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2-W Broadband GaN Power-Amplifier RFIC Using
the Doubling Technique and Digitally

Assisted Distortion Cancellation
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Abstract—The method of derivative superposition is enhanced
with digital techniques to cancel the intermodulation distortion
generated by a 2-W power amplifier (PA) RF integrated circuit
over a broad band of 6 GHz. Two amplifiers were fabricated and
tested: a baseline PA without distortion cancellation and a PA with
digitally assisted distortion cancellation to demonstrate the effec-
tiveness of the new technique. The PAs are biased in class-A mode
and have an of 31 dBm and a of 33 dBm. Measure-
ments reveal that the output third-order intercept point (OIP3)
of the PA with digitally assisted distortion cancellation can be in-
creased to 50.25 3.75 dBm between 1–6 GHz relative to the OIP3
of the baseline PA, which is 40.25 2.75 dBm over the same fre-
quency span. The level of distortion cancellation is not only depen-
dent on the frequency of the incident signal, but also on its power
level. Data is presented that shows how the proposed digitally as-
sisted distortion cancellationmethod also improves the OIP3 of the
PA when the RF input power level is taken into account.

Index Terms—Digitally assisted RF circuits, distortion cancella-
tion, gallium–nitride (GaN), power amplifiers (PAs), RF integrated
circuit (RFIC).

I. INTRODUCTION

M AXIMIZING one performance metric of a circuit can
adversely impact another one of its metrics and vice-

versa. For power amplifiers (PAs), the metrics that are often at
odds are power efficiency on one side and linearity and broad-
band performance on the other. PAs that use class E and F
topologies have excellent power efficiency [1], [2] and are at-
tractive for mobile phones, for example, because they are bat-
tery operated. Meanwhile, in cases where linearity and broad-
band performance are paramount, the class-A topology is a suit-
able choice [3], [4] if there is enough dc power available and
if proper measures are taken to dissipate the excess heat. Ap-
plications that benefit from highly linear low-distortion class-A
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amplifiers include engineering and scientific test equipment be-
cause that equipment has to produce much less distortion than
the circuits under test.
Several methods exist to improve the linearity of ampli-

fiers, including predistortion, feedforward, optimal biasing,
and derivative superposition (DS). Predistortion is the most
common, where the input signal is distorted such that it is the
inverse of the amplifier nonlinearity [5]–[10]. Feedforward
techniques have also been used [11]–[14], typically achieving
higher linearity. However, an additional error amplifier is
needed, increasing dc power and reducing efficiency. In op-
timal biasing, the transistor is precisely biased such that the
third-order nonlinearity coefficient is reduced to zero [15],
[16], and as a result, this last method can be sensitive to bias
variations.
DS can significantly reduce third-order intermodulation dis-

tortion (IMD) in amplifiers [17]–[20]. The DS method relies on
a network of auxiliary transistors to produce IMD products that
are out-of-phase relative to the IMD products of the amplifier.
Thus, when the two sets of IMD products are summed, they
cancel each other out. Since the only circuitry that is needed are
a few auxiliary transistors, DS is particularly well suited for use
in RF integrated circuit (RFIC)-based amplifiers because it does
not require too much additional chip area. Previous works have
shown that applying DS to an amplifier can increase its IIP3 by
over 10–20 dB [18], [21]–[23] compared with a baseline ampli-
fier without DS.
Despite the DS method’s successes, the amount of IMD can-

cellation is sensitive to the bias voltage of the auxiliary transis-
tors and small variations in those bias voltages can move a PA
using DS away from the optimal IP3. In such a situation, the
PA can revert back to an IP3 that is close, or even identical, to
the IP3 of a baseline PA that does not use DS. The sensitivity
of DS to the bias voltages is due, to a notable extent, on the fact
that the magnitude and phase of the IMD products depend on
the frequency and power level of the incident RF signal.
This paper presents a digital-assist technique that uses a

microcontroller to make DS more robust and less sensitive
to transistor bias voltages. This is demonstrated through the
design, fabrication, and measurement of a 2-W GaN PA with
digitally assisted distortion cancellation using the DS method.
Test results are shown for three different cases: a baseline
PA without distortion cancellation, the distortion-cancelling
PA without digital assist, and for the distortion-cancelling PA
with digital assist. The measurements clearly show a sustained
improvement in the OIP3 of the digitally assisted PA compared

0018-9480/$31.00 © 2012 IEEE
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Fig. 1. Circuit schematic of the baseline PA.

to the basic distortion-cancelling PA without digital assist
(DC-PA) even as the input signal’s frequency and power level
change.

