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Efficiency of Outphasing RF Power-Amplifier 
Systems 

Abstract-The outphasing technique (LINC)  combines  two nonlinear 
RF power amplifiers  into  a linear RF power-amplifier (PA) system.  The 
two  PA’s are driven  with signals  of  different  phases, and  the  phases are 
controlled so that  the addition of the PA outputs produces a system 
output of the  desired amplitude.  However, the  resultant  time-varying 
impedances presented to the PA’s alter  their dc power consumption and 
efficiency.  Power  and  efficiency characteristics are  derived for both 
simple  (transformer-coupler) and  Chireix (transmission-line-coupler with 
shunt  reactance) outphasing  systems using  saturated class-B  PA’s. Simple 
outphasing  systems have  the efficiency characteristic of  a linear class-B 
PA. Through  proper selection  of the  shunt  reactance,  the efficiency  of  a 
Chireix outphasing  system can  be  maximized  at a  specific output 
amplitude. The  average efficiency with various  amplitude-modulated 
signals is determined as  a  function  of shunt  reactance.  Selecting  the  shunt 
reactance to fit the  signal  can  improve efficiency by as much as  a  factor  of 
2. 

0 
I. INTRODUCTION 

UTPHASING  power-amplifier  (PA)  systems  were  first 
developed during  the 1930’s [l] ,  [2] to improve both the 

efficiency and linearity of AM-broadcast  transmitters. They 
were used commercially in the  RCA  “ampliphase”  transmit- 
ters, and  have recently been rediscovered for  several 
applications  ranging  from high-efficiency low-frequency 
transmitters  [3]  to  linear  microwave  transmitters  [4]. Recent 
papers for  VHF and microwave applications generally  refer 
to “outphasing” as  “LINC,” an  acronym for “linear 
amplification using  nonlinear components.” 

Efficiency  (the  ratio of RF-output  power  to dc-input 
power) is an  important  parameter that enables  comparison 
and selection of PA’s,  as well as determination of their 
requirements for supporting  circuitry  (batteries,  power  sup- 
plies, heat sinks,  etc.). Outphasing  causes  the PA-load 
impedance  (hence,  efficiency for most PA’s)  to  vary with the 
amplitude of the  output  signal. However, none of the recent 
papers  addresses  the  impact of outphasing upon PA  effi- 
ciency.  The  early  papers [ 11, [2] give some attention to 
efficiency but  use  graphical  techniques and deal only with 
unmodulated carriers. 

The  objective of this  paper  is  to  determine both the 
instantaneous  (CW) and average (modulated) efficiency of 
both simple- and Chireix  (transmission-line  coupler) out- 
phasing  PA  systems. The  efficiency of the system is, of 
course, dependent upon the  specific  efficiency  characteristics 
of the individual RF power  amplifiers.  However,  the 
efficiency of most class-B  and class-C PA’s  is  approximately 
linearly  proportional to  signal amplitude.  This  paper  there- 
fore assumes  the  characteristics of ideal class-B power 
amplifiers.  The  results  can be easily scaled to obtain 
approximate  predictions of the  performance with most other 
RF PA’s. 
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11. PRINCIPLES OF OPERATION 
A simple outphasing PA  system is shown in Fig. 1 .  For 

simplicity, the input signal is  an amplitude-modulated cosine 
carrier.  The  control/&-ive  circuits  generate  two  sinewave 
signals with phases of + +, and -+,, as shown in Fig. 2 .  
These two  signals  are  then  amplified  and added to produce 
the system-output signal.  The peak  output  is obtained with +, 
= ?r/2 = 90”, which causes  the two PA  outputs to add in 
phase. Zero output  is  obtained with +, = 0, which causes the 
two PA  outputs to cancel  each other. Intermediate  values of 
+, produce  intermediate  values of the amplitude (envelope) 
of the  output  signal. 

