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Abstract

A Doherty system combines the outputs of two or
more linear RF power amplifiers (PAs) through an impe-
dance-inverting coupler such as a quarter-wave trans-
mission line. At low output levels, the first PA oper-
ates linearly, reaching saturation (and maximum effi-
ciency) at some transition voltage below the system
peak-output voltage. At higher output levels, the
first PA remains saturated and the second PA operates
linearly. The instantaneous efficiency and power char-
acteristics of a Doherty system are derived using ideal
class-B RF PAs so that the results can easily be scaled
for use with real-world PAs. The average efficiency
and maximum-efficiency transition points are then de-
termined for a variety of amplitude-modulated signals.
The Doherty amplifier can be considerably more effi-
cient than a conventional class-B linear PA. For exam-
ple, the 28- and 8.9-percent average efficiencies of a
class-B PA with Rayleigh-distributed envelopes with 10-
and 20-dB peak-to-average ratios are improved to 60 and
48 percent, respectively, by a two-stage Doherty sys-
tem. The addition of a third stage further improves
the efficiencies to 70 and 66 percent, respectively.

Footnote

This paper is based in part upon work sponsored by
Spar Aerospace Limited, Montreal, Canada.

1. Introduction

The Noherty technique combines the outputs from
two linear RF power amplifiers {PAs) through a trans-
mission-line coupler. The resultant linear RF-amplifi-
er system achieves a significantly higher efficiency
(e.g., by a factor of two or three) at outputs below
peak-output power (PEP) than does a conventional linear
(class-B) RF PA,

The Doherty technique was developed in the 1930s
{1, 2] as a more efficient alternative to both conven-
tional amplitude-modulation techniques and Chireix out-

phasing [3, 4]. Doherty amplifiers continue to be used
in a number of medium- and high-power LF and MF vacuum-
tube AM transmitters [5 - 9]. They have been consid-
ered for use in solid-state MF and HF systems [10, 11]}
as well as high-power UHF transmitters [12]. Their
average efficiency for typical modulation compares
Eavorablg with that of pulse-width modulated systems

13 - 16].

Principles of Qperation

A simplified block diagram of a two-stage Noherty
system is shown in Figure 1. The key elements of the
concept are (1) the use of two (or more) PAs and (2)
the quarter-wave transmission-line coupler. Optional-
1y, the transmission-line coupler can be replaced by an
equivalent impedance-inverting network such as an L or
T network. In addition, the bias may be varied instead
of the drive to control PA operation. PAs #1 and #2
are often called the carrier and peaking amplifiers,
respectively.

Both PAs are assumed to be of the push-pull type
and/or to contain filters that prevent the generation
of signals at harmonics of the carrier frequency. The
quarter-wave line on the input to PA #2 is used to com-
pensate for the quarter-cycle phase shift in the line
on the output of PA #1. Correct phasing of the two
outputs is essential. The active devices in the two
PAs are also assumed to have adequate ratings so that
breakdown does not occur.

At low output levels, the drive to PA #2 is cut
off and PA #1 operates as a linear class-B amplifier.
The impedance presented to it by the coupler resuits in
its saturation at a transition point well below the
system PEP. In the classical Doherty system, the tran-
sition voltage is half of the maximum output voltage.
As a result, the maximum amplifier efficiency is
achieved at both the transition point and PEP, and the
average efficiency for full-carrier AM signals is maxi-
mized.
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Simplified block diagram of Doherty system.

0018-9316/87/0900-0077801.00 © 1987 IEEE



78

For output levels above the transition point, PA
#2 operates as a linear RF PA and acts as a controlled
current source. PA #1 remains saturated, and therefore
acts as a voltage source [17, Chapter 13]. Because of
the impedance-inversion, the output of the coupler ap-
pears to be a current source. Since the load current
due to PA #2 increases the RF output voltage above that
due to PA #1, the impedance seen by the output end of
the coupler is greater than the load impedance and in-
creases with increasing output from PA #2. The impe-
dance-inversion by the coupler therefore presents a de-
creasing load impedance to PA #1, resulting in increas-
ing output from it as well.

In this medium-power region, the efficiency of PA
#1 remains at its maximum value, since PA #1 is satur-
ated. The efficiency of PA #2 increases from half of
its maximum value at the transition point to its maxi-
mum value at system PEP. As a result, the Doherty sys-
tem achieves maximum efficiency at both the transition
point and system PEP, and remains relatively high in
between (Figure 2).
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Figure 2. Instantaneous efficiency of typical Doherty
systems.

