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I. I N T R O D t 1 C T I O N

The term ‘Power Ampl ifier ’ is used to refer to a circuit

which produces a power outpu t which is a significant part of

its powe r input. A giver, device or combination of devices

m a y  o f t e n  b e used in a v a r i e t y  of w a y s  to  a m p l i f y  a s i g na l .
The different modes of operation , or classes, can be d e f i n e d
in terms of how the devices are used. Classes A , B , and  C
r e f e r  to classical current source amplifiers. Class U and

the relatively new class E are used to describe specific

modes of high efficiency a .mplification.

In a h.igh—efficiencv pow~: a m p l i f i e r , i nc reases  of
efficiency which at first ~ight appea r  t o  be m i n o r  can be
ver y i mp o r t a n t , e. g . ,  ir~~reasing collector efficiency from

80% to 93~ h a lves the collec t or power  d i s s ipa tion ( r e d uct io n

f r o m  20’~ of the inpu t power to 10~~) . That allows doubling

t h e  powe r o u tp u t  o r  h a l v i n . ; the number of Jutput devices and

reducing the heat sink volum e and weight. The recent large

increase s of energy cost provide futher incentiv e for

reducing power losses in hi~~h—~ ower fix ed installations , a n d
conservatio n of battery or generator power can be important

for por table or remote equipm ent.

The m a jor p ow~~r loss is usually power dissipa ted in t - ie

output active device . To miflim ize that dissipation one

attempts to m inim ize ; 1~ the voltage across the device when

current flows through it , 2) the current t~’.rouch the devite

wh e n vol t~ ge exist across it , 3) the duration o~ an y
u n a v o id a o l e  c o nd i t i on  in w h ich ap p r ec ia~’le current ~m nd

voltage exist sim ultaneously.

8 
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Th e f o l l o w i n g  s tudy  consist of t h r e e  s ec t ion s  w h i c h
discuss how successful the d i f f e r en t  classes of p ower
amplifiers are at accompolishing the formentioned

minimization , w i t h  a focus on the class E s w i t c h i n g  m o d e  r f
power amplifier.

The first section is a review cf classical current

source amplifiers and introduces the switc h i n g  mode
a m p l i f i e r s .  In th i s  sect ion th e  collector  e f f i c i e n c y  of
each a m p l i f i e r  is discussed and c o m p a r e d .

The second section is on the class F switching mode

amplifier and discusses its principle s of operation , c i r cu i t
desc r ip t i on , and the method for developing the circuit

elem ent values. The results of laboratory tests are also in

this section as are some comme nts on recently developed V~ OS

devices wh ich  m a y  h a v e  :~ ?act e n s w i t c h i n g  m ode am p l i f i e r s .

The las t  section consis t  of a brief s u m m a r y  of t h e
charac terstic advantages of the class F amplifier ~.s well as

co n c l u d i n g  comn ~ent s .

9
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II. BACKRO~J N D

A. CUR RENT SOURCE A~1PLIFIFRS

1. Class A

In the class A amplifier the transistor current

source is biased so tha t it conducts at all times. This

bias cu r r e n t , wh ich is m o d u l a t e d  by the input signal , flo ws
througt~ the load impedance giving rise to an output voltage

which is proportional to the input. Figure 1 shows a class

A amp iifier ar.d fig. 2 shows the theoretical limiting case
of maximum output. In order to approach this condi tion in

practice the saturation resistance , Ps , of the transistor
mus t be very small to cake the collector voltage , Ic ,

approach zero while full peak curr ent is flowing through it .

The maximui possible collector efficiency for a

class A amplifier may be computed ~y s o l v i n g  for  t h e  ave: a ue

~‘owe r  d i s s i p a t e d  i n the transistor (Pd) . For a sinewave

i n p u t
T

Pd = — vc i~ dt (1.)
T )

0

T
1 ( 2 vr  2~Pd = — \ V(1—SIN t)I(1+SIN t)dt~
T )

0

1)
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v i i  2ir
Pd = I (1—SIN 2 t)dt

T )  T
0

vi 1
Pd = \(— +—COS tj dt

T ) \ 2  2 T /
0

yr T L l .W 1T
Pd = -

~~~~
-—- I — t  + —SIN t I

T 1 2  8W T J o

VI
P d =

2

Since the dc collector input power is JccI , rhe max imum

~heoretical ccllector efficienci is 53~ for th~ p u r e  class A
amplifier. In practice the overall efficiency is less than

50~~.

Tuned circuits ar e no~ n s3a :~: for class  A
operation , and th e .amniifie : .— r~~fc:~ ~~~ehl e ~f

wid ehand (audio) amp lif~ ca-ion. T~:~ ef~~:ci~~nc : de~~ends on

the wayeform being an~~lifie1 . rf e s .~u a : e  ~a v ~ ie  am p l i f i e d
( a n d  t h e  load  is r e s is t iv .~) the efficier.ci can a~ r:oac!-

10O ~~. ~o w .~v e r , t h i s  is no t  tru e  f o r  m o s t  ~a v e f o r m ~~, tnd

because of its ineffici er.:y , c Liss t i ,s eene r a l l y  oni  used
for lo w rower amp lifiers .

11~~ 
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Figure 1. - CLASS A RF PO~~~ ANPLIFI~~~.
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2. Class B

Class 9 op e r a t i o n  makes  possiole linear amplification with

im p r o v e d  e f f i c i e n c y .  Both s in g l e — e n d e d  t u n e d  v e r s i o n s  an d
p u s h — p u l l broad  band  ve r s ions  a re  possible.

In class B o p e ra t i o n , th e t r a n s i s t o r  ac t s  as a
c u r r e n t  source ha l f  of t he  tine . The current is zero when

the collector voltage is the highest , which contributes to

the higher efficiency. In t h e  push—pull confiauration , one
transistor or the other is always on , c r e a t in g  th e
eq u i v a l e nt  of a c o n t i n u o u s  current source and therefore

making wideband amplification po ssible.

r he  co l l ec tor c u r r e n t  in  t h e  s i n g l e — e n 3 e d
conf icurdtion is a half sir .ewave . Figure 3 shows t.ri e

the o r~ t ica l  ~axi muin output condition for the class ~
power anolifier . The ~a:a 11 el resona n t  t u n e d  c i r c u i t  has a
low im p c d a nce to h a r m o n i c s , a n d  passes them t o  grounl .

Si nce a lmos t  no h a r m o n i c  v lt a ~ e is ge r .e :at ed, t h e  collect o r
lead will supply a ;ooi sinusoidal output voltage provided

the Q of the circuit is reasonably hagh , Q 10.

As in the case of the class A amplifier the class B

amp!if:e:s maxi m um collector efficiency may he calcula :ed by

compu ttr . ~ th~ ave:aoe pew~~: dissina t-e d in the ~r an sist ur  for

~he limiting case of zero saturation voltage occu:ing at the

instant of peak collector current flow. From e~q u a t i o n  1

1 1
~~~~~~~~~ v0 i0 dt

