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ABSTRACT This paper presents a study of supply modulation in a Doherty power amplifier (DPA). To
validate a simplified theoretical model, a 3.5 GHz conventional symmetrical DPA using a 6-W packaged GaN
pHEMT is designed for supply modulation of the main and/or auxiliary amplifiers. The DPA is characterized
in CW operation over a range of supply voltages, and shows up to 15 percentage point efficiency improvement
at 12 dB output back-off when both main and auxiliary amplifiers are varied simultaneously. A comparison of
three cases of supply variation is shown and potential benefits for improving back-off efficiency are discussed.

INDEX TERMS Doherty PA, gallium nitride (GaN), load modulation, power amplifier (PA), supply
modulation.

I. INTRODUCTION
Modern communications systems require high data rates con-
fined within a limited spectrum, resulting in signals with peak-
to-average power ratios (PAPRs) exceeding 10 dB. To main-
tain high efficiency in the power amplifier (PA) under these
conditions, multiple efficiency enhancement techniques can
be combined. In particular, the efficient output power range
of the popular Doherty power amplifier (DPA) [1], [2] can be
extended using supply modulation (SM).

Although SM is typically applied to single-ended PAs
as overviewed in e.g. [3], it has been successfully demon-
strated with other efficiency enhancement techniques includ-
ing Chireix outphasing [4], load-modulated balanced [5], [6]
and Doherty PAs [7]–[11]. Operating the main PA (MPA) and
auxiliary PA (APA) in a DPA with different static supply volt-
ages to extend the efficient range is shown in [7]. Dynamically
modulating the MPA [8], [9] was shown to increase efficiency
in back-off by 15 percentage points [8], while modulating the
APA supply was shown to increase efficiency in the high-
power regime [10]. Modulating both MPA and APA supplies
together increases the back-off efficiency range [11].

This work presents a systematic study of the effect of
SM on the behavior and overall performance of the DPA.

Three modulation strategies are compared: MPA only; APA
only; and both together. A simple theoretical model that
captures clipping effects is developed and measurements
performed to validate the predicted trends. Previous work
in [12] presented characterization under supply modulation
of a Doherty-type PA, designed for linearity using the “black
box” method [13]. Here we present an extended theoretical
analysis for a conventionally-designed DPA under different
forms of SM, along with a detailed simulated comparison of
the load modulation conditions for each type of SM. Measured
performance on a 3.5 GHz DPA with static supply variation
shows that the simple model predicts the measurements for
the different SM modes.

II. OPERATING PRINCIPLES OF THE SM-DPA
When the MPA supply is reduced, the MPA will clip before
the APA turns on, modifying the load modulation. If the APA
is supply modulated, the peak output power of the DPA will
be limited by the maximum voltage swing of the APA. These
behaviors can be captured with a simplified theoretical model.
We assume that the current of both PAs depends only on vin

and remains below Imax, that the APA always turns on at
Vin,max/2 and that there are no knee effects. The currents in
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FIGURE 1. Illustration of supply modulation of a DPA used to enhance
efficiency, showing the two variable supply voltages: main PA supply VM

and auxiliary PA supply VA. The symmetric DPA designed at 3.5 GHz is
fabricated on a Rogers 4350 substrate with Cree 6-W GaN devices.

the DPA are then independent of supply voltage and identical
to standard simplified linear profiles given by [2]:

iM = Imax
(
vin/Vin,max

)
, 0 < vin < Vin,max (1)

iA =
{

0, 0 < vin <
Vin,max

2

Imax

(
vin−Vin,max/2

Vin,max/2

)
,

Vin,max
2 < vin < Vin.max

(2)

When either branch PA undergoes supply modulation, its
voltage will clip and that PA will operate as a voltage source
instead of as a current source, modifying the DPA operation.
The clipping behavior is treated following the analysis in [1]
for overdriven class B PAs, i.e. a clipping angle is calculated
and from that of the fundamental voltage component.