II. PA CIRCUIT DESCRIPTION

The baseline PA without distortion cancellation is shown in
Fig. 1. That PA is described in detail in [24] and a brief overview
of the PA’s operation is given here. Transistors and con-
stitute a Darlington-type stage ( doubler), a topology that has
been shown to improve the frequency response of the devices
[25]–[27]. together with and constitute a source–fol-
lower sub-circuit and the output signal is fed to , which is in
a common-source configuration. Device is stacked above

to allow for different drain voltages to be used for and
by changing the channel resistance of through its gate

bias voltage, . The amplifier uses shunt–shunt feedback
through and for wideband operation and to help with
impedance matching at the input and output ports.
Before describing the low-distortion PA circuit, a short de-

scription of the DS method is presented to give some context
for the subsequent discussion. First, we recall that the drain-to-
source current, , of a field-effect transistor (FET) in satura-
tion can be written as the power series

(1)

where is the bias or quiescent drain–source current, is
the gate–source voltage, and

(2)

The higher order terms in the series, , describe the distor-
tion produced by the circuit. The DS method, when used for
third-order IMD cancellation, starts from the observation that
the sign of the coefficient in (1) can change from positive
to negative depending on the transistor’s gate bias voltage. The

idea, then, is to use auxiliary transistors to generate IMD prod-
ucts with the same magnitude, but opposite phase relative to the
IMD products produced by the amplifier. When the two sets of
IMD products are added, they cancel out and the result is, ide-
ally, a distortion-free signal at the output of the overall circuit.
To add distortion cancellation to the PA in Fig. 1, two auxil-

iary common-source devices and are inserted in par-
allel to and , respectively, as shown in Fig. 2. An aux-
iliary transistor is not directly associated with because
has the same drain current as . Therefore, the distortion pro-
duced by and can be mitigated with just one auxiliary
device, . The drain voltage of and is supplied
through transistor .
Transistors and in the main signal path are always in

saturation because it is a class-A amplifier. For those devices,
the coefficient in (1) is negative. Therefore, the devices in
the auxiliary path are biased near pinch-off so that their
term is positive. In this manner, the IMD tones produced in the
main path and the auxiliary path will have opposite phases and
will cancel when they are combined at node E before the output
bias tee in Fig. 2. Since the auxiliary transistors operate near
pinch-off, their dc power consumption is small compared to the
transistors in the main signal path. In fact, the dc-bias current
of the auxiliary path is less than 1% of that of the main signal
path. As a result, this particular distortion-cancelling arrange-
ment adds negligible dc power, having only a minor effect on
the amplifier’s power efficiency ( 1%).
Table I summarizes the transistor gate dimensions, inductor

values, capacitor values, and resistor values used in the design
of the PA. All of these devices are integrated on-chip, using
thin-film nichrome resistors, metal–insulator–metal (MIM) ca-
pacitors, and spiral inductors.

III. DISTORTION CANCELLATION WITH DIGITAL ASSIST

While the distortion-cancelling PA has an OIP3 that is up to
14 dB higher relative to the baseline PA (see Section IV), the
basic DS technique has some limitations as noted earlier. One
problem is that the magnitude and phase of the IMD tones pro-
duced in the main path of the amplifier change as a function of
the input signal’s frequency and power level . Once the
gate bias voltages of the auxiliary transistors in Fig. 2 have been
set for maximum IMD cancellation, those optimal gate voltages
are only useful for a very small set of frequencies and power
levels around . Therefore, the degree of IMD cancel-
lation is very sensitive to small changes in the gate voltages of
the auxiliary transistors.
To address the above challenges and thereby obtain an am-

plifier with a robust distortion-cancellation mechanism, we have
employed digital techniques to optimally bias the auxiliary tran-
sistors for maximum IMD cancellation over a wide band. The
concept is to adjust the dc bias voltages , , ,

, and to obtain the best IP3 based on the incident
signal’s frequency and power level. This digital control proce-
dure allows us to achieve a high IP3 from 1 to 6 GHz.
A block diagram of the digital-assist network is shown in

Fig. 3 and a flowchart of the algorithm implemented by the mi-
crocontroller is shown in Fig. 4. First, the frequency and power
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Fig. 2. Circuit schematic of the complete PA with distortion cancellation.

