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ABSTRACT

The class E switching mode rf power amplifier has
many advantages over opreveously devaloped power
amplifiers. This +thesis discusses <he principles of
operation, description, dsvelopment, and performance

of th= amplifiar along with laboratory test rasults.
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The term 'Power Amplifisr' is used *to refer to a circuit
which produces a power output which is a significant part of
its power input. A given dsvice or combination of devicess
may often be used in a variety of ways to amplify a signal.
The Jifferent mod2s of op=ration, or classes, can be definad
in *erms of how the devices are used. Class=ss A, B, and C
refer to classical current source amplifiers. Class D and
the relatively new <class E are used to describa sp=cific

modes of high efficiency aaplification.

In a high-efficiency power amplifier, increasss of
efficisncy which at first nigh* apoear to be minor «can be
very important, e.g., increasing collector efficiency from
80% *o 90% halves “*he collactor power dissipation (rsduction
from 20% of the input power to 10%). That allows doubling
the power output or halving the number of output davicas and
reducing the heat sink volume and weight. The racant large
increases of energy cost provide <Zfuther incentiva for
reducing power losses in aigh-power fixed installations, and
conservation of battery or generator powar can be important

for portable or remot=2 =2quipment.

Th2 major power loss is usually power dissipated in the
output active device. To minimiz= that dissipation one
attempts to ainimize; 1) th2 voltage across the devics when
currant flows *hrough it, 2) <he curren® throuch the device
when voltage exist across 1it, 3) <the duration of any
unavoidaole condition in which appreciable currten:t and

voltage =xist simultaneously.
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The following study consist of +hree sections which
discuss how successful +he different classes of power
amplifiars are at accompolishing the formentioned
mirimization, with a focus on the class E switcning mode rf

power amplifier.

The first section 1is a review c¢f <classical curreat
source amplifiers and introducss the switching nmcde
amplifiers. In this section <the collector efficiency of

each amplifier is discussed and compared.

The second section is on the <class F switching mode
amplifier and discusses its principlzss of operation, circuit
description, and the method for developing +the circuit

element values. The results of labora%ory tests ar= also in

this saction as are som2 comments on recar+ly devaloped VMOS

devices which may hava imvact on switching mode amplifiers.

The last section consist of a brief summary of the

characters*ic advantages of *the class F amplifier as well as

concluding comments.




A. CURRENT SOURCE AMPLIFIERS

In the class A amplifier the transistor curr=ant
source 1is biased so that it conducts at all times. This

bias curren*, which is modulated by <the input signal, flowvs

D

through the load impedance giving rise *o an output vol*ag
cla

which is proportional *o *he input. Figure 1 shows a 1

n
0n

A amplifier and fig. 2 shows the thecrstical limiting case
of maximum output. In order to approach this condition in
practice the saturation resistance, Ps, of *the transistor
must bs very small to make the <collactor voltage, Vg,

aoproach zero while full peak current is flowing through it.

The maximum possible collector efficiency for a

class A amplifier may be computsd Lty solving for th=2 average

power dissipated in the transistor (Pd). For a sincewave
input
T
1
Pd = cmm— VC 1C dt (1)
T
T
1 2w 2w
Pd = == V(1=SINe=——t)I(14SIN t)dt
T T
0
10




T
VI 2w
PA = wmwe)  (1=SINC cmmmt)dt
T Ut
0
T
VI 1 1 4w
by 2 2 'L
0
VI 1 Oy L T
Pd = t + SIN 17
T 2 8m T 0
VI
Pd = =,
2

Since the dc collector inpu* power is VccI, the2 w@maximuam
theoretical ccllector efficiency is 50% for the pure class A
£

amplifier. 1In practice *the overall =fficiency is less than

50%.
Tuned circuits ar2 not nacessary for class A
operation, and the amplifier 1is therefore cacable of

wideband (audioc) amplification. The =2fficiency depends on
v

the waveform being amplifi=d. If a squacs wave is amplifiad
(and the load is resistive) +he officiency can aporoach
100%. However, <*his is not true for most wavaforms, and
becaus2 of i%<s inefficisncy , class A is ag=nerally only usad

for low power amplifiers.