In the SM-MPA case, the MPA current increases linearly
with input drive while the fundamental component of the
voltage increases more slowly, leading to variation in the
effective load ZM (graphically defined in Fig. 1) seen at the
fundamental frequency. The fundamental component of the
MPA output voltage is calculated from an ideal clipping angle
in terms of the input drive as in [1], and the result is plotted in
Fig. 2(b). We follow the convention in DPA analysis in which
the voltage across the APA is calculated based on the node
voltages of the network even when that PA is turned off in
back-off.

When the APA begins to contribute current, the MPA
voltage remains clipped and both amplifiers are load modu-
lated. This effect is seen in Fig. 2, where the case VM,max =
0.5VA,max is shown. Note that the DPA output voltage is
equal to the voltage across the APA and is calculated from
power conservation, based on the quadratic equation v2

L/ZL =
vMiM + vLiA. Here iM and iA are the currents generated by
the two amplifiers and vM is the magnitude of the MPA output
voltage. We note that the plotted MPA voltage exceeds a 0.5
normalized value because the MPA saturates. From Fig. 2(c),
the load impedances to the MPA and APA at peak power are

FIGURE 2. Calculated clipping behavior of ideal DPA main and auxiliary
devices for the normalized cases VM,max = 0.5VA,max (SM-MPA, solid lines),
and VA,max = 0.8VM,max (SM-APA, dashed lines).

both less than the nominal Ropt. In addition to modulating the
DPA output power, therefore, supply modulation also modi-
fies the range of impedances seen by the branch PAs.

The analysis for APA supply modulation is similar, with
output voltage vL (and therefore output power) limited by the
maximum swing of the APA. Fig. 2 shows the DPA opera-
tion when the APA is supply modulated such that VA,max =
0.8VM,max. These example values correspond roughly to the
VM,max = 28 V, VA,max = 22 V condition that is validated in
the experimental work presented in Section III. It is assumed
that the DPA will not be overdriven past clipping due to
the gain compression that would occur. The range of load
impedances is modified in this case also; the load impedances
to the MPA and APA at peak power are now both greater than
the nominal Ropt.

The theoretical drain efficiency versus input voltage is
shown in Fig. 2(d) for the SM-MPA and SM-APA cases.
These calculations follow the standard DPA approach of as-
suming both PAs are in ideal class B with (non-clipping)
peak efficiency of 78.5% and efficiency proportional to output
voltage. It can be seen that reducing the APA supply moves
the higher-power efficiency peak to a lower output power
level; reducing the MPA supply moves the lower-power ef-
ficiency peak; and modulating both supplies together moves
both peaks. Because the APA turn-on is fixed at a particular
input voltage, cases in which the MPA clips before the APA
turns on causes a region of overdriven MPA (shown as flat
efficiency) rather than a simple shift in power of both peaks.
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This will correspond to a region of reduced gain due to MPA
compression.

III. DPA DESIGN AND CHARACTERIZATION
A 3.5-GHz 12-W symmetric DPA with two CREE CGH40006
6 W GaN devices is designed based on manufacturer-provided
large-signal models, following the standard DPA approach
with a quarter-wavelength inverter in the combiner network
and offset lines [2]. Because of the intended use with supply
modulation, the drain bias network is designed with radial
stubs and no discrete capacitors, while maintaining stability.
The MPA and APA have identical bias and stability networks,
and are biased in class B and deep C, respectively. The ad-
ditional phase shift due to the different values of non-linear
capacitances CDS and CGS at the different bias conditions is
compensated using offset lines in the combiner and a com-
pensation line at the input of the APA [2]. A photograph of
the DPA is shown in Fig. 1.

Fig. 3 presents the simulated load trajectories at the intrinsic
plane of each PA. Also shown are the simulated load-pull
impedance targets at peak output power and at 6-dB output
back-off. Three scenarios of variable supply voltages are sim-
ulated: 16–28 V variation for both MPA and APA in even
increments; variation of MPA supply with APA kept at its
nominal VA = 28 V; and variation of APA supply with MPA
kept at its nominal VM = 28 V. In addition to the standard
power-dependent DPA load modulation, variation in load tra-
jectories is observed when the supply varies.