T )
0

14
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It  is n~~cessar y ro  es taDl i3h  t h ~ peak c u r r e n t  Ip

flowing through the transistor as a function of the average

dc curren t supplied to the collector circuit in order to

evalu ate the theoretical m aximum collector efficiencY . This

is easy  t o do s in ce  t he collector cur ren t f l o w s  in

sinusoidal pulses as shown in fig. 3.

T
i C

i= — \  j0 dt
T )

0
T/2

1 ( 2Tr
Ip SIN — t d t

T )  T
0

Ip I T 2W 1T/2
~~~

— — COS t I
T L 2W T J O

Ip = 111

Now the expression for Pd m ay ne evaiut ~~~i.

i t  / 211 \ 211
Pd = — V (1—SIN t J W I  dIN t dt

T I  T / T
/ 0

T/2
rr vi C 1 2W 1 1 Liir \

P d =  — ‘  I SIN t---— + ----COS tjdt
T ) \  T 2 2 T /

C,

~rvi T 21r 1 1 L1.1T 1T/2
P d =  — COS t — — t + dIN t i

T L 211 T 2 T J o

Tr VI f T  T T
P d =  — (  +

T ~ 21T 2 Tr 14

16
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1 1  1
Pd = TVI (—.— - —

~~11. 14

Pd = vI f1 - ( 2 )
4 1

S i n c e  the dc input power to the collector circuit is Vcc:,

the power available at the loa d is ~~ VccI as evident from

equation 2. The efficiency attained in practice is much

lower than this value due to finite transistor on

r e s i s t a n c e .

Amplifica tion of iifferer1t waveform s results in

-diff erent effici encies. If the load of a push—pull class B

ain~ lifier is a pa ir of diodes or transistor eaSeS , a sgu a r e
wave collector voltag e will result , and  t h e  e f f i c i ency  can
a~ e roach 1OO ~Z w i t h  t h e  o p t i r n u m  t r a n s f o r m e r .  Th e o u t p u t  does
no t depend on the coll-ector suonly voltage as long at the

amplizi~~r is not saturated . Variations of the supply

voltage do nc t m odulate the output , al though they ~o change

eff I :iency.

The t u n e d  class B pow er a m p l i f ie r a f f o r d s  t h e
h i g h e s t  c ver a l l  e f f i c i e ncy  of th e  l i n e a r  class of
a~ pl itiers . It is us~ d in h1~ h level st a ~~es of rf

tran s~ii tters whe re seasonable l :nearitv and efliciency are

pr e r~ qui  s it e .

~~~. Class C

Class C operation ~s sioular -o single—en ded class ~

- _____

t_. ~~~~~~~~~~~~~~~~~~



operation. The difference is tha t the transistor is hiased

to operate as a current source less than half of the time.

The result is that t h e  collector c u r r e n t  f l o w s  n e ar  t he
minimu m ccllector voltage , resulting in a hi gher efficiency .

However , the input—output charactersi-ics are no longer
l i n e a r .

Figure ~ shows t h e  col l ec to r vo l t age  a n d  cur r ent
waveform s of a pulse excited class C amplifier. To find ar
expression for collector efficiency, equa tion 1 is a p p l i ed

t1 /2
i r  r 2’W l

f V - ( V — V s )COS t l l p dt
T -?t1/2 L T J

I p i  T 2 T r l t 1/2
P d =  Iv t - (V - Vs)SIN t~

T L 211 T

Ip r T
Pd = Vt1 - — ( V  - Vs) SIN

T L T

Vs is d€-f ire d as the saturation vo ltage of the transistor
with In ~lcwjnn thr cu gh it . since t h e  saturation resistance
(Rs=4— ) cf 4he transistor is denendent on voltage , current ,
a n d  e m p ~~r a t ur e , the following -equations are close
a~~p r o x i m a - r c r s .

~p p l t n c  e-~ u at i o n 2 r e su l r~ in

t1 /2
1 C

I— — - —  ‘t Ip dt = I p
T )  T

— t1 /2

L ~~- --_ _ _ _ _ _ _ _ _  ----- . -.- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~
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Solving for Ip and substituting i n t o  t h e  expres s ion  f o r  P1

y i elds

I T iTt 1
P d = I I v -  (V — Vs)S IN

L iTt1

I T Vs
Pd. = vi I 1 — ( 1 — )SIN (3)

[ iTt1 V T j

T h u s  th e colle~~~or e f f i c i e n c y  is dependent upon the

conducti on ancle and the ratio of the saturation voltage to

t h e  ‘Ic su~~p lv  v o l t a g e .

si n c e  t h e  s a t u r a t i o n  v o l t a c e  Vs is d e p e n d e n t  to a

f i r s  ap~~:oxici aticn linearl y on th e coll ector ue3..k c u r r e n t
Ip ,  .e’~uatio n 2 ~ay ~-e written

T RsIp  iTt1eff. (1 — )SIN
iTtj V ’  T

For a n y  g i v e n  t r a n s i s tor ~s is fixe d and the collec~ or
c u r r e n t  Ip is lim ited .