18]
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Figure 1 - CLASS A 3F POWER AMPLIFIER.
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Figure 2 - THE THEORETICAL LIMITING CASE OF MAXIMUM OUTPUT
FOR THE CLASS A RF AMPLIFIER.
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Class B operation makes possiblz linear amplification with
improved efficiency. Both single-end2d <“uned versions and

push-pull broad band versions ars possible.

In class B operation, the <+ransistor acts as a
current source half of the time. The current is zero whan
the collector voltage is the highast, which contributss to
the higher efficiency. In the push-pull configuration, one
transistor or the other is lways on, creating the
equivalent of a continuous current source and therzfore

making wideband amplification possible.

The col lector current in the single-eniad
configuretion 1is a half sinswave. Figure 3 shows the
theoretical wmaximum output condition for the class R cf

power amplifier. The parzllel resonant tuned circuit has a

5 0
o P

low impedance to harmonics, and passes <them to ground.
ince almost no hacmonic voltage is gen=rated, th2 collector
lesad will supply a good sinusonidal output voltag= proviiad

“he Q of *the circuit is reasonably high, Q=10.

=]
{

in the case of the class A anmplifier the
c

’.—l
w
Ui
n
< w

o}
rh

2 O o
L]

c
amplifiers maximum collector efficiency may be calculacted
computing +the averaqge powsr dissipa“=2d in the *ransisto

“he limi“<ing cas2 of zero saturation voltage occuring at ¢

instant of peak collector current flow. From =quation 1

3k
1
Pd = = Ve lc dt
i
0
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Figure 3 - TEE THEORETICAL LIMITING CASE OF MAXIMNUM OUTPUT
FOR THE CLASS B RF AMPLIFIER.

15




It is necessary to establish the peak currznt Ip

flowing through the transistor as a function of the

average

dc current supplied to the collector circuit in order to

evaluate the theoretical maximum collector efficiency.

is easy to do since the collector current flows

sinusoidal pulses as shown in fig. 3.

1
T

0
T/2
1 2w
T T
0
Ip T 2% T/2
I = - cos t
T 2n T 0
Ip = Wl

Now =he expression for Pd may be 2valuatad.

T/2
1 2T 27
Pd = = V(l-SIN——-t) XL SNt 4t
T T T
0
T/2
VI 2W 1 1 L )
Pd = ) 1), [y + cos t]dt
T T 2 2 T
0
VI T 2m 1 1 Lr
Pd = - cos £ t + SIN
T 2T T 2 8T T

T VI T T T
Fd = + -
2T 27T L

16
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1 1
PAd = WVI|=— = =
4

Pd=VIl—-1-:—- (2)

Since th= dc input power “o the collector circuit is VecI,

the power available at the load is T VccI as avident from

23

equatiorn 2. The efficiency attained in practice is much
lower +han this value due to finite transistcr on

resistance.

Anplification of differsnt waveforms rasu
different efficiencies. If the 1load of a push-pull c
amplifier is a pair of diodes or transistor bases, 2 s
wav2 collecter voltag=2 will result, and the efficiency
approach 100% with the optimum trarsformer. The output do=s
not d=pend on the collector supply vol*age as long as the
amplifier is not saturateagd. Variations of the supply
voltag2 do nct modulate the output, altaough they do change

efficiancy.

The tuned class B power amplifier affords the
highes= cverall efficiency of the 1linear class of
arplifiers., It is used in the high 1level stages c¢f rf
transmitters where —reasonable linearity and =friciency are

Ererequisitea.

Class C operation is siamular to single-ended class B

17




operation. The difference is that the transistor is tiased
to operate as a current source less than half cf +he tina.
The result is that th2 collector current flows near the
minimum ccllector voltage, rasul+ting in a higher =2fficiency.
However, <he input-output characterstics are no longer
linear.

Figure 4 shows the <collector voltage and current
waveforms of a pulse 2xcited class C amplifier. To find an

expression for collector 2fficisncy, squation 1 is applied

tl/z
1 27
Pd = V - (V= Vs)COS—t | Ip dt
T T
-t1/2 2
ip T 2T t1/2
PA = e | Vt = = (V = Vs)SIN t
T 2w T -ty /2
Ip T w1
Pd = ——=| Vt] = =—(V = Vs)SIN
;- ™ T

Vs is defired as the saturation voltage of the transistor

with Ip flowing thrcugh it. Since the saturation resistance

=

s dependent on voltage, currsnt,
1llo

V. Z i
(Rs=3?—) cf the transistor

and *emperature, +he £

o
=

ing 2quations are <close
approximations.

