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Abstract—An extension of the Doherty amplifier, which main- Main
tains high efficiency over a wide range of output power &6 dB), is
presented in this paper. This extended Doherty amplifier is demon-
strated experimentally with InGaP/GaAs heterojunction bipolar input
transistors at 950 MHz. Power-added efficiency (PAE) of 46% is (50Q)
measured at Pigg of 27.5 dBm and 45% is measured at 9 dB
backed off from P, 45 . Additionally, PAE of at least 39% is main-
tained for over an output power range of 12 dB backed off from
Pi4p. This is an improvement over the classical Doherty ampli-
fier, where high efficiency is typically obtained up to 5-6 dB backed
off from P;4p. Compared to a single transistor class-B amplifier
with similar gain and Piag, the extended Doherty amplifier has Fig. 1. Doherty amplifier topology.
PAE 2.6x higher at 10 dB back off and 3x higher at 20 dB back
off from Pi4p. Under different bias and output matching condi-
tions, the amplifier was also evaluated with CDMA signals. At the
highest measured power of 25 dBm, the extended Doherty ampli- 1
fier achieves a PAE of 45% with an adjacent channel power ratio
of —42 dBc. Generalized design equations are also derived and the
consequences of finite device output impedance on amplifier gain 08t
and linearity are explored.
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. INTRODUCTION

OWER control of RF transmitters is a key requirement
in modern digital telephony. For example, in the case of
CDMA, power control is implemented in both the base sta- el L e . . ‘ .
tion and handset transmitters [1]. Power control in the base-sta 0 02 04 0.6 08 1
tion transmitter mitigates the “corner” problem in which mo- Pou (normalized)
bile units near the edges of a cell require more power due to
transmission losses and adjacent cell interference. It also mifig- 2. Comparison of calculated efficiency characteristics.
mizes interference to the mobile units in the adjacent cells. On

the mobile unit side, itis very important for handsets to transmibwer. Unfortunately, a significant consequence of this require-
power at variable levels so that signals received by the base $fant is that the power amplifier operates mostly within regions
capacity. Owing to such an aggressive system requirementidh of the battery power in handsets, it is desirable for ampli-
is common for power amplifiers imobiletransmitters to op- fiers in these applications to have higher efficiencies at backoff
erate at output power levels of 10-40-dB backoff from peaigwer to extend battery life. A promising efficiency boosting
technique to achieve this result is the Doherty amplifier (Fig. 1),
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of 4 ain SINCE,,,, €Xperiences a short circuit looking into the
quarter-wave transformer at the output branch. However, since
Vinain 1S @ function ofi, ., in (1), {44 influences the impedance
Vior Vau looking out of the main amplifier and thereby controls the satu-
+ ration behavior of the main amplifier.
Ru - If icriticar IS defined as the value @f,.;, when the main am-
plifier reaches saturation, theg,, can be chosen in relation to
imain as

'iaux Auxili ary p 07 tmain < Zeritical
faux = 3)

_J,V (imain - icritical) 3 imain Z icritical
where v is a design parameter that determines the value of
Fig. 3. Simplified output network used for analysis. Geritical IN relation t0%,,.x main, the maximum value of .y
as follows:

an extended Doherty amplifier with high efficiency over a wider 1

range of output power compared to a classical Doherty design. teritical = — tmax_main- (4)

The output power range between the two peaks in power-added K

efficiency (PAE) (as seen in Fig. 2) of 9 dB is achieved witlsome important points should be mentioned regarding (3). First,
a careful design of the input and output matching networks. 41,, is proportional to- j timesi.,,aix SINCE 4 has to lag yain
Section Il, the basic principle of operation and a derivation @y 90° for proper Doherty operation. Also, the parametetays

the design equations are presented. The analysis assumesithinportant role in determining the relationship betwggn
output of the transistors to be ideal current sources where #di,,, ;.. The relationship in (3) implies that the gain ratio be-
impedance is infinite. Therefore, in Section Ill, a similar, but aveen the main and auxiliary amplifiers should be adjusted de-
more realistic analysis is done considering the finite impedanggsnding upon the value of.

at the output of the transistors. Detailed design and implemen-with v = 2, the classical operation of the Doherty amplifier is
tation issues of the amplifier are discussed in Section IV ashtained wheré.,;;c.; is one-half that 0f,,.x mam. Since the

experimental results are presented in Section V. region of high efficiency is given by the expressizflog; ()
in decibels,y = 2 results in a peak efficiency starting from
[I. PRINCIPLE OF OPERATION AND ANALYSIS about 6 dB backed off from peak power. It is apparent that the