TABLE I
SUMMARY OF COMPONENT VALUES FOR THE PA

Fig. 3. Block diagram of the digital dc-bias control setup.

Fig. 4. Algorithm flowchart.

of the input signal to the amplifier are entered to the microcon-
troller chip. A lookup table in the microcontroller memory con-
tains the optimal gate bias voltages of the transistors in Fig. 2
that yield a maximum OIP3 at different frequency and power
points. The voltages stored in the lookup table are found through
measurements carried out at regular frequency and power inter-
vals.

If the signal frequency or power is not among the stored fre-
quencies and power levels in the lookup table, the microcon-
troller enters an interpolation routine to find the optimal bias
voltages based on the nearest measured values stored in the
table. Once the bias voltages have been computed, the corre-
sponding voltages are applied to the PA.
The bilinear interpolation technique implemented in the mi-

crocontroller consists of finding the closest measured frequency
and power level below and above those indicated by the input
switches. If the indicated frequency and/or power level is equal
to an entry in the read-only-memory (ROM) table, that entry
was used as the closest frequency and/or power level. A pair
of bias voltages are then interpolated in the power variable for
the closest frequency below the indicated frequency , pro-
ducing , and the closest frequency above , giving .
The voltages , can be expressed as

(3)

where and are the bias voltages at the closest power
levels measured above and below the selected power level, re-
spectively. is a scaling factor given by the indicated power
level

(4)

Next, the calculated pair of voltages and are inter-
polated further to obtain a single dc-bias voltage . This
process effectively performs interpolation over the two dimen-
sions (frequency and power) to arrive at a suitable bias voltage

(5)

where is a scaling factor given by the indicated frequency

(6)



528 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 61, NO. 1, JANUARY 2013

Fig. 5. Circuit schematic of active RC LPF.

The microcontroller chip used in this study cannot directly
produce the negative voltages required by the PA. Instead,
the microcontroller digitally encodes the voltage values using
pulse-width modulated (PWM) waveforms. The PWM mod-
ules have 10-bit precision, which, in this study, can be used to
produce gate voltages in increments as small as 5.3 mV. An
active RC low-pass filter (LPF) with negative gain shown in
Fig. 5 is used between the microcontroller and the PA to convert
the PWM waveforms to the desired analog gate bias voltages.
With this setup, dc-bias voltages , , , and

can be produced in the range from 5.3 to 1.2 V, while
can be generated within the range from 2.0 to 8.0 V.

The digital-assist network consisting of the microcontroller
chip and the five opamp LPFs consumes a total of approximately
270 mW of dc power. This is less than 5% of the dc power
consumption of the PA, having a small effect on the amplifier’s
power efficiency. Furthermore, the digital-assist network can be
fully integrated in a digital CMOS chip for a low-power im-
plementation, minimizing its impact on efficiency. In sum, the
digitally assisted distortion cancellation technique can enhance
the linearity of the amplifier without significantly reducing the
power efficiency.

IV. EXPERIMENTAL RESULTS

The PA with digitally assisted distortion cancellation and the
baseline PA were fabricated using a 0.8- m GaN HFET process
at the Canadian Photonics Fabrication Centre (CPFC), National
Research Council, Ottawa, ON, Canada. Microphotographs of
the digitally assisted PA and the baseline PA are shown in Figs. 6
and 7, respectively. The digitally assisted PA occupies an area
of 1.03 mm excluding bond pads, while the baseline PA occu-
pies 0.83 mm excluding bond pads. Both PAs were measured
on-wafer using coplanar-waveguide probes while external bias
tees were used to supply the dc and RF signals to the chip. The
drain supply voltage was 20 V in each case.