Appling =2quation 2 results in
t1/2
1 t
x
-t1/2




Solving for Ip and substituting into the expression for P4

yields
iy ey
Pd = I |V = —=——(V = Vs)SIN
wey
T Vs wEy
Pd = VI |1 - (1 - )SIN (3)
ey \' 3y
Thus the <collector =efficiency is dependent upon the

conducticn angle and *the ratio of the saturation vol+tage to

the dc surply voltage.

Since the saturation voltage Vs is depandent to a {
firs+ approximation linearly on the collsc*or peak currcant
Ifp, 2gquation 2 ray be written
T RsIp Tty
eff, = wom(l = )SIN
mey v 3t
Por any given transistor PBs 1is fixed and +*ha <collectsr
curraent Ip is limited.

The practical zfficiency o©of a class C «rf power
amplifier 1is significantly higher than 2ven the theoratical

maximum sfficiency of a class B rf power amplifier.

19
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Pigure 4 -~ CLASS C RF POWER AMPLIFIER COLLECTOR VOLTAGE AND
CURRENT VS TIME.
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In designing a tuned class c o5 pow=ar
amplifier,|1(-(8{, the output active device is assumed to be
a high-ippedance current source. Its output currsnt is
determin=d primarily by th2 input drive and is substan=ially
independant of the output voltage which results €from the
flow of that current in the load network. The load network
is designed so that its volrags response to the periodic
current pulses is a sinusoid at the output fraguency. The
propsrties of this dJdesign are that the minimum collec*or
voltage cccurs across the currant source at the time of the
current pulse and, at this minimum, the voltage is not less
than a cartain minimum permissible vol*aje determinad by the
characterstics of the active device and reguired for the
device to furnction as a current source as assumed. This
vcltag=2 prevents "saturation™ of the transis+or which woiuld

invalidate the design assumption.

Harmonic resonators can be added to the 1023 natwork
to improve the trade-off beotween afficiency and conduction
angle. This provides approximataly a flat-bottom=4 voltage
waveform when the network is driven py <the pulsad current
source, extending the duration of +th=2 low-voltage condition
and permitting a wider current pulse without s=v2r2 loss of
efficiency, |9|-}111). This circuit also requires a minimam

voltage across the current source davice,

All current sourc=2 amplifisrs dissipate substantia
power in the active device because “he voltage across +ha
device during the currant ©pulse mnust be larger than *h
minimum permissible vwvalu=. Obtaining hign efficiency
reguires that the current pulse amplitude and ths load

12twork be adjusted carefully to obtain aa ac outpuc voltage




amplitude which 1is large enough *o bring the active device
voltage as close to zero as allowable Juring the current
pulse, but not so large as to cause the desvice voltage o
become less than the minimum permissable voltage tharsby
causing the device to be no longer a high-impedanc= current

source and invalidate design assumptions.

B. SWITCHING AMPLIFIERS

A class D rf power amplifier,|{12{-]15|, employs a
palr of tramnsistors which are driven £o act as a two
position switch and a *uned circui*+ or bandpass filter. The
switch 1s always in one position or the other, and hence

determines either a voltags or current wavarorm.

ure 5 1is the complimentary configuration of a
class D amplifier. The input of the tuned circuit is
alternatsly cornected +o Vcc and ground, and has a square
veltage waveform. The series-tuned circuit has =Sale}
impedanc=2 to the fundam=2ntal switching freguency, allowing
the fundamental freguency componant of the sguars wave o
appear on the 1load. The current generated is sinusoidal,
and alternate half cycles ftlow througn alternazz
transistors. When current is flowing in a given transistor,
the voltage across it 1is (ideally) <z=ro, making an
efficiency of 100% (ideally) possible. The high impedance
£ the serias-tuner circuit at harmonic frequencias prevants

e
harmonic current and power from being generated.