The Doherty amplifier consists of main and auxiliary ampli[nain amplifier can be made to saturate at a lower fraction of
wax _main DY Ch0OOSING a higher value gt Here, we define an

fiers with their outputs connected by a quarter-wave transm| e . :
ers i I" outpu yaqu wav iLextended Doherty amplifier” to be a design with> 2.

sion line (Z,,,). There is a quarter-wave transmission ligg Y at ) ) X . .
the input of the auxiliary amplifier to compensate for the equiv- To continue the analysis, the value &, is obtained by in-

alent delay at the output. The main amplifier is typically biasej]er}ng:;""t (3) |ngo/th.e exprestsm? fov*“ati“ (%{)’ dandlsolvmg
class B and the auxiliary amplifier is typically biased class C, gf 4m hal MaKeSmain @ cONSIant, or saturated, vaiue
that the auxiliary amplifier turns on at the power when the main

. ) _— Zm =R 5
amplifier reaches saturation. The current contribution from the TRL ©®)
auxiliary amplifier reduces the effective impedance seen at t\% :

. e . o ereViain IS
main amplifier's output. This “load—pulling” effect allows the
main amplifier to deliver more current to the load while it re- Z2, ) )
mains saturated. Since an amplifier in saturation typically oper- R, tmain, Imain < feritical
ates very efficiently, the total efficiency of the system remains Vinain = z2 . . (6)
high in this high-power range until the auxiliary amplifier satu- Ry teripicals tmain 2 fleritical
rates. ’

Fig. 3 illustrates a simple model for the Doherty amplifier},..in becomes a constant value Whghin > icritical, Which
in which the transistor outputs are modeled as current sourégsonsistent with the Doherty operation.
controlled by theirinput voltages,, ..., is assumedto be linearly  Fig. 4(a) and (b) graphically summarizes (1)-(6). Fig. 4(a)
proportional to the input signal voltage. Using superpositioBhowsV,,,.., andVz, (or V,.x) as a function of ,ain- Vinain iN-
voltages at the output of the main amplifier and the load aceeases proportionally tQ,.;, with a slope ofy? Rz, and reaches

calculated to be a constant saturated valUig .« _main atiécritica- Fig. 4(b) shows
) imain @ndi, ., plotted against,,,;,. This graph is useful in de-
Viain = R_m fmain — J Zmiau 1) _termining the maximum current§ of the two amplifiers._Siryce

L is the slope of.,,,,. with respect t@,,,,;,, the value of maximum

Vi, = —j Zmimain- (2) current ofiaux, tmax _aux, IN relationship tiy,ax _main €an be

determined as
In this ideal analysis, where the current sources have inher-
ently infinite impedance, the load voltage is only a function tmax _aux = (¥ — émax _main- 7
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0 0.2 04 0.6 0.8 1 impedance was assumed. With a large valuey,0f8) shows
Imain (normalized) that the effective load presented to the main amplifier can be

potentially comparable to the device output impedance at low

power drive. In this scenario, it would be relevant to examine

If the same peak current density is desired for both devices, thtgﬁ influence of the finite device output impedance. A more

the size of the auxiliary amplifier should be— 1 times that of reall_st|c anaIyS|_s .Of Fhe Doherty amplifier is examined n this
. o section where finite impedances at the output of the main and
the main amplifier. i o .
Using expressions fofy, V; and V, the effective load auxiliary amplifiers are considered.
9 express O, Vinain ok : The Doherty output network with finite device output
seen by the main and auxiliary amplifiers can be analytlcalllx]

obtained for low drive POWERf,. < ieriar) and peak power pedange is shown in Fig. 6. The circuit is identical to
CONGItioNs (o = ¢ ) as follows: the one in Fig. 3, except for the shunt resistdts,, and

R,, representing the output impedances of the main and

Fig. 5. Rmain as a function of,,,i, With variousy values.