Th ~ .j rac t ical  e f f i c i e n c y  of a class C r f  n o w e r
a m p l i f i e r  is . e i on i f i c a n t lv  h i o h e r  t h a n  e v e n  t h e  th e o :~~t i ca l
ma x i m u m  e f f i c i e n c y  of a class  B :f p o w e r  a m p l i f i e r .

19
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In d e s ign i n g  a tuned class C rf power

amplifier ,~~1~~— I 8~~, the outp ut active device is assumed to be

a high— impedance current source. I t s  output current is

d e t e r m i n e d  p r i m a r i l y  by t he  i n p u t  d r i v e  a n d  is substantially
independ ent of the output voltage which results from the

flow of that current in the load network. The loa l network

is des i gned so that its voltage response to the periodic

curren t pulses is a sinusoil at the output frequen ty . The

properties of this design are that the minimum collector

voltage cccurs across the current source a: the time of the

current pulse and , at this ninisum , the voltage is not less

than a certain min imu m permiss ible voltaj .~ determ ined by the

characte rstics of the active device and :ecuired for ~
device to function as a current source as assumed . This

vcl-t age prevents flsaturatior tI -~ th~ transistor w h i c h  •io1 l1
i n v a l i d a t e  t h e  d e s i g n  ass uii p~~i cn .

E~armcnic resona~ ors can be a i d e d  t o  the load network

t~ i m p r ove  t he  trade— off betw ee t efficienc y and conduction

ancle. This prov ides ap p r o x i ~ 3t ~iy a flat—bo ~ tose-I volta ’~e
w a v e f o r m  w h e n ,  the networ.c is dr iven ny the pulse l currant

source , ext ~ n d i n g  t h e  d u r a t i o n  f ~~~ l o w — v o l t a g e  co n d i t i o n
and perm i tting a wider current pulse wi thout s~~vere  loss o f
e f f i c i e ncy ,  1 9 1 — I  11 . This circui~ also requires a m inim um

voltage across the current source device .

All curren t source ampl ifiers dissipate substant ial

power in the active device because the volt age across that

device during the currant pulse must be lareer th an the

mi n im um permiss ible value. Obt ainine hign efficienc y

regu~ res that the current pulse a3~nli~~ude and the l o a d
r. - e t w o :~ b~ adjus ted carefully to obtain an cc outpu t vol4 i i.e

21
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am p l i t u d e w h i c h  is large  e n o u gh  to b r i n g  t h e  a c t i v e  dev ice
vol tage  as close ~o zero as allowable during the current

p u lse , b ut  not so lar ge  as to cause  t h e  device v o l t a g e  to
become  less t h a n  t h e  m i n i m u m  pe rmis sab le  v o l t a g e  t h e r e b y
ca us ing  the  device to be no longer  a h i g h — i m p e dance  c u r r e n t
source and invalidate design assumptions.

B. SW I T C ~i ING A M P L I F I E R S

1. Class D

~ class D r f  newer ampl ifier ,I 12~~— I 15 I , e m p l o y s  a
pair of transistors which are dr i v e n  to act as a two

position switch and a t u n e d  circui~ or bandpass filter. The

switch is always in one position or the other , and  hence
determines either a voltage or current waveform .

Fi~ ur e 5 is the co~~p l im e n e ary c o n f i gura tion of a

class J afnEl~~f!er. The input of the tuned circuit is

a l t e r n a t e l y  corr ected to  Vcc and  ar o u n d , and has  a squ a re
vol tage waveform. The series-tuned circuit h a s  z ero
impedance to the fundame ntal switching frecuencv , a l l o w in c

t h e  f u n d a m e n t a l  f r e q ue n c y  c o m p o n e n t  of the square wave to

a p p e a r  on t h e  l o a d .  T h e  c u r r e n t  e e n e :a te d  is s i n u s o i d a l ,
and a l ter n a t e  ha l f  cyc l e s  f l o w  t h r o u gn  a l t e r n a t e
transistors . Wher. current is flowing in a given transistor ,

t h e  voltage across it. is ( i d e a l l y )  z e r o , , i a k i n e  an .
efficiency of 10 0% ( i d e a l l y )  p o s s i b l e .  T h e  hi gn i m p e d a n c e
of t h e  s e r i e s — t u n e r  circuit at harmor.ic frequencies nrevenns

harmonic curr ent and power from bein c qenerated .

A varia tion of the clase D amplifier is th~ c-ir rent

s~~~tchi ni configiration (fig.6 ) . ‘The r f  choke  fo r c e s  an
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essentially constant input current. The transistors are

driven on and off alternately, as before. Since one or the

other conducts all of the ic i n p u t  c u r r e n t , the collector

currents are square waves. The parallel—tuned output

circuit bypasses the harmonics contained in the sguare wave ,

allowing only the fundamental frequency component to reach

th e load.  T1’e p a r a l l e l — t u n e d  c i r c u i t  forces  t h e  o u t p u t
voltage , a n d  hence  the  vol ta~ e on the transformer primary,

to be sinusoidal. When one of the transistors ~s on , its

collecto r vo l t age  is zero , so the collector voltage of the

o h er t r a n s i s t o r  must  be s inuso ida l .  The r e su l t  is a
c~ lecto r vol tage  whic h is h a l f  a s i n u s o i d .  Dc ba l ance
requires that the peak collector voltage he Vcc. Although

voltage balance determines the power output , this amplifier

is like a current source , and therefore re~ uires a

parallel—tuned circuit or a bandpas s filter which has a low

impedance to the harmonic frequencies.