Potential Advantages

There are a number of techniques for implementing
high-efficiency RF power amplifiers and for combining
RF PAs to increase their efficiency [4, 17 - 19]. Ob-
viously, the Doherty technique is not the best means of
increasing the efficiency in all applications. How-
ever, the Doherty technique is as effective or more ef-
fective than other techniques in a number of applica-
tions. The factors that make the Doherty technique of
interest include:

o It can be applied in the VHF and UHF regions
where it is difficult or impossible to imple-
ment intrinsically efficient PAs such as class
D or class E,

o Its modulation bandwidth is not restricted by
the modulator as in an envelope-elimination-
and-restoration system [17 - 197.

o High-power AF amplifiers and modulation trans-
formers are not required,

e Its efficiency is as good or better than that
of envelope tracking [17, 18] and outphasing
{3, 4] systems,

Naturally, the transmission line coupler limits
the use of Doherty amplifiers to small frequency
ranges. In addition, the PAs must be able to operate
properly with variahle load impedances. However, the
Doherty system produces real load impedances, in con-

trast to the highly reactive lonad impedances produced
in an outphasing system.

Objectives and Approach

Previous papers deal only with two-stage fNoherty
amplifiers and, with some exceptions, all deal only
with the classical transition point (half of peak-out-
put voltage). None of the previous papers considers
fully the impact of the signal amplitude statistics
upon the average efficiency.

This paper has three ohjectives. First, instan-
taneous (single-output-amplitude) efficiency and power
characteristics are derived for the two-stage Doherty
system. Second, these relationships are extended by
analogies to multistage Doherty systems. Third, aver-
age efficiency and the transition points for maximum
efficiency are determined for a number of amplitude-
modulated signals.

The subsequent analysis is based upon ideal class-
B PAs and a resistive load of nominal value. The effi-
ciency of an ideal class-B PA as well as mosk real-
world linear RF PAs varies linearly with ocutput vol-
tage. Consequently, the results derived here for ideal
class-B PAs can easily be scaled to predict the instan-
taneous and average efficiencies of real-world PAs.

The resistive load of nominal value is a reason-
able assumption, as most Doherty systems operate on a
fixed frequency and into a well defined antenna. Nu-
merous related practical aspects of Doherty systems
(e.g., drive, hias, matching, control, adjustment) are
discussed in the literature {5 - 8, 13 - 16].

2, Transmission-Line Coupler

The fundamental relationship governing the opera-
tion of the transmission-line coupler is Rl R3 = Rg,

- Assumption of a lossless line requires conservation of

power, hence the current delivered to the load is re-
lated to the output voltage of PA #1 by

v 4
I = —_dm = _1lm (1)
3m (R R yu/2 R
13 L

The voltage transformation T produced by the coupler is
given by

V2 R RLZ

72 = 1M = _1 = 2

V2 R R2
3m 3 3

. (2)

The output current Ibm is the sum of the outputs

of the transmission-line coupler and PA #2, I + I .
3m
The divistion ratio is defined by
s=13m/10m . (3)

p =2 am = 5P (4)
1 ?
and
v oI
p =2 _m=(1-.5 P . (5)
2 2 o




The impedance seen at the output of the transmis-
sion-line coupler is

Vom Vom 2,
R =20 9% - 2 (6)
I SI g
om

3m

Similarly, the impedance seen hy PA #2 is

Ro=—2 . (7)

3. Peak-Power Operation

At PEP, both PAs are saturated. The peak-output

voltage of the system and of PA #2 is therefore VD .
- i - p2

hence the peak-output power 1s PoPEP VDD/ZRO. The

ratio of the two supply voltages defines the coupler

transformation ratio; i.e. VDDl =7 VDD‘ It is most

convenient (although not necessary) to set VDDl = Vpyp

so that 7 = 1. Then from (2), and (6},

=)

R =R =R =-2 , (8)
a

where a is the power-division ratio at PEP. For the
classical Doherty PA, o = 1/2, hence RL = ZRO, and

both PAs produce equal output power at system
PEP.

The output current 1is Iom = VDD / Ro, hence the

PA-output currents are 7 =1 =a I and I =
1m 3m om 2m
(1 - a) I__. For ideal class-B PAs,
om
p & Vpp (L-a) Vp 5V
Tie = Taey ¥ lde, = =1 * ===
1 2 L RO HO " RO
(9)

The resultant efficiency

Vi /(2 R)
ne o T (10)
@/m) (Vi) 4

is the same as that of an ideal class-B PA used alone.

4. Low-Power Operation

At low power levels, PA #2 is cutoff and PA #1 is
operated as a linear current source. The load impe-
dance presented to PA #1 by the transmission-line cou-
pler is R1 = Rg / R, = Ro / «. The voltage-transfor-

mation ratio is therefore T2 = R / RO =1/ a, hence
1

V = aV , and saturation of PA #1 occurs at V_ = «a
om m orm
VDD' The RF-output current delivered by PA #1 is
I a V
7 =°2m. o (11)
1m T R
o

For an ideal class-B PA,
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a lV
r,=%r -2_om (12)

w 1m b R

o

hence
v2 /(2 &) v
n = -2 -1 27, (13)
(2/n)(a VDD L’Om/RO) 4a VomPEP

The efficiency is increased from that of a conventional
class-B PA by the inverse of the PEP division ratio o.