A. Baseline PA

The output power versus input power response of the PA was
measured at different frequencies and the results at 4 GHz are
plotted in Fig. 8. The PA has a power gain of 12.5 dB, an output

of 30.25 dBm, and a of 33.8 dBm at that frequency.
The measured drain efficiency of the PA versus input power
is also shown in Fig. 8 at 4 GHz. The PA has an efficiency of
about 19% at its and the efficiency increases to 35% as the
amplifier is driven harder and approaches .

Fig. 6. Microphotograph of the baseline PA.

Fig. 7. Photograph of the distortion-cancelling PA.

Fig. 8. Baseline PA’smeasured power response and drain efficiency. Data taken
at 4 GHz.

Fig. 9 shows the baseline PA’s and as a function
of frequency from 1 to 6 GHz. Both of these metrics have good
flatness over the entire band: the is 33 0.8 dBm, while
the is 31.3 1 dBm. Furthermore, the amplifier’s power
gain (Fig. 10) is 12.2 0.2 dB over the band. Good agreement
between measured and simulated results is observed in Figs. 9
and 10. Predrawn device layouts and microstrip interconnects
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Fig. 9. Baseline PA’s measured and versus frequency.

Fig. 10. Measured gain from 1 to 6 GHz.

Fig. 11. Measured OIP3 versus frequency using optimum bias voltages at
1 GHz for the DC-PA. Solid (filled) markers indicate points obtained using
interpolated bias voltages.

Fig. 12. Measured OIP3 versus frequency using optimum bias voltages at
6 GHz for the DC-PA. Solid (filled) markers indicate points obtained using
interpolated bias voltages.

characterized and modeled by the foundry were used as is in
this design to achieve the best model-to-hardware correlation.

B. PA With Digitally Assisted Distortion Cancellation

Extensive two-tone tests were carried out to demonstrate how
the IP3 of the distortion-cancelling PA is substantially improved
through the proposed digital-assist technique. The PA’s IP3 was
measured under the following two conditions:
Case 1) without digital assist;
Case 2) with digital assist.
The purpose of Case 1) was to determine the optimal bias volt-
ages of the devices in the PA that yielded the best OIP3. The
two tones were spaced at 10 MHz and their center frequency
and power level were evenly distributed over a 2-D space of
points . For demonstrative purposes, the range of

Fig. 13. Measured OIP3 versus at 1 GHz. Optimum bias voltages at
22 dBm used for DC-PA. Solid (filled) markers indicate points obtained using
interpolated bias voltages.

Fig. 14. Measured OIP3 versus at 1.5 GHz. Solid (filled) markers indicate
points obtained using interpolated bias voltages.

Fig. 15. Measured OIP3 versus at 3 GHz. Solid (filled) markers indicate
points obtained using interpolated bias voltages.

Fig. 16. Measured OIP3 versus at 6 GHz. Optimum bias voltages at
22 dBm used for DC-PA. Solid (filled) markers indicate points obtained using
interpolated bias voltages.

Fig. 17. Measured OIP3 versus at 5.5 GHz. Solid (filled) markers indicate
points obtained using interpolated bias voltages.

was from 1 to 6 GHz with a GHz, while the
range of was from 9 to 12 dBm using a dBm.
The chosen and values are relatively large in order
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TABLE II
SUMMARY OF BROADBAND PA CHARACTERISTICS

to demonstrate the efficacy of the interpolation routine when
the PA has to operate with the in-between points. With an
average gain of 12 dB, the PA produced 21–24 dBm of RF
output power, , meaning it was operating at a backoff
(BO) power from 10 to 7 dB from its . When the tests
for Case 1) were completed, the bias voltages of the auxiliary
transistors were stored in the microcontroller’s memory. For
the measurements in Case 2), the digital system in Fig. 3
executed the interpolation routine to produce the necessary
bias voltages for the PA at any desired within the
outer limits of the 2-D space specified above. The interpolation
routine was executed in particular for the in-between points of

GHz GHz GHz GHz GHz and
dBm dBm dBm .