While 100% efficiency is t heoretically possible ,

real devices have non—zero saturation volraae and

non—instantaneous switchin g times. Bipolar transistors are

characterized by a nearly constant saturation voltage which

is equivalent to an unwanted drop in the supply voltage.

FET’s are characterized b y  a nearly constant saturation

r e s i s t a n c e  w h i c h is e q u i v a l e n t  to an or.wan ted addition to

~he load resistance . The decrease in efficiency which

results is simply proportion al to the ratio of saturat ion

voltage to supply voltage or saturation resistance to load

resistance . Th is same loss of efficiency, was also observed

in class ~ amplifiers .
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Figure 6 — CURRENT SWITCijING CLASS D RF POWER AMPLIFIER.
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Collector moiul~ tion of a class D amplifier is very

l inea r , if I . There is no saturation angle which can vary,

as in the class C amplifier. There are two sources -of

n o n — l i n e a r i t y  w h i c h  occur at near-zero collector voltage.

One is due to the deterioration of the cons:~nt saturation

vo l t age  c h a r a c ter s t i c  as Vcc approaches  ‘t sar .  T h e  o th ’~r is
dri ve f € e d t h r o u g h  f r o m  C o b .  ~h i l e  the sat u r a t i o n  voltage

me r e ly  tends  to m a k e  a sli g h t l y  n o n — l i n e a r  t r a n s f e r  curve ,
the drive feedthrough sets a lower limit on the output.

Bo th e f f ects are g e n e ra l l y  sm a l l .  E f f i c i e n c 7  also 3ec :eases
as the collector vol tage is reduced , but remai ns hi ghe r tha n

t h a t  of a class B or C amplifier with reduced output.

Th e cla ss D a m p l i f i e r s  are  e f f i c i e n t , bu t s u f f e r
f r o m  th e p o s s i b i l i t y  of b o t h  t :a nsi st or ~ c o n du c t in g

simultan eously or being off sirnultaneouEly ~uring the

sw itchan~ transient , le ad i n c  to loss of e f f i c i e n c y  a t h i oh
freguencies and to the possibility of transistor destruction

by secon d b r~ a k d o w n , 12 1

2. Summ ar ,y of swi~ ch~~na ~~~~~~~~~~

i-Ugh efficiency can be achie’ ;ed by usino the active

d e v i c e  as a n o n/ o f f  s w i t c h  i n s t ead  of a h i g h — i m o ~~dance

c ur r ~ nt source. The increas~~d e f f i c i e n c y  r esul ts f r o m
r e d u c in g  t i e  volta -g e which exist ac ro s s  the  d e v i c e  w h i l e

current is flowing throug h i~~. While -
~ p r a c tical

active--d evice current source require s at least -a c ert rn

m in imum permissible ‘ioltaje across itself , an -activ e device

switch ‘ray be operated at a muc h smaller “on ” volt~ g~~.

T abl e I shows  the fundam ental Iifferenc s Dctwee r~ t a ’~ u se of
a current source to drive a loa d n~’tw ork ~n1 the use of a

switc n to Jr~~ve a d iffer ently desi,~n e i  b e d  ne twor k ~o ~e

d e s c r i b e d  i n  ~he fo l lo~~in c  section .
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I I I .  THE C L A S S  E 3W IT CHI~1G MODE RF POWER A M P L I F I E R

A. PRIN CIPLES OF OPERATION

Figure 7 is a block diagram of a single— ended switching

mode amplifier. The ac t ive  de v ice  ou tpu t is represented as

a n o n i d e a l  s i ng l e—pole  s i n g l e — t h r o w  switch ; t h e  ‘ on ’
r e si s t an c e  m a y  be n o n — z e r o , t h e  ‘ o f f ’  resistan ce m ay be
non—infini te , and the turnon and turnoff switching time may

be n o n — z e r o .  As t h e  s w i t c h  is o p e r a t e d  at the desired ac

ou t p u t  f r ecu e r . c y, dc en e r g y  f r o m  the pow er  s up p l y  is
conve rted tc ac energy at the switching fre-~u en c y  (an d
harmonics thereof) . To obtain maximum fundame ntal-fre~ u e n cy
o u t p u t , the switch duty ratio is made apcrox imately ~~~~
( 18) . The load network may inc lude a iowpass or b-andpass

filter to suppress harmonics of the switching frequency -~t

the load , a nd m a y  t r a n s f o r m  t h e  load i m p e d a n c e  and/ or
ac c o m o d a t e  load r ea c t a n c e .

Figure 8 shows the desired waveform s of vclta-g 2 across

t h e  s w i t c h  a n d c u r ren t  t h r o u g h  t~~’~ sw i t c h , in a c i r cu i t of
the fig. 7 class a r r ange d  fo r  maxi m um power efficiency. The

f c l lo w ir .~ c o n d i t i o n s  -ar e  met by  t h o s e  w a v e f o r m s :  ~) t h e
vol tag-~ across the switch when cur:-~nt f l.owz through it is
v e r y  l o w ;  2) t h e  c u r r e n t  t h r o u g h  t h e  swi tch when voltag .e is

across i t  is zero ;  3) t h e  s w i r c h i n  t i m e  of th~ sw :t :h  is
minim ized. These three condi tiofls ar e  accon~~~1 i st e d  b y
proper choice of th~ sw i t~~h i n a  d ev ice ~n i he excitation

circuit . -

2~
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Figure 7 - BLOCK DIAGRAM OF A SINGLE-ENDED S~ ITCSING -

MODE AMPLIFIER .
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The loa f network is arranged to have the input-port

transient response described in condi tions ~4)  throug h 6)

Condition L~) V o l t a g e  delay at switch turnoff; in the

time interval during which the .~witch makes its transition

frcm the ‘on ’ state to the ‘off ’ s t a t e , the voltage across

the switch reeains low for a time long enough that the

current through the switch has by then beer. reducer~
subs tan tially to zero. Then the voltage increases . This

ass ures  th a t  h i g h  v o l t a g e  does not ex i s t  across the switch

wh ile current through it is non-zero , avoiding the ener iy

loss which would have existed if t h e  voi~ a ge had  been
-al lowe d to start to increase before the current decrease to

zero had b e en  substant ially completed.

