.e., at frequencif,, 5fz, 7fes . 1
of harmonics in the load, a two-stage cascaded low-paype  assuming the propagation velocity is frequency independent.
transformer was proposed. The circuit topology is shown ifype | lists the first three frequencies suppressed by each of
Fig. 3—actual component values are shown for an impedangg four harmonic stubs.
transformation from 5@ down to 1012 at the reference plane.  As can be seen in Table |, if four stubs that are a quarter-wave-
The first L-piece (3.54 pF and 3.96 nH) transforms from®0 |ength at each of the first four harmonics are used, suppres-
down to 222 and the second stage (7.91 pF and 1.77 nidjon at the fifth, eighth, ninth, and other higher harmonics will
transforms from 22 to 1@2. The additional inductive phaseg|sg pe achieved. The harmonic content of the switch voltage
angle is provided by adding additional series inductance.  gecays with increasing frequency, and it was found via sim-

3) Conversion of the Lumped-Element Circuit to a Transmigiation that actively suppressing the first five appeared suffi-
sion-Line Equivalent:The conversion of the lumped-element
circuit involved replacing the series inductances and shunt ca>The_equivalent inductance of a short transmission-line section is
. . . . . L = (ZoEL)/(f 360), whereZ, is the characteristic impedancg,is the
pacitances with equivalent transmission-line elements. The §ggency, andeT is the electrical length in degrees [10]. The equivalent
ries inductances can be realized by short sections (lest#n capacitance of a short open-circuit stuliis= (EL)/(Z, f 360).

To achieve a power output of 1 W, a value Bf= 10 Q2 is
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TABLE | EEsof - Touchstone - Thu Nov 14 05:35: 46 1991 - CLEB7 T
FIRST THREE FREQUENCIESSUPPRESSED BYEACH OF THE FOUR 0B 524
HARMONIC STUBS 9 o
10. 00
15% harmonic stub: | 2 fo| 6fo | 10fy
90d harmonic stub: 3fo | 9fo | 15f —\ il A A A /\
384 harmonic stub: | 4fo | 12fo | 20fo }‘ /\ / }6 -S\ / \ /I
4t harmonic stub: 5fo | 15f0 | 25fo \/ \ / \ / / ‘
. SNV
cient to keep all higher harmonics over 40 dB below the funda ¥
mental. In practice, additional suppression of other higher ha

monics (e.g., sixth and seventh) can easily be achieved by ii
cluding additional harmonic stubs in the design. It is noted the

the short-circuit harmonic stub topology also makes the ne!
work’s input impedanceat the harmonicsndependent of the _g g0 i
impedance of the actual “5Q* load. This could be advanta- 1,000 6.000 FREG-GHZ 1.0
geous when driving a load such as an antenna, which may op
be properly matched to 5Q at the fundamental.

4) Time-Domain Simulation and Tunindn order to in- EEsof - Touchstone - Thy Nov 14 05 5t 24 1991 — CLER7 T
vestigate the performance of the load network, the EESOF
suite of simulation and modeling tools was used. The load
network was programmed into thi®ucHSTONESimulator and
plots were obtained of the frequency response of the network

'& 5. Simulated., response of transmission-line load network (1-11 GHz).

p RElZ) o IMz]
SYN SV

100.0

from dc to 11 GHz. The impedance looking into thetype A

impedance transformer was trimmed to match that of the //

lumped-element topology (this was done by starting at the load J J J
end and adding components down the chain, trimming the char- , . F = a5

acteristic impedance of the capacitive stubs to achieve the same
impedance as the lumped model, and similarly trimming the
electrical length of the inductive pieces). The input impedance
was accurately adjusted tt0 + j0 €. An additional high
impedance length was then added to the input transmission line

to modify the load angle to 49nductive (excluding the switch 00 o' N |
capacitor), as required for idealized class-E operation. It is
noted that Raab’s analysis assumes infinite load impedanc%&}
the harmonics. For our network, this is not quite true and, thus,
some tuning of the load network would be required to achieve Efsof - Touchstone - Thu Nov 14 08: 4508 109t - CLEB7 T
zero switching voltage and slope. o el zt)

To check the harmonic suppression of the load network SN
the S-parametelSs; response was plotted over the 1-11-GHz weo ] ! l
range. Fig. 5 shows that deep nulls occur at the first five \
harmonics.