A variation of the class D amplifier is ths currant

switching configuration (£fig.6). The rf choks £forces an

PN Aoalbi mmJ

22




essentially constant input current. The +transistors are
driven on and off alternately, as before. Since one or the
other conducts all of the dc input current , the collector
currents are square wavas. The parallel-tuned output
circuit bypasses the harmonics contained in the sguars wavs,
allowing only the fundamental frequency component to reach
the load. The parallel-tuned <circuit forces the output
voltage, and hence the voltage on the “ransformer primary,
to be sinusoidal. When one of the transistors is on, its
collector voltage 1is zero, so the collector voltage of the
o her transistor must be sinusoidal. The result 1is a
c¢ lector voltage which is half a sinusoid. Dc balance
requires that the peak collector voltage he Vcc. Alzhough
voltage Ftalance determines thes power output, this amplifi=r
is 1like a curren* sourc=2, and therefore requires a
parallel-tuned circuit or a bandpass filtsr which has a low

impedanc= to th= harmoric frequencias.

While 100% <efficiency 1is theoretically possible,
real devices have non-zero saturation voltags= and
non-instantan=ous switching times. Bipolar transistors are
characterized by a nearly constant sacturation voltage which
is equivalent to an unwanted drop in the supplv voltaga.
FET's ars characterized bPpy a nearly constant saturation
resistance which 1s equivalan* to an anwanted addition to
“he load resistance. The decreas2 1in efficiency which
results is simply proportional to the ratic of saturation
voltage to supply voltage or saturation resistancs *o 1oad
resistance. This same loss of efficiency was also observed

in class B amplifiers.

23




Figure 5 = COMPLIMENTARY CLASS D RF POWER ANMPLIFIER.
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Figure 6 - CURRENT SWITCHING CLASS D RF FOWER AMPLIFIER,
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Collector modulation of a class D amplifisr is vary
linear, |16|. There is no saturation angle which can vary,
as in the <class C amplifier. There are two sources of
ncn-linearity which occur at n=ar-zsro collector voltage.
One 1is due *o the Jeterioration of the constant sa*uration
voltage characterstic as Vcc approaches Vsat. The othar is
drive feedthrough from Cob. W#hil= the saturation voltage
merely tends to make a slightly non-linear transfer curve,
the drive feedthrough sets a 1lower limit on the output.
Both effects are generally small. Efficiency also decr=as=s
as the collector voltage is resduced, but remains higher than

that of a class B or C amplifier with reduced output.

The <c¢lass D amplifisrs are =2fficient, but suffar
from the possibility of both transistors conducting
simul<zaneously or be2ing off simultaneously during +he

switching transient, leading to loss of efficisncy at high
frequencies and to +the possibility of transis*or destruc“ion

by second breakdown, |[12].

digh efficiency can be achieved by using the active
device as an on/off switc inste2ad of a high-imp=asdance
current Source. Tha increased efficiency results <from
reducing +*he voltage which <exist across the device while

current 1s flowing through el While a practical
active-dsvice current source requires at lzast a ca3rtain
minimum permissible voltage across itself, an active davice
switch may be operated at a2 much smaller "on" voltags.
Table I shows the fundamen+tal 1iff=r=nc2s between the us2 of

A current source +*o drive a load network and ¢he us=a of

o W

switcn to drive a differently design=d load n=twork to b

described in the following sactior.
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A. PRINCIPLES OF OPERATION

Ffigure 7 is a block diagram of a single-esnded swi*ching
mode amplifier. The active d=2vice ou*tput is representad as
a nonideal single~-pole single-throw switch; the Yon*
r=sistarce may be non-zero, the foff! resistance may be

non-infinite, and the turnon and turnoff switching *ims nmay
i

be non-2zero. As the switch is operata2d at the desirad ac
output frequency, dc energy from the powar supply 1is
converted +tc¢ ac energy at the switching fregusncy (and

harmorics thereof). To obtain maximum fundamental-fregusancy
output, tre switch du+y ratio is made approximat=ly 50%,
(18) . The locad network may include 3 1lowpass or Ytaadpass
filter tc suppress harmonics of the switching freguency at
the load, and may ¢transfora th=s 1load impedance and/or

accomodate lcad reactance.

Figure 8 shows the desired wavaforms of voltag=2 across
the switch and curr=ent through the switca, in a circuit of
the fig. 7 class arranged for maximum power 2£fficiency. The
fcllowing <conditions ar= met by those waveforms: 1) the
voltage across the switch when current flows through it is
very low; 2) the current through *th2 switch when vol%taje is
across i+ is zero; 3) the switching time of the switch |is
minimized. These three conditions ars accompolishkad by
proper choice of the switching Jdevice and +the excitation

citeuit.