Condition 5) Voltage return to zero at switch turnon ;

during t h e  switch ‘off’ state , the loa d network input—port

transi ent response carries the voltage across the switch

f i rst  u p w a r d s , a nd t h e n  d o w n w a r d s  t o w a r d  z~~rc , t h i s  v o l t a - g e
reaches zerc dust prior to the start of he switch ‘on ’

state. T h i s  av iods  t h e  energy dissipa tion which would have

occured it tb~ switch current had begun fic-wing while the

v o l t a g e  acr oss ~he s w i t ch w a s  s t il l  h i g h , a nd h a d  t h e r e a f ~ er
d i s ch a rg ed tc ground , t h r o u g h  t h e  s w it c h , t h e  capacitance at

~he load networ k input port. This capacitance incli~Ies

intrinsic switch capacit ance and ci:cui~ stray capacita~ c~ ,
as w el l  as any capacitor ~urposely designed to be p a r t  ~ f
tnt rur. ~d circuit. Each t ime ~ ca~ acitanc-e C, in it i a l l y
charged tc a voltage V , is liscnarged by a switch , an enerey
CV~ /2 will be dissipated. Thll causes a power loss of

C~’~ f/2 , reducing efficiency.

Conditi on ~) Zero voltage slop.~ a~ switch rurn on; W~~.?r.

the ‘off ’ stare trans ient response reaches zero voltai~
across ~he switch it does so with a c o :o x i m a t - e i v  :-e:o e loo ’~
(a v/dt=c~) . Th:s p e r m i ~ s sli  ~~ mist unin-g of th e ae~~1if i-~r

31

-
~~ -~~~~~~~--~~~ 

- -~ ~~~~~~~~ 
— —~ —



w i t h o ut severe loss of e f f i c i e n c y  b ecau se  t he r e  is a t ime
i n t e r v a l  d u r i n g  w h i c h  the  s w i t c h  t u r n o n  can occur w h i l e
still  su b s t a n t i a l l y m e e t i n g  t h e  c o n d i t i o n  of v 0 .
Moder ately slow turnon of the switch does not cause -he

swi tch  to expe r i ence  h i g h  po w~~r d iss i p a t i o n d u r i n g  t u m or.
because the voltage across the switch is not increasing

rapidly during the tim e that  the switch is turning on.

The conditions v=O and dv/dt=O at the end of the ‘off’

s t a t e  i m p l y  t h a t  t h e  c u r r e n t  at  t h e  s t ar t  of t he ‘on ’ state

w i l l  be z ero , and  t h a t  du r i n g  t h e  ‘ on ’ s t a t e  t h e  s w i t c h
cur r en t  can g r a d u a l l y  i n c r e a s e  f r o m  :ero . 3~ ca u s e of he
limited di/dt capabilities of real active—device switches ,

this zero starting current is desirable because it helos

minimize switch turnon time a.of furth er min imi ze dissiration

during the tum or. transient.

The w a v e f o r m s  of f i~ . B can 0n1 7 be a c c o m p o l i sh e d  b y
appropriate desig n of a non—resistiv e load networ~~, and

results an a considerable ~nc:ease in efficiency if m e

transiticn time of the switch is an apprecia ble fraction of

a half—cycle of the ac wav efo:i.

B. CIRCUIT bESCRIPTION

The preveous princip les will now be illustrated ~
-.y the

circuit shown in fig. 9. This circui t was orginally

develope d an-f ana iyz~ d by Fwing 1 1 7 1  in 1964 for his ?h .D.

thesis at Oregon State Universi ty. This circuit was also

a n a l y z e d an d  pu bl i shed  b y Soka l I 1 ~~I i n 1q 7 5  ( a l t h o u q h  Sokal
dii p r e s e n t  a p r ~~l i m in a r y  v e r s i o n  at t h e  19 72  I~~~E
Internaticr.al Symp osium on Circuit Theor y in Los A n g el~ s)

L i is a hi gh— re actance ‘fcc shunt—fed rf c h o k e , lar ~~e

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

its shunt capacitance , the transistor output capacitance ,

a nd w i r i n g  capac i tance  is absorbed in to  C l .  B m a y  be t h e
ac tua l load , or m a y  be t h e  i n p u t — p o r t  r e s i s t ance  of a low
pass fil ter 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 , s a t i s f y i n g
c o n d i t i on  1 of t h e  p reveous  d iscuss ion . W h e n  t he  t r a n s i s t o r
is swi tched o f f , the load ne twork transient response is the

response of a damped second order system , the  series
connection of L2 , B, and C1C2/Cl+C2 , star t ing w i t h some
initial condition. Some of the energy stored in Cl C2 and

L2 is delivered to R during the ringing transient.