Ropain = V2R bin < feitical ®) auxiliary amplifiers, respectively. Again, using superposition
o and defining R;. as the parallel combination af?; and
Ruain = YR . . R,o(Rre = Rr||R.,), the voltages at the main amplifier
Ry = —— R, (7 tmain = tmax_main-  (9)  output and the load are found to be
v—1
. . . Rorann . ..
Fig. 5 shows a graphical representation of (8) and (9) for Vmain = m(zmlmain — JlawxRLe) (10)
Runain. R, andipa main are set to unity for this representa- cemoom
tive plot. It can be seen that with larger valuesprmain_ is Vi =3 RieZm (_ FimainRom -+ fau Zm). (11)
also larger. In Section Ill, the consequences of increasging Zh + RomRpe

the characteristics of the Doherty amplifier are explored. The expression fol is significantly different from the in-

finite output impedance case [see (2)] in that it is a function of
bothi ., @andi . Using the same definition @f,,. in (3), V7,
From the analysis in Section I, it would seem possible toow becomes a nonlinear function Qf.;,, (which is propor-
choosey to be an arbitrary large value to boost efficiency aional to the input signal voltage). This implies that there will
much lower output power. However, the analysis was rathkee AM—AM distortion as a result of the finite output impedance
simplified since an ideal output current source with infinitef the devices. Also, the presence of finite output impedance

Il. I NFLUENCE OFFINITE DEVICE OUTPUT IMPEDANCE
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0.9 | / ) Fig. 8. Implementation of the extended Doherty amplifier.

It can be seen thadt,,.;, is still consistent with the infinite de-
vice impedance case where it is a linear function, gf,,, for
imain < icritical and a constant Value 1:@1[1‘13,111 Z icritical- How-

ever, the value of,,,.;, decreases as,,,, andR,, become com-
parable toR;.

V. (normalized)

IV. DESIGN AND IMPLEMENTATION ISSUES

A 950-MHz 0.5-W extended Doherty amplifier with = 4
was designed with InGaP/GaAs heterojunction bipolar transis-
tors (HBTS) using microstrip on a printed circuit board with
60-mil-thick FR-4 dielectric£,. ~ 4.3, tané = 0.025). The

0 0.2 0.4 0.6 0.8 1
imain (NOrmalized)

(b) HBTs were wire bonded on to Tech-Ceram microwave pack-
Fig. 7. Plot ofVz versusimaim for: (@)y = 2 and (b)y = 4. Shown onthe ages. HBTs were chosen for their high current handling capa-
right-hand side are the values Bt .. andR,. with respect taz . bilities, as well as high output impedances to prevent the effects

described in the previous section. A simplified circuit schematic
in (11) reduces the value dfz, which results in a decrease injs shown in Fig. 8.
gain. Plots ofV, versusiy,.i, are shown in Fig. 7(a) and (b) From the analysis in Section Il, the parameteinfluences
with various values of?,,,, and R, for v = 2 andy = 4, re- several important aspects of the Doherty amplifier design. First,
spectively. It is evident that the decrease in gain and presencé @fetermines the transition point where the auxiliary amplifier
AM-AM distortion are discernible wheR,,,, andR,, become turns on according to (4). With = 4, the region of high ef-
comparable tdz;,. However, wherz,, andZ,;, become larger, ficiency should ideally start approximately at 12-dB backoff
(10) and (11) approach (1) and (2), respectively. These trerfetsm peak output power. Secondiydetermines the impedance
are also observable in Fig. 7, where for high value®gf, and  characteristics of the output network. According to (8) and (9),
Roq, Vi resembles a linear relationship withain, as in (2). ~ = 4 results in the effective load seen by the main ampli-
In any case, the analysis stresses the importance of large defigeat low drive power to bel6R; and at peak power to be
output impedance for Doherty amplifiers with large values.of 4R; R; is chosen to be 4.8 in accordance with load line con-
To finish off the analysisZ,,, can be calculated by substi-siderations for the transistor characteristics of the auxiliary am-
tuting .. in (11) with (3) and solving fo¥Z,,, that maked/,...n  plifier. The impedance transformation from the output (50
a constant value to Ry, = 4.5 Qis done using a quarter-wave microstrip line
(Z, = 15 Q) and the quarter-wave transformation frdinp to
Zm =vRLe (12)  the output of the main amplifietli{,..;n, = 72 ) is also done
and using microstrip £,,, = 18 ). By using microstrip for the
output impedance transformations, biasing the collectors of the

RoaZy, i SR two transistors (with'c.c = 4 V) is facilitated with external bias
R R + Z2 main» maun critical h dl d . h I . b h .
Vi = Lelloa 1 L tees. Thirdly,y determines the scaling ratio between the main
RoaZp . I and auxiliary amplifiers if similar maximum current densities
2 teritical tmain 2 %critical- . . _ . . .
Rp.Roo + 22, are desired. Withy = 4, (7) states that the ideal scaling ratio