Excitation Active Load
o ; circuit N device k network Load
switch

]

+

el

Figure 7 - BLOCK DIAGRAM OF A SINGLE-ENDED SWITCEING -
MODE AMPLIFIER.
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Pigure 8 - OPTIMUM WAVEFORMS IN CIRCUIT OF FIG. 7 ARRANGED
FOR MAXIMUM POWER EFFICIENCY.
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The 1load network is arranged to have the input-port

transient respons2 described in conditions 4) through 6).

Condition 8) Voltage delay at switch turnoff; in the
time 1interval during which the switch makes its transition
frcm the 'on' state to the 'off' state, the voltage across
the switch remains 1low for a time long enough that che
current through the switch has by +then been  reduced
substan*ially to =zero. Then the voltage increases. This
assures that high voltage does not exist across the switch
whils current through it is ron-zero, avoiding the =neray
loss which would have existed if <+he voltage had beaen
allowed to start to incr=ase berfore the current d=creasa2 *to

zero had beenp substantially completed.

Condition 5) Voltags re*urn to zero at switch turnon;
during the switch 'off' state, the load network input~port
transiant response carries +the voltage across the switch

up

s, and then downwards toward zero, this voltage
¢ just prior to the start of the switch 'on!
aviods the energy lissipation which would have
cccured if the switch current had begun flowing while the
voltage across tha switch was still high, and had “hercaftar
discharged tc ground, through the switch, the capacitance at
the load networkx input port. This ~capacitance 1incluiss
intrinsic switch capacitance ard circuit+ stray capaci*ance,
as well as any capacitor ourposely designed to be parct »of
the +tunsd circuit. Each <time a capacitance C, initially
charged tc a voltage V, is discharged by a switch, an =nergy
cvz-/z will be dissipatad. This causes a power loss of

cvlf/z, reducing ~fficiency.

Condition 6) Z2ro wvoltage slope at switch turnon; whan
t response recaches 2zaro voltaje
so with approximatzsly slope

s 2L o
(dv/dt=0) . This permits slight mistuning of +the amplifiar

3




without severe 1loss of efriciency because thers is a +*inme
interval during which the switch turnon can occur while
still substantially m2eting +the condition of v=0.
Moderately slow turnon of the switch does not <causs the
switch to experience high power dissipation during turnon
because the voltage across the switch 1s not increasing
rapidly during the time that the switch is turning on.

The conditions v=0 and dv/dt=0 at the =nd of the ‘'orff'
state 1imply that the current at the start of the 'on' state
will be zero, and that during *he ‘'on!' stats <+hs switch
current can gradually incr=ase from z=ro. Because of *he
limited di/dt capabilities of real active-device swi=zches,
this zero starting <current 1is desirable becaus= i%t helos
minimize switch turnon time and further minimize dissipation

during the turnon transiant.

The waveforms of fig. 8 can only b= accompolished by

appropriate design o0f 3 non-resistiva 1cad natwork, and

results in a considerable 1increase in

@

fficiency if the
transiticn time of the switch is an aporaciatle fraction of

a half-cycle of the ac wavefornm.

B, CIRCUIT DESCRIPTION

The preveous principles will now be ijllustrated by *he
t shown 4in £ig. 9. This e¢circuit was orginally
d and analyzed by FEwing |17| in 1964 for his Ph.D.
t Oregon State University. This circuit was also
ed and published by Sokal (13| ia 1975 (althouah Sokal
€sent a preliminary version at <the 1972 IEEE

ticnal Syrposium on Circuit Theory in Los Angel=s).

L1 is a high-reactance Vcc shunt-fed <tf choke, large

w
~N
i 4

4-lewhun-“




enough to act as a source of constant current. The sum of

its shunt capacitance, the +transistor output capacitancs,
and wiring capacitanc2 1is absorbed into C1. R may be the
actual load, or may be the input-port resistance of a low
pass filter inserted between the C2-L2 branch and the load

to suppress harmonics of the switching frequency.

In +the «class E amplifier circuit the collector voltage
is at Vce(sat) while <the transistor is on, satisfying
condition 1 of the preveous discussion. When *h2 transistor
is switched off, the load network transisnt response is the
response of a damped second order system, the s2aries
connection of L2, R, and €1c2/€1+c2, starting with some
initial condition. Scme of the energy stored in C1 C2 and
L2 is delivered to R during the ringing transient.