5. Medium-Power Operation

At medium power levels, PA #1 is saturated and PA
#2 is operated as a linear current source. The current
delivered to the load from PA #1 (via the transmission-
line coupler) is [from (1) and (8)]}

4 a ¥V
DD D
R 2 (14)
m
RL Ro
Note that I  is constant in the medium-power region.
3m

From (14), the RF current that must be delivered
by PA #2 to produce an output voltage me is

v -a V
; =7 . =.om__ DD (15)

The voltage-transformation ratio for the medium-power

region is therefore T = VDD / me, hence the RF cur-
rent drawn from PA #1 is
I a Vom
I = _3M = . (16)
m T R
2]

For ideal class-B PAs, the total dc-input current
is therefore

2(1l+a)V_=-alV
+ I&c, - om DD . (17)
2 TT Ro

Zﬁc = Idcl

6. Combined Resuits

The output power is always given by

V2
p =2 . (18)

2R
o

The medium-power equations are accurate at PEP. The RF
currents that must be produced by the two PAs are

therefore

N om
Ilm ) R (19)
and o
0 0<V _<aV
_ ’ om DD
Izm = . (20)
Vom = @ Vpp
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For ideal class-B PAs, {19) and (20) can be combined to
produce

2 aVom
_-— , 0« om‘aVDD
b RO
Isn = (21)
2(1+a)V0m-uVDD vy <
- * %op © Yom ¢ Vop
Lt R
o
The dc input power and efficiency are then
Py = Vpp Ige (22)
and
n=P/P, . (?23)

Instantaneous-efficiency curves for a Doherty sys-
tem with two ideal class-B PAs are shown in Figure 2.
It is apparent that through selection of a, the instan-
taneous efficiency can be maximized at any desired
value of output voltage. The efficiency at PEP is not
degraded, and efficiency remains relatively high be-

tween a Vo opp and V, opep.

7. Multistage Doherty Systems

Multistage Doherty systems employ a series connec-
tion of PAs through transmission-line couplers., For
example, a three-stage system replaces the load RO in

Figure 1 with a transmission-line coupler (impedance
Rg) that connects PA #2 to PA #3 and load R .

The operation of such a system is analogous to
that of a two-stage system. In the low-power region,
PAs #2 and #3 are cut off and PA #1 operates as a lin-
ear current source, In the medium-power region, PA #1
is saturated, PA #2 is a linear current source, and PA
#3 is cut off. 1In the high-power region, PAs #1 and #2
are saturated and together act as a single saturated
PA, while PA #3 operates as a linear current source.

If saturation of PAs #1 and #2 are to occur at
alvmeEP and uzvomPEP’ respectively, then the required

transmission-line impedances are
R, = .
L2 RO/az
and

RL1 = }?O/(u1 uz) .

8. Average Efficiency

Average efficiency [1, 20] is defined as the ratio
of the average RF-output power to the average dc-input
-power; i.e,,

"ave = Foave / Piave - (26)
The average powers are determined by integrating the
instantaneous powers weighted by the envelope probabil-
ity-density function (p.d.f.) over the range of enve-
tope values:

Vompep

- 2
PoAVG = (1/2) of me p(Vém) dme

(27)

and

VompEp

f PV

PiAVG= S 0m> p(Vom) dVom * (28)
0

A number of useful p.d.f.s are defined in [20].
For the uniform p.d.f., the dc input power and maximum-
efficiency values of +, a , and a can be determined
1 2

analytically. However, for the other p.d.f.s, the
evaluation is most readily accomplished numerically,

Selected Signals

Single-sideband suppressed-carrier (SSB/SC) trans-
mitters are commonly tested with a two-tone signal,
while full-carrier AM transmitters are commonly tested
with a single-tone modulating signal. Some types of
amplitude companders are said to produce a nearly uni-
form amplitude distribution. Quadrature amplitude mod-
ulation (QAM) is being used with increasing frequency
in data-transmission systems because of its ability to
pack a targe number of bits into a single data symbol,
A1l of these selected signals have relatively low peak-
to-average ratios.

The average efficiency of a two-stage Noherty sys-
tem with the four selected signals is shown in Figure 3
as a function of the transition ratio o, The maximum
average efficiency attainable with both two- and three-
stage systems as well as the corresponding average ef-
ficiency for a class-B PA are given in Table 1. For
these signals, a two-stage system makes a noticeable
improvement in average efficiency over class-B but a
three-stage system makes only a small additional im-
provement ,

"avG
1.0

TWO-TONE

AM

% UNTFORM
B QAM

0.0 T T — T 71T — T a
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Figure 3. Average efficiency of two-stage Noherty

system with selected signals.