(13) between the auxiliary and main amplifiers to maintain the same



2476 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 12, DECEMBER 2001

PldB
60 e
3 —oohery| L
& 50 {-{= = = ‘Control|--~+-====ntennnns N A A
H -
= 240 Foroombees T S Y R
0
g > 1
s 2 30 oot L--
s 2 |
0 0 1
- £ 20 fooo e R S
£ 11 ’ I
[ (e 1
S L{UJE SRR EEREEE R AR B P f b e -
3 1
[ 0 ‘ ‘ ‘ ‘ ‘ e
10 -5 0 5 10 15 20 25 30
Pout (dBm)
(@
100 ¢ Pa— T T X 7 300
Fig. 9. Output power, gain, and PAE as a function of input power. F PAE (Doerty) ; P
fol-=---- PAE (‘Control’y P 250
. A Iy DC Gurrent (Doherty) | ! , 4 M -~
current densities at maximum power should be 3:1. HoweveZ 51 | - 06 Guren oo | -1 -~ At 43 000 &
due to availability issues of the power HBT devices, a scalingé 3 | ‘ - | 7 e
ratio of 4:1 was chosen, with total emitter areas of 3360 an 3 T+ 150 ¢
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nally, v influences the rate at which the effective load at the maii g ! 100 g
amplifier (R,,.i) is pulled down when the auxiliary amplifier 150
is turned on. Therefore, determines the saturation characteris- / S ‘ ]
tics of the main amplifier, which, in turn, affects gain flatness, 0.1 = P e
efficiency, and linearity. Equation (3) implies that the gain ratic -50 -40 -30 -20 -10 0
between the two amplifiers tsand, furthermore, the gain of the Output Back-Off (dB)
auxiliary amplifier should be greater than the gain of the main (b)

a_mpllfler. This gan rfatlo can b_e accommodated by adju_s_tlng tpg 10. Performance comparison of the extended Doherty and “control”
sizes of the two devices, the input match of each amplifier, agghplifiers. (a) Total collector efficiency versus output power. (b) PAE and dc

the power-splitting ratio at the input. Since the auxiliary amplieurrent versus output backoff froft s and PDF of a representative CDMA
fier is biased in class C, it is typically difficult to match the gairf"°P!le ransmitter output power.

of this amplifier to be greater than the main amplifier unless

the overall gain is sacrificed. Therefore, a practical method fi€r saturates and the auxiliary amplifier turns on) occurs at an
achieve the proper gain ratio is to divide the power at the input@/tput power of 18.5 dBmP? g is at 27.5 dBm with a PAE of

an unequal fashion. It was determined in simulations that using@%. The output power range between these two critical points
1: 2 power divider [10] between the inputs of the main and aui 9 dB. This resultis an improvement over the classical Doherty
iliary amplifiers resulted in proper Doherty operationfo= 4. amplifier, where this high efficiency region is typically 5-6 dB
By having twice the power delivered to the auxiliary amplifiepackoff from 5. Additionally, PAE of at least 39% is main-
than the main amplifier, gain flatness and good efficiency wetained over an output power range of 12 dB fréins.

achieved in the output power range when the auxiliary ampli- A single transistor “control” amplifier (equivalent to a class-B
fier was on. Additionally, it was found that adjusting the delagmplifier) with similar gain,’1qs, output bias voltage, and qui-

in the auxiliary amplifier input path4, ) was critical for proper €scentcurrentwas designed using the same HBT as the auxiliary
Doherty operation. This delay was adjusted so that the outpu@spplifier for comparison purposes. Fig. 10(a) shows a compar-

the auxiliary amplifier lagged the output of the main amplifielson of collector efficiencies of the extended Doherty and “con-
by 9C. trol” amplifiers as functions of output backoff. It is clearly vis-

ible that the efficiency of the extended Doherty is considerably
V. MEASUREMENT RESULTS higher at backoff power. PAE and dc currents for both ampli-
fiers are plotted versus output backoff frafp in Fig. 10(b).
A. One-Tone Test Also shown is a probability density function (or power usage
Single-tone measurements were made on the extended Puapfile) of a representative mobile transmitter. The significant
herty amplifier at 950 MHz. Fig. 9 shows a power sweep witadvantage of the extended Doherty amplifier is evident when its
measured output power, PAE, and gain as a function of ingfficiency characteristics and the probability of transmission are
power. The characteristic behavior of the Doherty amplifier isonsidered together. For example, PAE of 43.5% is measured at
apparent from the fact that the PAE reaches an initial peak ah@-dB backoff, and PAE of 15% is measured at 20-dB backoff
remains high until peak power is reached. This initial peak fnom P, 5, where for the “control” amplifier, PAE is only 16.5%
PAE at 45% (which is approximately when the main ampland 5%, respectively.
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For systems with varying probability of transmission, it is rel-
evant to define an overall system efficiency. Using the definition
from Haningtonret al.[11], system efficiency is given by

input
<P0ut> (SOQ) power
ave — 14 o] splitter
7. P (14) pi
where(F,,;) and(P,,) are average weighted input and output
powers given by
+oo
<P0ut> = / D (Pout) Pout dPout (15)
0
+o0 {' i
<-Pm> = / D (Pout) -Pin (Pout) dPout- (16) Output
0