C1 insures that 1in the time in%*erval during which the
transistor is being turned off, Vce remains relatively 1low

h

until after the <collector currant as reduced to z=ro,

approximating the delay of voltage rise shown in fig. 3 and
discussed preveously as condition 4. High Vce does not
occur until after Ic has been cut off at low voltage and the
base has become reverse bias=<d. Thus the BVcev rating
apglies to the 'off' condition, rather than the low2r BVc=o

or BVcer ratings. This allows using a higher value of Vcc,

thereby ottaining higher power output and higher efficiency.

B N
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FPigure 9 - CIRCUIT DIAGRAM OF THE CLASS E RF POWER
AMPLIFIER.
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The waveforms of fig. 10 show cthe three typ=s of
transient responses for three different values of damping
corresponding to three diffarent values of 1load network Q
(Ql). - The Q1 to 1low case 1is shown in fig. 10 (a), *he
voltage across C1 never r=turns to 2zero, causing unw+anted
power dissipation. The Q1 to high case is shown in fig. 10
(b), Vce swings below zero placing +*he transistor 1in the
inverted mode. This c¢an cause unwanted power dissipation
and/or transistor damage. The Ql correct cas2 is shown 1in
fig. 10 (c), the peak negative-going Vce Jjust r=zachss
Vce (sat) (=0). The correct damping also gives zero slcpe to
the Vce waveform as it rsaches the zero value at the =nd of

the Yoff' half-cycle.

C. DEVELCPMENT OF CIRCUIT ELEMENT VALUES

The element values for the class T rf power amplifi=sr of
fig. 9 are obtained by choosing the three wvariables C1, C2,
and L2 to me et Simultaneously the three following
mathematical conditions, {17(-}18}.

Condition 1: Vce=0 at t=(1-4) (1/£) after switch turnoff
time, where f is th=2 opera2ting fresgusncy and 4 is the switch

duty ratic, here takan as 50%.

n
=
)4
ot
Q
b

Condition 2: dvVce/dt=0 at t=(1-4d) (1/f) after

turnocff time.

Condition 3: Q1 is any chosen valus.




(a) Q1 to low. (b) Q1 to nigh.

Figure 10 =~

(¢c) Q) correct.

TRANSIENT RESPFONSES FCR THREE DIFFERENT VALUES
OF LOADED Q. Upper trace is collector current

and lower trace is collector voltage. Scale
settings: Ic .5 a/div.: Vc 10 v/div.;
horizontal, .25 usec./div.
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A specific C1/C2 ratio makes that <chosen Q1 provides +the
proper damping shown in the 'Ql correct' curve of fig. 10,
yielding the =zero-slope zero-value Vce at turnon +time.
Equations will now be given for the element values of the
circuit irn fig. 9. The eguations have been derived by Ewing

117| and are for a 50% duty ratio.

The values of R and Vcc are constrained by the
requirement to deliver a specified power output *to the load
frocm the Vcc power supply; specifving either on=2 dictatss
the other. For highest efficiency, the highest possible Vcc
should be used, within the Vce limitation of th2 transistor.

The valu= of R is found as

2
(Vee - Vce(sat))
R = LI

B

(Vece - Vee(sat))?
R = .577

B

Inpedance transformation can be used if the load resis*ance
is not egual to- this wvalue of B. The desired Q1 may be
chosen freely, according *o tha design coapromise to
between efficisncy and harmonic <content of the powar
delivered to the 1load , |18f. Then

L = Qy R/2WT

To satisify the conditions Vc2=0 and dVce/d*=0 at t=0.5/f

after switch turnoff, givan the chosen Q1
14 [

2
aw T
C; = 1/2TfR (— #1)(—)
4 2
Cp = 1/2WR (5.447)

S




and

1 1.42
C1 = 1 +
(2Tr)2 Lo Qy - 2.08
50“7 1.“2
Cy = C 1 + ——
Ql Ql L_j 2008

Note that L2 is no*t resonant at f with C1 or with the seri=s
ccmbinaticn of C1 and C2. Load «reactance (1f any) is
accommodated ty absorbing it into C2 and L2: *the inductance
of L2 1is decr=ased if the 1load series reactance is
inductive, the capacitance of C2 is incresased if the 1load
reactance is capacitive, or both are done if +<h= load is a

cembinaticn :f inductance and capacitance.