By inspection of Fig. 2, the  outputs of the  two  power 
amplifiers  can be written in phasor  form as 

VI = ( VornpEP/2)(Sin 9 m  - j  COS 9 m )  (1) 

and 

VZ = ( V o m p , ~ / 2 ) (  - sin 9rn - j  cos (2) 
where VomPEP represents  the  amplitude of  the  output  cosine- 
wave  at peak envelope power.  The transformer coupler 
differences  these  two  signals  to  produce  the  output 

V, = VI - V2 = VornpEp sin &. (3) 
It  is  therefore necessary that 

9rn = arcsin (V,/ VOrnPEP); (4) 

i.e.,  the phase  deviation 9, must be the inverse  sine of the 
normalized signal  envelope. 

The  inverse-sine  phase modulation required for an out- 
phasing PA  system  can be produced by several  techniques, 
including nonlinear modulation [5],  phaselock/feedback [6]- 
[8],  and  processing of the 1 and Q components of the  input 
[9]. To amplify signals with phase  modulation, the  control 
circuit  (“component separator”) must generate two sine- 
waves with phase  deviation % +, from  the instantaneous 
phase of the input signal. 

111. INSTANTANEOUS EFFICIENCY OF SIMPLE-OUTPHASING 
SYSTEM 

The simple  outphasing  PA  system of Fig. 1 can  use  any 
power  amplifier that acts  as a voltage source.  Suitable PA’s 
therefore  include highly efficient  class-D (switching-mode) 
amplifiers [lo,  ch. 141 as well as  class-A,  B, and C 
amplifiers  driven  into  saturation [lo,  ch. 131. Power  amplifi- 
ers that do not behave as  perfect voltage sources  can  also be 
used if envelope  feedback [lo,  ch. 161 is added. 

Outphasing  produces  time-varying load impedances  at the 
outputs of the individual power  amplifiers. Since the  effect  of 
impedance  variation  depends upon the  type of PA,  the 
efficiency characteristics of an outphasing  system also 
depend upon the  type of PA. Calculation of a specific 
efficiency characteristic naturally requires  knowledge of the 
characteristics of the  specific  PA’s used. However,  some 
general  observations  can be made. 

0090-6778/85/1000-1094$01 .OO O 1985 IEEE 
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Fig. 1. Simple  outphasing  system. 
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Class-A  PA’s  have  constant  dc  input  current  and,  hence, 
constant dc power  consumption  as  well.  The  efficiency of  ail 
outphasing  system with class-A  PA’s  is  therefore  the  same as 
that of a  linear  class-A  PA. 

Class-D PA ’s 
The  dc  input  current of a  voltage-switching  class-D PA 

varies with the  output  power if saturation  and  switching 
losses are neglected.  Therefore,  to  a  first  approximation,  an 
outphasing  system  employing  class-D  PA’s  achieves  the 
high,  nearly  constant  efficiency  possible  with  those  PA’s. A 
VLF transmitter  that  employs  outphasing and class-D  PA’s is 
described ih [3]. 

Saturating Class-B  and  Class-C PA’s 

In.  class-B  PA’s,  the  dc  input  current  varies  linearly with 
the  RF-output  current.  For  class-C  PA’s,  the  variation of 
input  current with RF-output  current  is  approximately  iinear 
in many cases.  This  characteristic  can  therefore  be used to 
obtain  an  efficiency  characteristic  that  is  at  least  approxi- 
mately  applicable  to  a  large  number  of  power  amplifiers  used 
in the VHF  to microwave  bands. 
, The  system RF output  current  and,  hence,  the  RF  output 
currents  of  the  PA’s  are 

The  dc  current  consumed by an  ideal  class-B PA is directly 
proportional  to  its RF output  current;  hence,  from [lo], 

Zdc, = ZIrn/7r = zom/7r = - . V o m  

TRO 

The  dc  input  power  is  therefore 

Since 

Po = Vom2/(2RO) (8) 

the  instantaneous  efficiency of an  outphasing  system  with 
class-B  PA’s is 

While  the  individual PA’s are,  driven  into  saturation,  the 
system-efficiency  characteristic is the  same as that of a  linear 
class-B  PA. 