In the plots that follow, experimental results are presented for
the following three cases: the baseline PA, the distortion-can-
celling PA without digital assist (DC-PA), and the digitally
assisted distortion-cancelling PA (DADC-PA). Solid (filled)
markers in the DADC-PA plots indicate measured results at
intermediate frequency and power points, obtained using the
bias voltages generated by the interpolation routine.
In Fig. 11, the measured OIP3 of the baseline PA versus fre-

quency (at dBm) has good flatness from 1 to 6 GHz
and has an average value of 40.25 dBm. The OIP3 of the DC-PA
is 54 dBm at 1 GHz, a significant improvement of 13.75 dB rel-
ative to the OIP3 of the baseline PA at that frequency. However,
the DC-PA’s OIP3 starts to drop after 1 GHz and is nearly iden-
tical to the OIP3 of the baseline PA after 4.5 GHz. This is be-
cause the bias voltages of the DC-PA were optimized for max-
imum OIP3 at 1 GHz and they remained fixed at that value as
the frequency changed. Meanwhile, using digital control, the
DADC-PA is able to maintain its OIP3 at an average value of
50.25 dBm from 1 to 6 GHz. Thus, the OIP3 of the DADC-PA
is 10 dB better, on average, than the OIP3 of the baseline PA
over the band.
Fig. 12 shows themeasuredOIP3 for the baseline PA, DC-PA,

and DADC-PA (at dBm), but this time, the DC-PA’s
bias voltages have been optimized for maximumOIP3 at 6 GHz.
The OIP3 of the DADC-PA is the same as before. Yet, as ex-
pected, the OIP3 of the DC-PA is best at 6 GHz, while at all
other frequencies, the OIP3 falls back to a value closer to that
of the baseline PAs.

Fig. 13 shows the measured OIP3 as a function of the output
RF signal power taken at 1 GHz. The OIP3 of the base-
line PA is constant at 42 dBm. The bias voltages of the DC-PA
were optimized to obtain a maximum OIP3 of 54 dBm at a rep-
resentative dBm. As a result, we observe that the
OIP3 of the DC-PA is best in the vicinity of dBm,
but drops by 7 dB down to 47 dBm when the increases to
24 dBm. Using digital control, on the other hand, we can main-
tain the OIP3 of the DADC-PA fixed at 54 dBm even as the PA
is delivering more RF output power.
In Fig. 14, we observe what happens to OIP3 as a function of
when the test frequency changes from 1 to 1.5 GHz. While

the OIP3 of the DC-PA never reaches its former high value of
54 dBm, the DADC-PA is able to keep its OIP3 at 54 dBm
throughout, except at dBm, where it drops slightly
to 52 dBm. Fig. 15 illustrates how the measured OIP3 versus

is affected when the test frequency is further increased
to 3 GHz. In this case, the OIP3 of the DC-PA is well below
50 dBm (43 dBm at dBm), while the DADC-PA is
able to keep its OIP3 at about 51 dBm throughout.
Further measurement results on the dependence of OIP3

versus power taken at 6 GHz are shown in Fig. 16. The bias
voltages of the DC-PA were optimized for maximum OIP3 at
the representative dBm. Fig. 17 shows the measured
OIP3 versus when the test frequency changes from 6 to
5.5 GHz. In both cases, we observe that using digital assist
increases and stabilizes the OIP3 of the PA to a nearly constant
level as a function of . In the above plots, note that the
OIP3 of the DADC-PA is consistent with the results in Figs. 11
and 12, which shows the frequency response of the DADC-PA’s
OIP3.
The above tests convincingly show the effectiveness of the

proposed digital-assist technique. This approach mitigates the
sensitivity that the basic DS method has to changes in signal
frequency and input power level, leading to a highly robust dis-
tortion cancelling mechanism. Table II summarizes the perfor-
mance of this PA with that of other broadband GaN amplifiers
reported in the literature [28]–[32].

V. CONCLUSIONS

Removing the sensitivity of the DS method to bias voltage
variations in the auxiliary transistors and the main circuit is
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critical for the widespread industrial use of the technique. The
DS method can potentially become the method of choice for
linearizing monolithic amplifiers because it requires very little
additional space on-chip. In this paper, we demonstrated that,
through digital assist techniques, the DS method becomes very
robust and can improve and maintain amplifier’s IP3 perfor-
mance even as the input signal’s frequency and power level
change.
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