Cl insures that in the time interval during which the

transistor is being turned off , Vce r e na i n s  rela t iv~~l v low
until af ter the collector current has reduced to zero ,

approxim a ting the delay of voltage rise shown in fi g. 3 and

discussed preveously as cond ition ~~ . ~!igh Vc e does not

occur u n t i l  a f t e r  Ic has  been  c ut  c f f  a t  l o w  v o l t a g e  a n d  t h e
base has become r e v e rse  b i a s e d .  T h i s  the BVcev mating

a pp l i e s  to  t h e  ‘ o f f ’  c o n di t i o n , r a t h e r  t h a n  the lower BVceo

or BVcer ra tings . This allows usine a hicThe: value oi Icc ,

thereby ob tainin g hi gher power output and hich~ r efficiency .
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Figure 9 - CIRCUIT DIAGRAM OF THE CLASS E HF POW ER

AMPLIFIER .
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The w ave fo rms  of f ig . 10 show the three types of

transient responses for three different values of dam fling

corresponding to three different values of load network 0

(Ql) . - The Ql to low case is shown in fig. 10 ( a ) ,  t h e
voltage across Cl never returns to zero, causing undanted

power  d i s s i p a t i o n .  The  Qi to high case is shown in fig. 10

(b)  , Vce sw in gs  below zero p l a c i n g  t h e  transistor in the

i nve r t ed  mode.  This  can cause  u n w a n t e d  pow e r d i s s i pat i o n
and /or transistor- dama~ e. The QI correct case is sh o w n. in
f i g .  10 (c) , t h e  pea k n e g a t i v e — g o i n g  Vce j u s t  r e a c h e s

V c €  ( s a t )  ( = 0 )  . T h e  co r rec t  d an p i n g  a lso g ives  zer o slop e to
the Ice wavefotm as it reaches the zero value at the end f

t h e  ‘o f f ’  h a l f — c y c l e .

C. D E V E L C P ~~EN T OF C I B C U t T  E L E M E N T  V A L U E S

The elemen t values for the class 2 rf power amplifier of

fig. 9 are obta~ n ed b y choos ing  t h e  t h r e e  v a r i a b l e s  C l , C2 ,
ar.f L2 to meet simultaneously the three following

m a t h e m a t i c a l c o n d i t i o n s , 1 1 7 t — f  18 1.

C o n d i t i o n  1: V c e = O  at  t=  ( 1 — d )  ( 1 / f )  after swit ch tu r n o f f
t i m e , w h e r e  f is t h e  o p e r a m i n c  f r e ~~u - e n c v  a n d  d is t h e  s w i t c h
d uty ratio , h ere ta k e n  as 50~~.

Condition 2 :  dVce/dt~~0 at t=(l— d) (1/f) after switch

t urn off tim e.

Condition 3: ~ 1 is a n y  c h o sen  v a lu e .
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a a

( a )  Qi to low. (b) Qi to high.

a

(c) Q,~ correct.

Figure 10 - TRA~~ IENT RESPONSES FOR ThREE DIFFERENT VALUES
OF LOADED Q. Upper trace is collector current
and lower trace is collector voltage . Scale
set tings : Ic .5 a/div. ; Vc 10 v /d iv .;
horizontal , .25 usec ./div.
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A specific Cl/C2 ratio makes that chosen Ql provid e the

proper damping shown in the ‘Qi correct’ curve of fi~ . 10 ,

y i e l d i n g  t h e  ze ro—slope  z e r o — v a l u e  Vce at t u r n o n  t i m e .
Equations will now be given for the element values of the

circuit in fig. 9. The equations have been derived by Ewing

I 17 1 and are for a 50% duty ratio.

The values of B and Vcc are constrained by the

requirement to deliver a specified powe r output to the load

from the Vcc power supply; specify ing either one d ic ta tes
the other. For highest efficiency , the hi ghest possible Vcc

should he used , within the Vce limitation of the transistor.

The value of B is found as

/ 2
(Vcc — Vce( sat ) ) 2 

/ 2
11= + 1

P

(Vcc — V c e ( s at ) ) 2
H = .577

P

Impedance transforma tion can be us-e d if the load resistance

is not e qu al to this v a l u e  of P .  T h e  de s i re d  ~l may  be
chose n f re e l y ,  acco r di n g to t h e  des i gn c c m p r o m ~~se to  be  m a - f e
between efficiency and harmonic content of the power

delivere d to the load , 18~ . T h e n

= 
~i 

R/2~~ r

To sati5ify the conditions V :-e=3 and dVce/d~~ 0 at t=J.5 /~
after switch t u r n o f f , aiven the chosen ~l ,

/
C2 = 1/2~~T fR ( — + 1 —/ 2

C2 = 1/2 TrfR  (5 .~i4?)
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and

( 1. 1.L,.2
C1 = 1 111 + _________

(~ (2 1Tf)~ L2 J ’~ 
— 2.08

f 5 . z~~7\ f  1.L~2
c1 = c 21

~\ 
Q1 I\ Q1 — 2.08

Note that L2 is not resonant at with Cl or with the series

ccmb inaticn of Cl and C2. Load reactance (if any) is

accommodated by absorbing it in to C2 and  L2 : the i n d u c tance
of L2 is decreased if the load series r e a c t an c e  is
induc tive , the capacitance of C2 is increased if the load

r e a c t a n c e  is caoac i t i ve , o r both are done if the load is a
c ombi n a t i c n  :f i ndu c t a n c e  a n d  c a p a c i t a n c e .

J .  L A B C R A T O P Y  R E S U L T S

The class E r~ power amplifier of the type in fig. 9 was

buil t and tested under laboratory conditions. The circuit

mcdel with its con~ o n e n r  v a l u e s  ar e  s h o w n  in fi g. 11 . These

ccm~ onen~ values were obtain~~d f r o m  t he des ien  me t hod
preveou sly discussed . Figure 12 shows an oscillograrn taken

frcm a Tektronix type L22 oscilloscope equipped with a dual

~race feature having 10 megoh m—10 picofarad probes . The

peak loa d vol tage 11 is found to he 11.5 volts. The peak

collector voltage across Qi is ~42 volts which is belcw the

Bice of atout 60 vol ts. The measured do current with 12

volts Vcc was 150 m illiamper es , civin g the to~ -al dc inpu4

power of 1.8 watts. The power dissi pated it ~he r f  c h o k e  is
a i ven  by

prfc = ( .15) 2 ( 5 . 5 )  = , 24 watts

3H
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Vco

RFC

,—.-~ Cl
Q 

- -  

H~

= 2N3118
L2 = 92 — 187 microhenr~’; .3 ohm
Cj = 1.300 picorarad
C2 = 2200 picofarad
H1 = Zl.2 ohms
f = 500 khz .
Vcc = 12 vol ts
HFC = 3 millihenry ; 5.5 ohm