D. LABCRATORY RESULTS

The class E rf power amplifier of +the type in fig. 9 was
built and tested under laboratory conditions. The circuit
mecdel with its component values are shown in fig. 11. These
ccmponant values were obtained from the design wmethod
preveously discussed. Figure 12 shows an oscillogram takan
from a Taktronix type U422 oscilloscope equipped with a dual
trace feature having 10 megohm-10 picofarad probes. The
peak load voltage V1 is found to be 11.5 volts. The peak
collector voltage across Q1 is 42 volts which is belcw the

BVce of atout 60 volts. The measured dc curcen* wi=h 12

volts Vcc was 150 milliamperss, giving the total dc input
power of 1.8 watts. The power dissipated ir the rf choke is

given by 2
Prfc = («15)° (5.5) = ,124 watts
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s

Vce
RFC
AL

Q = 2N3118
Ly =
C1 = 1300 picofarad
Cz2 = 2200 picofarad
Ry = 42 ohms
f = 500 khz.
Vee = 12 volts
RFC =

Figure 11 - MODEL

M
/
A

92 - 187 microhenry: .3 ohm

CLASS E

SWITCHING MODE RF AMFLIFIER.
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3 millihenry;

5.5 ohm




Figure 12 - LOAD AND COLLECTOR VOLTAGE OF THE CLASS E RF
POWER AMPLIFIER. Sinusoid is output voltage.
Scale settings: Vc 10 v/div.; Vo 5 v/div.
Horizontal .5 usec./div.
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Therefore, the actual input power to the «collector circuit

is 1.676 watts. The peak load current Il is

11.5
Il:_

L2

= ,274 amperes

The ac power delivered to th= load Pl is

b4 B 5] (11.5)(.274)

2 2
Neglecting the power 1ost in the distributed resistancs if
inductor L2 a2nd the capacitors C1, and C2, the «collector
efficiancy of tha amplifisc is calculated 0 Dbe
approximately

1576

eff, = ———— = ,94 or 9u%
1.676

Yow apprcximat=ly 3% of the collector power is ahsortsad in

L2, C1, and C2. Ther=for=s the collector efficiency of the
1

tuned class = amp described is approximately 373,

To 1increase overall =stage =2fficiency 2 high input

Por the amplifia=r

®

g

P

dancs
oe

exciter circui+t should be used.
cxcited by a sinusoidal 1

1
to ut voltage, which is the
X

most =asily obtained waverform, th &
FET with nhigh transconiuctanc= and have
P ced drain curreat

r device should be

-
> g

G

an =nhancement mode

output characterstics giving a s

) d
waveforn for about 180 degrees of th2 input signal cycla.
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tuning Effects

lts)

Tabl2 II shows how +*he collector efficiency is
affected ty varying the input excitation frequency of ++he
circuit in fig. 11. The dc supply voltage was held at 12

volts as tefore along with all circuit parametsrs.

The input excitation freguency can vary from
approximately -8% to +12% of the tun2d freguency without the
ccllector efficiency dropping b2low $0%. As the frequency
is decreased below -8% the efficiency drops offi rapidly,
this not true with an increase of fregquency above +12%, in

which case the collector efficizrcy drops rather slowly.

Table II also shows tha* tuning the amplifi=r for
maximum power output does not corressond to the condition of
maximum efficiancy. Ths maximum power ou*t occurs whsn the
excitaticn freguency is approximately 6% to 7% below the
tuned frequency. The collector efficiency under this

condition is still above 30%.

As was pravsously mentioned tha output of <+he
anglifier may 39 to a coupling network prior to the load.

This network is to match *he2 output impedance of tha circuit
u

to the 1load and also act as a lowpass filter to reduce the
harmonic content of the output signal. The specific 1load
coupling network desiagn considerations are givsn in

rzference |20].

A pi-coupling network was used in the mod2l circui

i
It was adjusted to match tha output impedance to a 52 ohnm




lcad. This particular coupling network has the advantage of
better harmcnic suppression characterstics dus to the
shunt-capacitive arms. The design procedures for this type
of impedance transforming network are found in referance
|21]. Essentially this network is considered as *wo back *o
back L-networks and after calculating ths input and output
L-sections the series elements are combinsd to form the

pi-network.