In order to verify the operation, SPICE was used to simu-
late the transient behavior of the load network. The switch wa:s
modeled as idealized switch with an “on” resistance 6f and {
a shunt capacitance of 2.92 pF. The dc supply voltage was si k
to 3.5 V, implying an output power (for an ideal switch) of Sy oy
P, = VI /(1.7337TR) = 0.71 W. After allowing the wave- Van \ /
forms to reach near steady state (about 200 cycles), the collect: / \ B ]] Xﬁ;‘\”r
voltage was monitored at the switching moment. It was found \B/{ v : lv i jﬂ\l\i
that typical class-E behavior did occur, although some tuningo .09 i ‘ | | | ]

. . . 0. 000 5. 000 FREG-GHZ 10. 00

the shunt capacitance and load angle was required to achieve

zero voltage and slope at the switching instant. It was foumdy. 7. Magnitude (calculated) of the inputimpedance of the transmission-line
that satisfactory operation could be achieved by increasing thed network.

switch capacitance to 3.1 pF and also extending the electrical

length of the inductive line at the network input (the load angkeen in Figs. 6 and 7. The switch voltage and current wave-
at the fundamental was increasedyto= 55.8°). Plots of the forms and switch capacitor current obtained (after tuning) are
tuned load network’s input impedance and magnitude can &leown in Fig. 8, as well as the voltage across the load resistor.

6. Real and imaginary components (calculated) of the impedance at the
t of the transmission-line load network (0—-6 GHz).

.
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EBsof = mSPICE - /1291 ° 2:53:45 - D:CLEBA S EEsof - miSPICE - 11/12/91 - 2:53:45 - D:CLEB18 S
vi6l vii] i i R s
16.08 T~ 1.008 16.09 1,088
Vs (sw1tch)\ —~ I (swi\tch) 7
T\ N 7\ 7 7
— / \ D 3 / A\ ! A
ST X )\ avea VAR D= |
AN Ll" N\ AR AN \/ N RN FANN
0.0000 L - ANV AV A 0.6080 0.0 i L N L N 86000
: ) NIV A\ N 3 N A N
KA e N :
AL Vd ~
: v, (load) 1. (capacitor)
-16.88 -1.000 -16.80 -1.000
2 .09008E a7 THE 2 .01008E-a7 2.P2008E-87 A TIME 2.0898%E-97 2.81818E-97
Fig. 8. Simulated waveformg: = 1.0 GHz. Fig. 10. Simulated waveformg: = 1.1 GHz.
ERsof — wiSPICE — 11/12/91 — 253145 — D:CLERIB.S as a function of drive frequency are shownin Fig. 11(a)—(c). The
ot oit] L0060 k) (et simulated efficiency at 1 GHz was 90%.
~ REAL ~ REAL ~ REAL ~ REAL 5) Microstrip Realization of Load NetworkHaving ob-
1.5 Lo tained promising results with the simulation, the load network
/\\ //\\ was converted to an equivalent microstrip implementation. The
— 3 o] f A printed circuit board (PCB) used was a low-loss RT Duroid
/X\ 7[\ \\ 7 /{\ )!\ J\ 7 RT5880, which has a relative dielectric constant of 2.2, a loss
\\ I\ Y N I\ Y tangent of 0.009 at 10 GHz, a dielectric thickness of 0.381 mm,
2.8000 < \\ - \\ ‘ \\ //>-v a8  and a copper thickness of 0.034 mm. The microstrip layout of
N X7 N N7 the load network is shown in Fig. 12. The series inductance
AL \\Jl' sections in Fig. 12 were implemented with 85sections
= (width ~0.44 mm, wavelength, ~ 224 mm at 1 GHz). The
capacitive stubs were implemented with broade€Bgections
1608 .00 (width ~2.14 mm, A, ~ 214.5 mm at 1 GHz) and 33.%

sections (width~2.01 mm, ), ~ 214.9 mm at 1 GHz). The
transmission-line loss was considered negligibly small; e.g., a
5-cm length of an 852 line has a loss of 0.09 dB or a fractional
power reduction of 2% for a forward-traveling wave at 1 GHz.
o ] ] ] With the aid of theToucHSTONE simulator, the physical
The finite 142 “on” resistance results in a small voltage rise (Se@ngths of the stubs were adjusted to have the correct electrical
waveform) during the “on” part of the cycle. lengths of 90 at the corresponding stub frequencigg,

One of our concerns was the degree of accuracy of tlg%’ 4f,, and 5fo. Plots of the frequency response of the

SPICE simulations—we tried to ensure ftrustworthy resuligyycrstonemicrostrip model closely approximated the ideal

sufficient time to reach steady state. We also checked that thex pcB was etched with the class-E load network and the

dc input powerVy.lq. balanced the power dissipated in thenpyt impedance and transmission loss,) were measured
circuit. One check we did involved setting the switch resistang¢@m 1 up to 11 GHz with an HP network analyzer. The response

to a negligibly low value of 0.001 (setting it to zero caused (Fig. 13) closely matched the desired response (compared to
numerical problems), retuning for zero switch voltage at swit g. 5) with deep nulls at the first five harmonics.