I v .  INSTANTANEOUS EFFICIENCY OF CHIREIX-OUTPHASING 
SYSTEM 

Simple  outphasing  is  quite  satisfactory  for  class-D  PA’s 
whose efficiency  remains  high  regardless of the  load  impe- 
dance.  For  saturating  class-B  and  class-C  PA’s,  the  effi- 
ciency  at  lower  output  voltages  can  be  considerably im- 
proved by the  Chireix  system  (Fig. 3), which  adds 
transmission-line  couplers  and  shunt  reactances.  The  opera- 
tion of this  system  is  most  readily  analyzed by starting  at  the 
load  and  working  toward  the  PA’s. 

Impedances 

output  voltage by 
The  peak  RF-output  current  is  related  to  the  peak  RF- 

zomPEP=  vomPEP/Ro-  (10) 
By analogy to (1) and (2), the current  phasors Is and Is must 
be 

z, =- (sin & - j  cos &) 
v o m  PEP 

2RO 
and 

The  corresponding  impedances are therefore 

and 

The  transmission-line  coupler  transforms  impedance  ac- 
cording  to 

Z,Zs = R L 2  

and  hence,  the  admittance Y, is 

Similarly, 
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Fig. 3. Chireix-outphasing  system. 
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Fig. 3. Chireix-outphasing  system. 

Fig. 4 shows the magnitude, real, and imaginary parts of the 
admittance as functions of the normalized  output voltage. 

The magnitudes of the PA load impedances Z1 and Z2 
increase  to infinity as  the system  output  decreases to  zero. 
However, it is apparent that the PA's are subject to highly 
reactive  loads  for most output  amplitudes. The  effect of the 
reactive  loads  can be somewhat mitigated by the addition of 
shunt  susceptances - B, and + B,, as shown in Fig. 3.  The 
resultant PA-load admittances are 

Yl = Y, - jB, = G1 + jB ,  (19) 

and 

Y2=  Y3+jBs=Gl - jB l .  (20) 
The conductance  and  susceptance in (19)  and  (20)  are 

G1 =- - 

and 

- -- 2Ro - vvom [ 1 - ( ' I2  - B,' (23) 
RL omPEP VomPEP 

where  the  normalized  shunt  susceptance  is 

Note that the  reactance (susceptance) can be zeroed  at one 
specific output  amplitude by setting 

Output Power 

sion-line  coupler  is  defined by 
The voltage transformation T produced by the  transmis- 

2 3  = P Z 5 .  (26) 

Y 

, , I I I , I , 8 ?  "om 

'omPEP 
n.0 0.5 1.0 

Fig. 4. Drain  admittance of Chireix-outphasing PA with B, = 0. Normaliza- 
tion: Ro = 1 ,  RL = 2. 

From (16), 

The voltage required  at  the  output of PA number 1 is 
therefore 

RL 
2RO 

VI = W o r n  =- VomPEP(sin +m-j cos +m).  (28) 

For saturated class-B or class-C PA's,  the maximum 
output voltage is supply voltage VDD; hence 

VI = VDD sin +m - j cos +m) (29) 
and by analogy 

V2 = VDD(sin r # ~ ~  + j cos &). (30) 
Note that the  required  phase  relationship is  the same as  that 
for simple  outphasing  (Fig. 2 ) .  

From  comparison of (28) and (29),  the peak-output voltage 
is 
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and  hence,  the  peak-output  power  is 

VDD~ 
2Ro(RL/2Ro)2 * 

Po PEP = 

~ Nate  the  impedance-inverting  effect  of  the  transmission-line 
transformer;  increasing  load  impedance increases output 
power. 