Figure 13 shows +he output and collector voltage
waveforms, with and without +the pi-network. Ths output
using the gfi-network 1is shifted some in chase but is a

better sinuscid and the haraonic content is reduced.
E. RZCENT DEVELOEMENTS

Until 1976, wh2never an application requir=4 a high
voltags, high current, active dav a

was a bipolar device. R=cently a naw processing t2chnolog
has resul*ed in the development o©of vertically struc:urei,

field effect power devices in which the main current flow
P !

occurs in a vertical direction. Several ower 0s
structures are under development but so far only one such
structur=s is commercially available. These devices can

handle 1p to 25 watts and switch currents up to 2 amp=ares.
They are aveilable with typical 'on' rasistances b=twesn 1.

4
and 2.4 ohms and breakdown voltag=s ratings between 35 and 90

volts, {(2z|=123]}.




e P R,

(a) Without pi-network.

(b) With pi-network.

Figure 13 - OUTPUT AND COLLECTCR VOLTAGE WAVEFORMS WITH
AND WITHOUT PI-NETWORK. Sinusoild is output
voltage, Scale settings: Ve 10 v/div. : Vo
5 v/div, Horizontal .5 usec./div.
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Some of the characterstics of the VMO0S devica which are
improvements over the bipolar device are: 1) Higher input
impedances over th2 entire frequency range; 2) Lowsasr drive
currents; 3) Switching speed is only limited by associat=zd
circuit capacitance. VMP-1 can switch 1 amper2 1into a 50
ohm load in 4 nanos=aconds.; 4) VMOS does not suffer from
thermal runaway; 5) VMOS is free from s=condary breakdown;
6) Large values of current gain.

The device also has an unwanted characterstic, its

an
saturation voltage 1is fairly higi (3bout 10 volts is

o]

n
required at the gate for maximum drain currcent). Howevar
F

the low current drive raguiremen*ts offset this Jdisadvantage.

Twc factors point to the suitability of VMOS devices for
amplifiers. First, +the high constant transconductance
exhibited £for drain currents abcva approximately 400
milliamperes indicates a poten*ially mors linear performance
than can te achieved by a bipolar device. Second, the f£fast
switching speed <capability indicata2s aa excellent high
frequancy characterstic. These two factors as well as the
capability to operate in the pulsed mode indicat=s *hat this
davice shculd find excellent application in high =ffici=ancy

switching mode amplifiers.

e e




FREQ. LOAD POWER % DETUNED COLLECTOR EFFICIENCY
KHz, WATTS

600 0.491 20 83.3
590 0.534 18 85.8
580 0.600 16 86.6
570 0.652 14 87.9
560 0.743 12 90,1
550 0.810 10 91.9
545 0.860 9 92 .0
540 0.912 8 2.6
535 0.964 7 91.8
530 1.074 6 93.4
525 1.132 5 92.5
520 1.191 - 92,7
515 1.288 % 94.0
510 1.376 2 G4.5
505 1.441 1 95.0
Lgs 1.602 -1 93.6
485 1.734 -3 92.7
480 1.772 -4 92.9
470 1.831 -6 G1.8
465 1.854 -7 90.8
L60 1881 -8 €8.5
455 1.801 -9 85.0
430 1.772 -10 84,3
Lyo 1.714 -12 80.9
430 1.658 -14 78.0
420 1.575 -16 74.3

Table II - DETUNING EFFECTS ON COLLECTOR EFFICIENCY.




The class E switching mode rf power amplifier has many
advantages over preveously developed amplifiers, *h= most
outstanding teing the high overall efficiency obtain=sd with
a collector current conductior angle of 180 degrees. Othar
advantages are: 1) Low stress on the power cutput
transistors, therefore high reliability and low maintenance
ragquirerents; 2) Because of the high efficiency, small size
and light weight of batteriss and heat sinks in portable
ipment and low power consumption £ high power (fixed

iu or
equipment; 3) Explicit 'a priori' designability.

The development of the c¢lass E amplifisr, with the
advent of VMOS technology, should move the power amplifiar
frcm the black box at the =2nd of the block diagram +to a
circuit which will parmeate through th2 2ntire design of the

2quipment.
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