on, and then comparing the ratio of the power in the load to the

dc input power—an accurate simulation should yield a ratio

(or efficiency) close to one—after reducing the step size and IV. EXPERIMENTAL PROTOTYPING

allowing the circuit to reach “steady state,” the ratio reached

0.96. The same simulator parameters were then applied to thén order to test the proposed transmission-line topology, a

case of an “on” resistance of(1 and tuning was performed asmicrostrip amplifier operating at 1 GHz was constructed. For

described. comparison purposes, alumped-element amplifier was first con-
The circuit behavior with drive frequencies of 0.8, 0.9, 1.Xstructed and tested using the same active device used in the

and 1.2 GHz was also simulated. The time-domain waveformgaicrostrip design. The active device was a readily available

0.9 and 1.1 GHz are shown in Figs. 9 and 10. Plots of the powarantek ATF 8140 GaAs FET, the parameters of which are sum-

output, efficiency, and first harmonic level below fundamentaharized in Table II.

2.00000E-87 TIME 2.P1111E-87 2.822278-8¢

Fig. 9. Simulated waveformg: = 0.9 GHz.
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1.0
Capacitor
0.9 (DC block)
0.8
0.7 ¥ 7 Ouput power (simulation) j
2 o6 oA / Input
]
= 05 Y 50 Oh
\\ ms
£ 04 e Load
0.3 =
\ =
0.2
0.1
0.0
08 0.9 1 1.1 1.2
Frequency (MHz)
(@) Fig. 12. Microstrip realization of load network (scale not 1:1).
100 Efficiency (simuiation) CH1 Spi/M 109 MAG 10 d8/ REF 0 dB
95 ]
o0 s
¥ B\ |
= e o ) A
g B0 W
T W N
3] N "
B 70 \ /v\ / \\ /
65
e \ / |
55 A ¥
s — LA M V
0.8 0.9 1 1.1 1.2
Frequency (GHz)
(b)
0 .
_ First Harmonic level . . . ... .
[ relative to fundamental | i
3 (simu|aﬁon) """"""""""""""" START 4.000 000 000 GHz STOP 11.00C 000 000 GHz
L
é \ \ / Fig. 13. MeasuredSs,; response of actual microstrip load network
1-11 GHz).
£ N 4 ( )
< \\. TABLE I
v ________ AVANTEK ATF 8140 GaAs FET RRAMETERS
] 11 12 Breakdown voltage (data sheet) 15 Volts
Frequency (GH2) ) DC “on” resistance (measured) 0.8 Ohms
quency Drain-Source Capacitance 2.5 pF
(c) Gate Voltage for “off state” -6 Volts
“ 2
Fig. 11. Simulated: (a) output power, (b) efficiency, and (c) first harmonic Gate Yoltage for “on state 0 VOIt?
level. Input impedance (Vg = —4V) at 1GHz | 4.5 — 516 Q
Vee = +3.5 Volts
A. Prototype Lumped Amplifier At 900 MHz
Frequency RF Choke:
900 Mz 4.8pF 12.3nH
Before building the microstrip implementation, some experi 20 nH ATFE140 Il e
: : . 1nF 4 pF
menting was done with a lumped-element prototype (using tr_”"Tm_‘ ’ rpF A s0.0mm
ATF 8140 FET). The circuit is shown in Fig. 14. As with the 15 pF 1:20F
1-GHz microstrip design, the 5Q-load was transformed down 1

to 10Q2—although in the lumped circuit, this was done with a
single-stagd.-type transformer. The load network has a loades

..||_

RF Choke

Vgate = -4.4 Volts

Q of about five. The input impedance to the load network was

checked and tuned with a network analyzer to the desired val@ig. 14. Experimental 900-MHz lumped-element class-E amplifier.

The amplifier was then operated with sufficient input drive to

“switch” the FET, and tuned for maximum drain efficiency (this A maximum drain efficiency of 72% was achieved at
involved trimming both the 1.2-pF switch capacitance and tf80 MHz. It was found that the efficiency was sensitive to
load-angle 4.8-pF capacitance). The results are summarizedupply voltage—increasing the supply voltage to 4.0 V and
Table 111, dropped the drain efficiency to 60% . These figures were
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TABLE I
MEASURED PERFORMANCE OF THE900-MHz LUMPED-ELEMENT
AMPLIFIER—AFTER TUNING

DC Supply Voltage | 3.5 Volts
DC current 0.182 Amps
DC input power 0.637 Watts
AC output power 0.457 Watts
Drain efficiency 2%

Vgate

RFC
50 Ohms 74 deq. 50 Oh Fig. 16. Microstrip circuit layout, showing the input matching network on the
Input 3 pF 9. ms left-hand side and the load network on the right-hand side.