The  phasor  magnitude I3 of  the  current  that  flows  into  the 
upper  transmission-line  coupler  is 

Z3=  VlY3=Zs/T=--=- 
2Ro v o m v D D   v o m  

RL vomPEP RL 
(33)  

and hence,  the  power  output  from  PA  number  1  is 

1  1 ( Vom )(1> Vo'om2- 1 
P I  = - Re [ VlZ3] = - VDD - - 

2  2 4R0 2 PO. 
vomPEP 

(34) 
Therefore,  both  power  amplifiers  contribute  equal  output 
power  at  all  output  amplitudes. 

Instantaneous  Efficiency 
The  RF output  current  from PA number  1 is 

I, = v, Y,. (35 )  
For  an  ideal  class-B  PA,  the  dc  input  current  is 

2  2 
z d c l = -  I z l l  =- V D D l y I l  (36) 

A A 

and hence,  the system dc-input  power  is 

4 
Pj=2vDddcl=- v D D z I Y I I .  (37) 

A 

The  resultant  efficiency  and  dc-power-input  curves  are 
shown in Fig. 5 for B,' = 0, 0.1, and 0.2. 

The  case of B, = 0 is of special  interest.  From (17) 

2Ro vorn 

Substitution  of  this  and (31) into (37) produces 

p . - -  4 v o m  PEP v o m  
I -  

A 2R0 

The  resultant  efficiency  is 

(39) 

which is the  same  as  that  of  an  ideal  class-B  PA. 
Another  case of special  interest  occurs when the  combina- 

tion of output  amplitude  and  shunt  susceptance B, produces  a 
purely  resistive  load  at  the PA's.  For this  condition, 

Hence, 

4 VomZ 
pi , -  - 

A 2R0 

1097 

0.0 1;o 

"om 

VompEP 

P. and 

o-81 

'om 

0.0 'omPEP 

Fig. 5. Instantaneous efficiency and  input  power of Chireix-outphasing PA. 

and 

A v = - .  
It is  therefore  possible  to  select B, to  cause  the  system  to 
achieve  maximum  efficiency  at any single  amplitude  output. 

V. AVERAGE  EFFICIENCY 
From  Fig. 5 ,  it  is  apparent  that  the  selection of a  particular 

value of B, increases  the  efficiency  at  some  output  voltages 
but decreases  it  at  others.  Calculation of the  average 
efficiency  is  therefore  necessary  to  determine  and  to  optimize 
the  performance of a  Chireix-outphasing  system  used  with 
amplitude-modulated  signals. The average  efficiency  is  the 
ratio of the  average  RF-output  power  to  the  average  dc-input 
power,  and  is  computed  as  described in the  Appendix  and 

The  average  efficiencies  for  two-tone,  single-tone AM, 
uniform,  and  infinitely  packed  QAM  signals  are  shown in 
Fig. 6 as  functions of shunt  susceptance Bs' ; the maximum 
average  efficiencies  and  corresponding  values of B,' are 
shown in Table I.  The two-tone  and  single-tone AM signal 
are the  familiar  deterministic  signals used to  test  power 
amplifiers.  The  uniform-amplitude-distribution  signal  repre- 
sents  the  limiting  case  of  amplitude-companded  voice  sig- 
nals.  The  infinitely  packed  QAM  signal  is  similarly  the 
limiting  case  for  QAM  signals.  In  all  four  cases,  a  small 
improvement  over  class B (Table  I)  is  achieved  and  the  value 
of B,' is not especially  critical. 

Rayleigh-distributed  envelopes  are  encountered when am- 
plifying  band-limited  Gaussian  noise or a  large number of 
independent  carriers.  Laplacian (or exponentially)  distrib- 
uted envelopes  are  produced by single-sideband  suppressed- 
carrier  (SSB/SC)  modulation by voice  signals.  The  average 
efficiencies  for truncated-Rayleigh-envelope signals  and 
truncated-Laplacian-envelope of various  peak-to-average  ra- 

4 

u11. 
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Fig. 6. Average  efficiency,  selected  signals.  Fig. 7.  Average  efficiency,  Rayleigh  envelope. 