Figure ii. - MODEL CLAS S E SWITCHING MODE RF AMI-LIFIE R .
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Figure 12 - LOAD AND COLLECTOR VOLTAGE OF THE CLASS E HF
POWER AMPLIFIER . Sinusoid is output voltage.
Scale settings : Vc 10 v/div.; Vo 5 v/div.
Horizontal .5 usec./div. 
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T h e r e f o r e , the actual input power to the collector circuit

is 1.676 watts. The peak load current Ii is

11.5
Il = ____  = .27L1 amperes

Z~2

The ac power delivered to the load P1 is

Vi I~ (11.5)(.2?L~)
_ _ _ _ _ _  = = 1.576

2 2

~egl~ cting the Dower ~~~~~~ in th e  distributed resista :~ce if
inductor L2 a n d  th e canacitors Cl , and C2 , the collector

eff !c ie n~~v cf t:-~~ amplifi er is c a l c u l a t e d  to be

a~~p:o x i~ a t e l y

1.576
eff. = _____ = ~9LJ ~ or 9~~1.676

~ow apprcxima tel v 3~ of t h e  co l lec t o r  n o w e r  is a b s o r b e d  in

L2 , Cl , and C2. Ther~~fc r e  t h e  c o l l e c t o r  e f f i c i e n c y  of t he

t u n e d  c lass  E am p l i f ie r  as described is appro xima tely 7~~.

1. Circuit ~xcitation

To increase overall sr~~oe e f f i c ie n c y  a high input

i~~~~fan~— e ex c i t e r  circui t should be u s e d .  For t h e  a mp 1i f i - ~:
n o excited by a c~ nuso idal inp u t voltage , w h i c h  is ~he

e3s t  -~as~~l7 o b t a d n e d  ~ a v e E o r m , t h e  - ex c i t er  d e v i c e  s h c i l d  be

an -~nha nceme nt m ode ~‘BT with ~i’~h tra nsconluctance an~ h a v e
outpu t ch~ ract~ r~ t ics ~iv±ng a steep— eic d ~:ain current

wav efor .~ for ab out l a - )  dejr-~e~ of the i f l p U t  si-~n n l  c y c L e .  

~~~~~~ ~~
_ _ . - j~~~~ - 
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2. Detunin~

T a b l e  II shows h o w  the col lector e f f i c i e n c y  is
affected by varying the input excitation frequency of the

c i r cu i t  in f i g. 11 . The dc supply voltage was held at 12

vol t s  as b e f o r e  along with all circuit parameters.

The inpu t excitation fresuency can vary from

approxim ately —
~~~~ to +12% of t h e  t u n e d  f r e - ~ue n cy  w i t h o u t  the

ccllector efficiency äroppin a below 90~- . As the f r e~~uer .cy
is decreased below —8% the efficiency drops off ra~~id 1y,
this not true with an increase of frecuency above ÷12% , in
which case the collector efficiercy drops rather slowly.

Table II also shows that tuning the amplifi er for

maxim um oo~ er output does not corresoon-d to the condition f

max imu m efficiency. The max imum power out occurs w h e n  the

excita tion frequency is approx 4 mat-ely 6~ to 7% below the

tuned frequency . The colle ctor efficiency un~~er t h i s
con dition is still above p0%.

3. Load Cou~ jin~ ar~-d~~~a~~monic SuE~ re ss ion

~~ was or e v e o u s ly  m e n t i o n e d  t h e  o u t p ut  of  th~
a m ~ li f~~~r m~~y p to a c o u p li ng  network prior t )  the load.

This netwcrk is to match the outpu~ imped ance of the circuit

to t n~~ 1oa~ and also act as a lowpass f i l t e r  to reduce the

h a r m o n i c  c o r t G n t  of  t h e  o - i t p u t  sig n a l .  Tee sp e c i f i c  loa f
c o u n l ing r.. tw o r~ i es ian  co n s i d e r a t i o n s  a re  g i v e n  i t .

r e f e r en ce  ~2 0 I .

~ ~i— c o u pl in ; n e t w o :~ w a s  u~ -~-f in  t h e  m o - del  c i r c u i t .
:t was  a d ~ u s t c d  to m a r c h  t b - a  e~ t p u ~ imp edance to a 52 oh m  

~ -~~~~. -
— 
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load.  Th i s  p a r t i c u l a r  c o u p l i n g  n e t w o r k  has  the  a d v a n t a g e  -of
b e t t e r  ha r m c n i c  s u p p r e s s i o n  c har a c t e r s t i c s  due to the

sh un t—ca pac i t ive  a r m s .  The design procedures for this type

of i m p e d a n c e  tr~ n s f o r m i n g n e t w o r k  a r e  f o u n d  in r e f e r e n c e
1 2 1 1 .  E s sen t i a l l y  t h i s  n e t w o r k  is cons ide red  as t w o  back to
back L—ne:works and after ca lcula ting the input an~ output

L—sections the series elem ents are combined to for~ the

pi—ne twork.

Figure 13 shows the output and collector voltage

w a v e f o r m s , w ith and without the p i—network. The output

u s i n g  t he p i—ne twork is shifted some in Dhase hut is a

bett er sinusoid and the harm onic content is reduced.