(50Q)

Using the input and output characteristics of the extended DIQ;} 11. Circuit of the extended Doherty amplifier optimized for linearity.

herty and “control” amplifiers, as well as the probability distri-
bution function (PDF) for IS-95 signals in an urban environment

[information all contained in Fig. 10(b)], the average system ef ® ! %0
ficiencies are calculated to be PAE | %
S e Ao Fooeeme b T e 40
Nave = 24.3% (Extended Doherty) ; 135

Nave =14.7%  ("Control"). Tl R A L ‘w0 _

N D e  _———=ACPRL &

As expected, the average efficiency for the extended Doherg L—— ; 1 ! g
amplifier is considerably higher than the “control” amplifier. < O o R r20
The peak PAE level is limited by several factors. It is antic- S, " ! ACPR2{ 15
ipated that further improvements could be obtained by using -0 _—~7-----= ‘ R 10
printed-circuit-board material with lower dielectric loss, by re- : | is
ducing the transistor packaging parasitics, and by implementir I T S S R

optimized harmonic terminations. 5 10 15 20 25 20

Py (dBm)

B. CDMA Measurements
For the previous measurements, the amplifier was desigrféd 12- Measured ACPR and PAE versus output power.

and biased for the proper Doherty efficiency performance as
a function of output backoff, and linearity was not consideredf the Doherty amplifier measured with broad-band input sig-
To evaluate the performance of the amplifier for wireless comals (such as CDMA signals) is particularly sensitive to the bias
munication applications with CDMA signals, slight modifica<circuit impedance at the baseband (over the input signal band-
tions were made in order to simultaneously optimize efficienayidth). This occurs since the main and auxiliary amplifiers stay
and linearity. Second and third harmonic traps were placediathe large-signal swing condition over a wide power range, and
the outputs of the main and auxiliary amplifiers, respectiveltheir supply currents vary significantly with variations of signal
as shown in Fig. 11. With this harmonic termination strateggnvelope.
the main amplifier output experiences a short at the second harFig. 12 shows the measured results of adjacent channel power
monic and an open at the third harmonic. This is becauskfthe ratio (ACPR) and PAE plotted versus output power for CDMA
line Z,, is equivalent to & /2 line at the second harmonic andsignals in the amplifier of Fig. 11. The ACPRL1 limit e42 dBc
a3A/4 line (which has an impedance transformation equivaleand the ACPR2 limit of-54 dBc (corresponding to IS-98 spec-
to aA/4 line) at the third harmonic. By doing so, the main amiications) are met up to the highest measured output power of
plifier resembles a class-F amplifier, which should have high €25 dBm. The high values of ACPR2 at low power are attributed
ficiency when it is operating at large RF swings. To avoid excet the noise floor of the measurement system. Although the PAE
sive large-signal nonlinearities such as AM—AM and AM—PN& lower than that shown in Fig. 9 (as is typical for CDMA rather
distortion, the main amplifier is kept out of deep saturation bihan single-tone inputs), PAE of 45% is measured at the highest
optimizing the turn-on behavior of the auxiliary amplifier. Thigneasured power. At 10-dB backoff, PAE is still high at 23%,
is done by controlling the bias and drive of the auxiliary amwhile for typical class-AB amplifiers, the PAE at this backoff
plifier. Since the main amplifier is kept well out of deep satupower is about a factor of four lower than at the peak efficiency.
ration, the efficiency will be lower than that of the typical Do-Overall power efficiency was calculated using (14) with the
herty curve, as shown in Fig. 9, but will remain significantlyPDF shown in Fig. 10(b) for CDMA signals. The resulting effi-
higher than for a single transistor class-AB amplifier. The biasency was calculated to be 17.5%, which is still higher than the
arrangements were also modified. It was found that the lineargingle-transistor class-B transistor measured under single-tone
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excitation, as described above. These linearity and efficiency

sults are promising for handset transmitter applications. Furtt
efficiency improvements can also be anticipated with optimize
design.
VI. CONCLUSIONS
A 0.5-W extended Doherty amplifier with high efficienc
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