TABLE I 
MAXIMUM AVERAGE EFFICIENCY AND CORRESPONDING SHUNT 

“ A V G  

SIGNAL 

Two-tone SSB/SC 

Uniform 
Single- tone AM 

I n f i n i t e l y  packed QAM 

Rayle igh 
Rayle igh 
Rayle igh 
Rayl e i  gh 
Rayle igh 
Rayle igh 
Rayle igh 
Rayl e i  gh 
Rayl e i  gh 
Rayle igh 
Rayle igh 
Rayle igh 
Rayle igh 
Rayle igh 
Rayle igh 
Rayl e i  gh 

Laplacian 
Laplacian 
Laplacian 
Laplacian 
Laplacian 
Laplacian 
Laplacian 
Laplacian 
Laplacian 

Laplacian 
Laplacian 

Lapl  aci  an 
Laplacian 
Laplacian 
Laplacian 
Lapl  aci  an 

Gaussian AM 
Gaussian AM 
Gaussian AM 
Gaussian AM 

Laplacian AM 
Laplacian AM 
Laplacian AM 
Lapl  aci  an AM 

5 ,  de 

3.0 
4.3 
4.8 
4.8 

6.0 
5.0 

8.0 
7.0 

9.0 
10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 

19.0 
18.0 

20.0 

6.0 
5.0 

8.0 
7.0 

9.0 
10.0 
11.0 
12.0 
13.0 
14.0 

16.0 
15.0 

18.0 
17.0 

19.0 
20.0 

5.0 
10.0 
15.0 
20.0 

5.0 
10.0 
15.0 
20.0 

c l a s s  B 

0.614 
0.587 
0.524 
0.484 

0.455 
0.423 
0.387 
0.350 
0.314 

0.250 
0.280 

0.223 
0.198 
0.177 
0.158 
0.140 
0.125 

0.099 
0.112 

0.089 

0.401 
0.386 
0.369 

0.330 
0.350 

0.286 
0.308 

0.263 
0.240 
0.217 
0.195 
0.175 
0.157 

0.125 
0.140 

0.111 

0.478 
0.431 
0.405 
0.397 

0.455 

0.405 
0.425 

0.397 

“AVG mdx “AVG 
C h i r e i x  

0.724 
0.662 
0.672 
0.721 

0.684 
0.661 
0.632 

0.560 
0.598 

0.521 

0.444 
0.407 
0.372 
0.338 
0.307 
0.278 
0.251 
0.226 
0.203 

0.535 

0.496 
0.516 

0.473 
0.448 
0.421 
0.393 
0.363 
0.333 
0.303 
0.274 
0.247 
0.222 
0.199 
0.177 
0.159 

0.692 
0.731 
0.767 
0.780 

0.706 
0.736 
0.765 
0.779 

0.482 

B; 

0.145 
0.101 
0.139 
0.185 

0.157 
0.149 
0.140 
0.131 
0.121 
0.111 
0.102 

0.084 
0.076 
0.069 
0.062 
0.056 
0.050 
0.045 
0.040 

0.090 
0.085 
0.080 
0.075 
0.070 
0.065 
0.060 
0.055 
0.050 
0.045 
0.040 
0.035 
0.035 
0.030 
0.025 
0.025 

0.165 
0.189 
0.205 
0.213 

0.180 

0.205 
0.215 

0.093 

0.195 

tios ( E )  are  shown in Figs. 7 and 8, respectively.  Considera- 
ble  improvement  over  class-B  amplification is possible, but 
the  selection of an  appropriate  value of B,‘ is  somewhat  more 
critical  (Table I). 

Fig. 9 depicts  the  effect of B,’ upon  the  average  efficiency 
with  full-carrier AM signals with truncated  Gaussian modu- 
lation  of  various  peak-to-average  ratios.  Some  improvement 
over  class B is  achieved  and  the  value of B,’ is not critical. 
The  curves  for  full-carrier AM with Laplacian  modulation 
are  similar. 