Multicarrier and SSB/SC Voice

The envelope of bandlimited Gaussian noise has a
Rayleigh distribution [20]. The envelope of the sum of
a large number of independent RF carriers (with either
FM or AM) also tends to have a Rayleigh distribution.
The average efficiency of a two-stage Noherty system
with Rayleigh-envelope is shown in Figure 4 for peak-
to-average ratios of 5, 10, 15, and 20 dB. The maximum
average efficiency (obtained with proper choice of a)
is shown in Figure 5 for peak-to-average ratios from 5
to 20 dB. Average-efficiency contours for a three-
stage Doherty system with £ = 10 are shown in Figure 6.

For € = 5 dB, the improvements are similar to
those obtained with the four selected signals. How-
ever, the improvement in average .efficiency becomes
much more significant as the peak-to-average ratio in-
creases (Fiqure 5)., For example, at £ = 10 dR, the 28-
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Figure 6. Average-efficiency contours for
three-stage Doherty system with
Rayleigh signal, £ = 10 dB.

percent average efficiency of a single-voltage PA is
increased to 60 percent by two-stage Doherty and to 70
percent by three-stage Doherty. For g = 20 dB, the
average efficiency is increased from a meager 8.9 per-
cent to 48 and 66 percent by two- and three-stage sys-
tems, respectively. Note that the effect of the tran-
sition voltage increases as the peak-to-average ratio
increases.

The envelope of an SSB/SC signal produced by
speech has a Laplacian (one-sided exponential) distri-
bution. The average efficiency as a function of tran-
sition voltage is shown in Figure 7 for Laplacian-enve-
lope signals with peak-to-average ratios of 5, 10, 15,
and 20 dB. The maximum attainable average efficiency
as a function of peak-to-average ratio is shown in Fig-
ure 8 and values of a are given in Table 1.

Figure 7. Average efficiency of two-stage Doherty
system with Laplacian-envelope signals.

The average-efficiency characteristics for a
Laplacian envelope are similar to those for a Rayleigh
envelope. For a typical 10-dB peak-to-average ratio,
the 30.8 percent efficiency of class B is increased to
58.7 percent by a two-stage Doherty system, and to 68.6
percent by a three-stage Doherty system.

Amplitude Modulation

The modulating signals for full-carrier AM typi-
cally have either Gaussian distributions {corresponding
to music or the sum of a variety of sounds) or Lapla-
cian distributions (corresponding to speech). The
average-efficiency curves for two-stage systems with
these two signals are shown in Figures 9 and 10 for
several modulation peak-to-average ratios.
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Figure 10.
system with Laplacian-AM signals.

The maximum average efficiencies and the corre-
sponding transition voltages are given in Table 1,
Since the RF peak-to-average ratio for these signals is
relatively low, their average-efficiency characteris-
tics are similar to those of the selected signals.

It is interesting to note that the maximum average
efficiency of the two-stage system is achieved with the
classical Doherty configuration (a = 0.5) for all Guas-
sian-AM signals as well as the single-tone AM and uni-
form signals. It can be shown that a = 0.5 maximizes
the efficiency of a two-stage system for any signal

whose p.d.f. is symmetrical about mePEP/z' The class-

ical Doherty configuration is therefore the optimum
two-stage system for all full-carrier AM signals.

9. Conclusions

The instantaneous-efficiency relationships for
two-stage Doherty-PA systems with ideal class-B PAs
have been derived. The relationships for three-stage
systems have been obtained by analogy. These relation-
ships have been used to calculate the average dc-to-RF
power-conversion efficiency of the systems for a vari-
ety of amplitude-modulated signals.

The NDoherty system can produce a significant in-
crease in efficiency (hence significant decreases in
power consumption and heat dissipation) for virtually
all signals, The three-stage Doherty system can im-
prove efficiency of the system to nearly the PEP effi-
ciency of the individual PAs, even when the peak-to-
average ratio of the signal is large. While the effi-
ciency of a system with real PAs is not as high as that
with ideal PAs, the relative improvement in efficiency
should be approximately the same.

Many new systems that operate in the UHF and mi-
crowave range (e.g., ACSB land-mobile and mobile-satel-
lite repeaters) require a linear RF power amplifier,

In these frequency bands, the frequency of operation is
usually fixed and the transmission-line couplers are
readily implemented in printed-circuit form. The Do-
herty RF power-amplifier system is therefore an impor-
tant candidate technology when transmitter efficiency,
power consumption, and/or heat dissipation are of in-
terest to the designer.
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