FET
| ATF 8140

16 deg, 50 Ohms

3 pF

=5y
Fig. 15. Tunable matching circuit. v l
somewhat disappointing, as it had been hoped to achiey T

efficiencies approaching the simulated value of around 90%

The difference may be due to a number of possible causes. L
our simulation, the switch was modeled as having a perfe(

50% duty cycle, with an “on” resistance of{L As it was not

possible to observe the waveforms on an oscilloscope, it cofiél 17 Prototype microstrip class-E amplifier.

not be verified that the FET was, in fact, switching as in our

simulation (this suggested that perhaps a faster FET should be TABLE IV

acquired for testing the distributed prototype). Another source ~ MEASURED PERFT(’;"‘(\;N;E OF THEMT'CROSTR'PAMPL'F'ER AT
of loss is radiation from the output network. ' #7BEFORETUNING

The above concerns were not investigated further (mainly DC Supply Voltage | 3.5 Volts
owing to time constraints) and it was decided to continue DC current 0.171 Amps
building the distributed microstrip prototype hoping for com- DC input power 0.600 Watts
parable or better performance. AC output power | 0.354 Watts

Drain efficiency 59 %

B. Prototype Distributed Microstrip Amplifier

A prototype microstrip amplifier was constructed on a test jig TABLE V
using the load network in Fig. 4 and corresponding microstrip ~ MEASURED PERF%RS"(/)'A,\N/@E i;liwﬁﬁszR'PAMPL'F'ER AT
realization in Fig. 12. An adjustable input matching network z

was designed to provide a match at the gate “pinchoff” voltage DC Supply Voltage | 3.53 Volts
of —4 V. The input matching network is shown in Fig. 15. The DC current 0.180 Amps
microstrip layout for the prototype jig is shown in Fig. 16. DC input power 0.635 Watts

The FET drain—source capacitance was approximately 2.5 pF, AC output power 0.458 Watts
which is 0.6 pF less than the required switch capacitance of Drain efficiency %

3.1 pF. The additional 0.6-pF capacitance of was made up of
two short capacitive stubs attached at the point where the FET
source connects to the load network (see Fig. 16). Increasing the “switch” shunt capacitance did not achieve

To avoid exceeding the breakdown voltage and possibly dauch improvement. It became clear that some mechanism of
stroying the FET, the test circuit was operated with a dc suppiyning the circuit (both load angle and switch capacitance) had
voltage of 3.5V, implying a peak switch voltage of 12.5 V [fronto be incorporated into the microstrip design. One possibility
(7)], which is below the breakdown voltage of 15 V. would be to provide a mechanism for adjusting the length of the

A photograph of the complete amplifier is shown in Fig. 17first inductive line at the input of the network.

Without any tuning of the output network, a drain efficiency In our experimental testing, we were able to obtain a drain ef-
of 59% was measured at 1 GHz. The parameters are giverfigiency of 72% by reducing the drive frequency to 950 MHz and
Table IV. by simultaneously bending the supply choke lead closer to the
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vde careful selection of a high-speed FET, and that the circuit be-

havior and efficiency could be better predicted via simulation if
a FET is used for which an accurate large-signal SPICE model
is available.

It would of value to build a lower frequency transmission-line
version to validate the simulations and design—perhaps oper-
ating below 100 MHz using a coaxial cable for the transmission
lines. This would have several advantages, including easy visu-
alization of the waveforms, easier tuning of the circuit, and the
availability of active devices that closely approximate an ideal
switch. We are currently constructing and testing a 10-MHz
Fig. 18. Transmission-line topology with choke replaced by inductiveoaxial line implementation, which we plan to report on in the
transmission-line feed. future.

Further investigation could include replacing the RF choke
ground plane. The measured parameters are given in TabléWth a transmission-line section, as proposed in Section V, as
The results are similar to those obtained with the 900-MH¥ell as investigating ways of achieving a flatter frequency re-
lumped prototype. sponse.

Z0=33.5
EL=90 @ 3GH=z

Zo=32
EL=90 @ SGHz

Z0=8%
EL=17 i nF

Z0=8%
EL=3S

Rload
SQ Ohm

20=32 =
EL=90 @ 4GHz

Z20=33.5S
EL=90 @ 2GHz
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