VI. CONCLUSIONS 
The  power  and  efficiency  characteristics of outphasing RF 

power-amplifier  systems  have  been  derived  for  ideal  class-B 

. . . .. .. . . . . 
5 = 5 dB 

. . . .. . .. ........ 
**e .......... ... .. ... 

0:0 0:2 0: 4 

Fig. 8. Average  efficiency,  Laplacian  envelope. 

“AVG 

1 5 = 15 dB 

0.5 

1 
0 . 0 0  0.0 0.2  0.4 8; 

Fig. 9. Average  efficiency,  Gaussian A M .  

RF PA modules.  The  results  can  be  scaled  to  predict  the 
efficiency  for most real  class-B  and  class-C  PA’s. 

The  efficiency  characteristic of a  simple  outphasing 
system  has  been  shown  to be that of a  linear  class-B  PA. 
Thus,  while  simple  outphasing  allows  the  implementation of 
a  linear PA system  from  nonlinear PA modules,  it  does not 
improve  efficiency. 

The  efficiency of a  Chireix  outphasing  system  can  be 
maximized  at  a  specific  output-signal  amplitude by proper 
selection of the  shunt  reactance.  The  average  efficiencies  for 
various  amplitude-modulated  signals  were  determined  as 
functions of the  shunt  reactance.  Improvements in efficiency 
by up  to  a  factor  of 2 over  that of an  ideal  class-B PA were 
shown  to be possible by selecting  the  shunt  reactance to 
match .the  signal. 
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Naturally,  factors  other  than  efficiency must also  be 
considered  in  the  selection  of  a  power-amplifier  system. 
Three  additional  factors  for  outphasing  systems are the 
complexity of the  phase-modulation  (component  separation) 
circuits,  the  complexity of the  coupler,  and the sensitivity of 
the RF PA modules  to  the  wide  range of load  impedances. 

APPENDIX ’ C  

COMPUTATION OF AVERAGE  EFFICIENCY 

The  peak  envelope  power  is 

PoPEP = VomPEP2/2Ro- (A. 1) 
The  average  output  power  is 

where 

Voml  VomPEP (A.3) 
andp( V) is the  envelope  probability-density  function.  For  an 
ideal  class-B  PA,  the  average  dc-input  power  is 

P i A V C =  (4/r)poPEP i: Vp(V)  dV- (A.4) 

The  envelope  probability-density  functions used in this 
paper are listed  below  for  the  interval 0 5 V < 1. Outside 
that  interval, p (  V) = 0. The  tails of the  Rayleigh,  Laplacian, 
and Gaussian  densities  that  extend  outside  the  interval of 
integration  can  be  ignored with negligible error for  the  peak- 
to-average  ratios of interest. 

Two-tone SSB/SC: 

p (  V )  = (2/7r)( 1 - vz) - 1’2. ( A . 3  
Single-tone AM: 

p (  V )  = (2/7r)[l - (2 V -  1)2] - 112. (A. 6 )  

Uniform: 

p ( V ) =  1. 

In finitely  packed QAM: 

Rayleigh: 

P ( V ) = ~ V E  exp (- V t )  (A.9) 
with peak-to-average  ratio 

5: =PoPEP/PoAVG- (A. 10) 
Laplacian: 

p (  V )  = (2-9 112 exp [ - (26) 112 v] (A. 11) 

with peak-to-average  ratio  given by (A. 10). 

GatrsZQCdn-AM: 

p (  V )  = (2,$/r) 112 exp [ - 2 t (  V -  1/2)’] (A. 12) 

with modulation  peak-to-average  ratio 

4 =PmPEP/PmAVG.  (A. 13) 
Laplacian AM: 

p (  V )  = (2.9 112 exp [ - 2(2E)’12( V -  1/2)] (A. 14) 

with modulation  peak-to-average  ratio  given by (A. 13). 
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