F . R E C E N T  DEVEL OPL~ENTS

U n t i l  i~~76 , w h e n eve r an ap p lication L equired a hi~ h

v o l t a g e , hi gh c u r r e n t , a c t i v e  d e v i c e  the a u t o m a t i c  che ice
wa s  a bipolar dev ice. Recently a n-e~ process:n~ t~~ch noloiy

has resulted in the developmen t of vertically structured ,

f ield ~ffec t Dower devices in which e m a i n  curr ent f l o w
occurs in a v e r t i c a l  d i r e c t i o n .  Sev e r a l  o o w e r  :1-)S

s t r u c t u re s  are under development but so far only one such

structure is comnme rciallv available. These devices can

ha n d l e  u r  to  25 w a t t s  a n d  s w i t c h  cu r :on t s  ~n to 2 am o e r e s .
They are available wi th typical ‘on ’ resistances betwe en 1.~
and 3. L~ o h m s  a nd b r e a k f o w n  v o l t a c e  ra t i n g s  be tw e en  35 an d  ~O
vo l t s , 1 : 2 1 — ,  23 1 . -
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(a )  ~4 it hout p1—network .

I

( b )  ~lith pt-network .

Figure 13 - OUTPUT AND COLLECTOR VOLTAGE ~AVEFOR~ S ~IThAND ~ IT~~CUT PI — N E T W OHK . Sinuso id is output
voltap e .  ~ca1e settings: Vc 10 v/div. ; Vo
5 v/div . hor izonta l  .5 use~~./d j v.
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So me- of t h e  c h ar a c t e rs ti c s  of t h e  V~ OS device  w h i c h  a re
im p r o v e m e n t s  over t h e  b ipo la r dev ic e  a r e :  1) H i g h e r  i n p u t

im p e d a n c e s  over  the e n t i r e  f r e q u e n c y  r a n g e ;  2) L o w e r  d r ive
c u r r e n t s ;  3) Switching speed is only limited by associated

c i r cu i t  c apac i t ance .  Vt~P- 1 ca n swi t ch  1 am p e r e  i n t o  a 50
oh m loa f in L~ n a n o s e c o n d s . ;  ~L)  V M OS does n t s u f f e r  f r o m
t h e r m a l  r u n a w a y ;  5) V~1OS is f re e  iron  s e c o n d a r y  b r e a k d o w n ;
6) La rge va lues  of c u r r en t  ga in .

The devic e aLso has an un wan tel cnaracte:stic, its

saturation volta~~€ is fairly ni~ h (about 10 volts is

required at t h e  gate for max im um drain current ) . However

t h e  low c u r r a n t  d r i v e  r e o u ir e a en t s  o f f s et  this disadvantage .

Twc f a c t o rs p o i n t  t~ r h - a  su i~ a b i l i y  of  7Vj ’3  ~~~~~~~~~~~~~~~~~~~ fo r
am p l i f ie r s .  ~i r s t , t h e  h i cn  c on e t ~~n r  t r a n s c o n d u c t a n c e

e x h i b i t e d  fo r  d r a i n  c u r r e n t s  a b o v a  a~~~r o x i m a t o l v  ~OO

m illiamper es indicates a poren tia l iv mor-~ linea r p erforman ce

t h a n  can be a c h i e v e d  by a b i p o lar  d e v i c e .  Second , th e fast

s w i t c h in g  st eed c a p a b i l i ty  i n d:: a t~~s an  e x c e l l e n t  h i~~h

fr equency cha:act-erstic. T he s~ two factors as well as the

capability to operate in t h e  pu l s ed  mod .a  i n ’~i ca t e  t h a t  t h i s

de v ice  s h c u i f  f i n d  exc~ 1l~~nt  a p c l i c a z  ion in  h~ -~h e f f i c i e n c y
switchin- ; u~ode amplifiers.



FREQ. LOAD ?OWER % DETUNED COLLECTOR EFFICIENCY
Kliz. WATTS

600 0.11.91 20 83 ,3
590 0.5311. 18 65.8
580 0.600 16 86.6
570 0.652 14 87.9
560 0.743 12 90.1
550 0.810 10 91.~545 0.860 9
540 0.912 8
535 0.9611- 7
530 1.074 6
525 1.132 5
520 1.191 4 92,7
515 1.288 3 94 .0
510 1.376 2 9a-4. .5

505 1.441 1 95 .0
500 1.576~ 0 95.7
495 1.6C2 — 1.
490 1.714 —2 54 .3
485 1.734 —3 92.7
480 1.772 —4 92.Q
475 1.801 — 5 92.1
470 1.831 —6 91.8
465 1.854 — 7 90.8
460 1.831 —8 88.5
455 1.801 —9 e5 . o
450 1.772 —10 64 .3
440 1.714 —12 80.9
430 1.658 —1 4 78.0
420 1.575 -16 74 .3

Table II - DETUN ING ~~ FECTS ON COLLECTOR EFFICIENCY .
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IV.  C O N C L U S I O N S

The class F s w i tching  mode  rf  power  am p l i f i e r  has m a n y
advantages over preveously develope d amplifiers , t h e most
outstanding ~eir~g the high o vera l l  e f f i c i e n c y  o b t a i n e d  w i t h
a collector current conductio n angle of 180 de~ r~ es. Other

advantages are: 1) Low stress on the power cutput

transis~ ors , therefore hioh :eliaDilitv and low maintenanc e

r-equire~~ents; 2) Because of the high eff iciency, small size

a n d  l i g h t  wei ght of batteries and heat sinks in portable

e-~uipme nt and low power consump tion for high power fixed

equipm ent; 3) Explicit ‘a priori ’ des~~gnab ility .

The dev e-lopmer .t of the  class a m p l i f i e r , w i t h  t h e
a d v e n t  of V~ OS technolo~~y ,  shou ld  mov e  t h e  D o wer  a r n p l i f i er
frcm the  b lack  bo x a t  t h e  end  of t h e  b lock  d i a g r a m  to a
circuit which will perm eate through the entire de~~ien of tne

equipment.
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