In a supply modulation application, when only the MPA
supply is modulated we expect that both the MPA and APA
see lower-impedance loads at peak output power, as is indeed
observed from Fig. 3. When only the APA is supply modu-
lated, both loads trend towards higher impedances. When both
supplies are modulated, the loads at peak output power con-
verge to the nominal case, although nonlinear effects cause a
spreading in the contours at mid-power levels. The qualitative
behavior agrees with what is expected from the simplified the-
ory (Fig. 2), but with added reactive variation due to AM-PM
effects in the MPA and APA.

The DPA is characterized in CW operation and static supply
voltage variation, with results summarized in Fig. 4. In this
figure, each measured or simulated curve shows a single CW
drive-up characterization at a particular constant supply volt-
age. As in the simulations shown in Fig. 3, the swept supply
voltages range from 16 to 28 V in 2-V steps. Overall, the
measured and simulated characteristics across the three SM
cases have similar shapes, although the back-off efficiency
peak occurs at around a 2-dB higher power than predicted.
This discrepancy is attributed to the large-signal operation in
a class-C bias and supply modulation—neither condition for
which the large-signal model is optimized. A slight degrada-
tion in measured gain matches our past experience using the
same model. It is observed that SM of both PAs or SM of the
MPA alone while keeping the APA in nominal bias is most
beneficial. SM of both PAs yields a 0–5 percentage points

FIGURE 3. Load modulation trajectories at the intrinsic drain of the MPA
(red) and APA (blue) for a power sweep and drain voltages varied from
16–28 V in 2 V increments. The power and efficiency impedance targets
from load-pull simulations are shown. Thick lines highlight the nominal
28 V on both drains.

higher efficiency in the high-power region, while the gain per-
formance of the two cases are nearly identical. However, SM
of the MPA alone might be more practical, both in terms of
complexity and timing considerations, for example, to avoid
added interconnect inductance [12].

The four different SM strategies are compared to the the-
oretical analysis in Fig. 5, showing that the simplified theo-
retical model predicts the behavior of a DPA under different
SM scenarios. It is notable that the measured efficiency peak
at back-off is less pronounced than expected from theory; this
is typical of practical DPAs and is related to the parallel losses
of the non-ideal device.

Table 1 compares the measured results with state-of-the-
art PAs employing gate and/or supply modulation. The PA in
this work demonstrates the highest overall PAE at maximum
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FIGURE 4. Comparison of simulated (black – PAE, green – gain) vs.
measured (red – PAE, blue – gain) results for the DPA under various SM
schemes.

TABLE 1. DPA Comparison With Gate Modulation (GM) and SM

FIGURE 5. Calculated (solid) and measured (dashed) drain efficiency vs.
normalized output power of the idealized DPA for multiple normalized
supply modulation cases: (1) VM,max = VA,max = 1, (2) VM,max = VA,max = 0.8,
(3) VM,max = 1, VA,max = 0.8, and (4) VM,max = 0.8, VA,max = 1. Measured
results are normalized to Vmax = 28 V with 0.8Vmax = 22 V.

output power and at 10 dB output back-off while operating at
the highest frequency.

IV. CONCLUSION
This work compares the benefits of supply modulation within
a DPA when the main and auxiliary PAs are modulated inde-
pendently and together. The standard DPA analysis is adapted
to include clipping effects in the MPA and/or APA, predicting
variation in the load trajectories due to different static supply
voltage conditions. Significant improvement in efficiency at
back-off powers up to 10 dB are demonstrated. The nonlin-
ear simulations and measurements presented here are done
with static variations of the supply voltages and under CW
drive, and the simplified theory is validated. While we expect
modified behavior under dynamic supply modulation, the pre-
sented approach is a good starting point for SM DPA design
and gives insight into the dependence on variable parameters.
Although SM of both PAs simultaneously is shown to offer
slightly higher efficiency benefits, SM of the MPA alone may
be preferable due to its comparable performance and practical
simplicity.
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