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Abstract: A nonlinear capacitance compensation technique is presented in this paper to enhance the
linearity of a power amplifier (PA) in the GaN process. The method involves placing an MSM varactor
device alongside the GaN HEMT device, which works as the amplifying unit such that the overall
capacitance observed at the amplifier input is constant, thus improving linearity. This approach is a
reliable and straightforward way to improve PA linearity in the GaN process. The proof-of-concept
prototype in this study involves the fabrication of a PA device using a standard GaN HEMT process,
which successfully integrates the proposed compensation technique and demonstrates excellent
compatibility with existing processes. The prototype has a saturation output power of 18 dBm, a
peak power-added efficiency of 51.8%, and a small signal gain of 15.5 dB at 1 GHz. The measured
AM–PM distortion at the 5 dB compression point is reduced by more than 50% compared to that
of an uncompensated device. Furthermore, the results of third-order intermodulation distortion
demonstrate the effectiveness of the linearity enhancement concept, with values improved by more
than 5 dB in the linear region compared to those of the uncompensated device. All of the results
demonstrate the potential utility of this design approach for wireless communication applications.

Keywords: GaN HEMT; power amplifier; AM–PM distortion

1. Introduction

Gallium nitride (GaN) high electron mobility transistors (HEMTs) have emerged as
a highly suitable technology for radio frequency (RF) and microwave PA applications,
primarily due to their remarkable power density and efficiency. GaN HEMTs are widely
recognized for their good performance in wireless communications and radar systems [1–3].
Nonetheless, the nonlinear behavior of GaN PAs has the following unique characteristics:
(1) highly nonlinear transconductance and trapping effects lead to soft compression in
the AM–AM characteristics, especially for complex modulation signals with high PAPR;
(2) unlike silicon LDMOS devices, whose AM–PM distortion is determined by the output
nonlinear capacitance, GaN HEMTs are determined by the variation of the input impedance
due to the nonlinear gate–source capacitance (Cgs) and the input Miller–reflection gate–
drain capacitance (Cds). These properties present new challenges for the linearization of
GaN PAs. In such cases, stringent requirements are placed on the amplifier linearity, both
for AM–AM and AM–PM.

Several RF PAs have been published that use improved linearization techniques, either
digital or analog, to support higher data rates and higher-order modulation signals. Digital
predistortion based on baseband signal processing is also used to improve linearity [4].
Although very powerful, digital predistortion algorithms are based on black-box behavior
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modelling and therefore do not provide designers with circuit-level feedback or solutions.
Two general approaches for PA phase linearization have been developed. In one approach,
a multi-transistor architecture or combination of nonlinear devices is employed as the
power unit, and the nonlinear curves of individual devices are combined to compensate
for the nonlinear characteristics of different devices [5]. In another approach, separate
nonlinear circuits or cascaded/parallel amplifier stages are used to equalize the phase-
power profile [6]. The first approach is aimed at optimizing the efficiency and bandwidth,
with little consideration of linearity. Moreover, the second approach can be influenced
by matching network effects, linearizer losses, and PM variations [7]. In CMOS PAs, the
nonlinear input capacitance of NMOS transistors can be mitigated by introducing auxiliary
PMOS transistors as varactors, which have complementary input capacitance characteris-
tics [8]. The broadband compensation capability of this ultrawideband technology has been
experimentally demonstrated [9]. However, this technique is impractical in GaN processes,
as only N-channel transistors are available.

In this paper, we propose a method to compensate for the input capacitance of GaN-
based PAs by leveraging the nonlinearity of Metal–Semiconductor–Metal (MSM) varactors.
To validate the effectiveness of the proposed approach, we fabricate a prototype amplifier
based on a theoretical design using a standard III–V process. Through small-signal tests, we
observe a significant reduction in the variation in the input capacitance of the compensated
device from 251 fF to 122 fF. This work demonstrates the successful compensation achieved
by this method. Furthermore, single-tone and two-tone tests are conducted to evaluate the
AM–PM characteristics and linearity of the compensated amplifier. The results illustrate the
excellent AM–PM characteristics and high linearity of the proposed device, indicating the
efficacy of our compensation method. This method offers a novel approach for designing
high-linearity PAs that are fully compatible with current processes. This approach holds
promise for the design of GaN-based MMICs and high-power PAs.

2. The Nonlinearity Generated by the Input Capacitance

The Class-AB PA typically operates near the threshold voltage of the transistor device.
When subjected to a large input signal, the device swiftly alternates between the on and off
states, leading to a substantial alteration in the gate-to-source capacitance (Cgs) [10]. This
effect is further amplified when large transistors are used to increase the output power.

To gain insight into the nonlinearity in GaN HEMTs, a simplified, nonlinear model is
presented in Figure 1. Figure 1 illustrates the major nonlinear sources in a GaN transistor
and their interdependencies: the drain-to-source current (Ids), the Cgs, and the Cgd. An
analysis of Figure 1 allows us to determine the input capacitance (Cin). Cgs is connected
to the ground, while Cgd exists between the input and output of the device. Therefore,
the capacitance observed from the gate to the ground is the sum of Cgs and the Miller
multiplication of Cgd, which can be expressed as:

Cin
(
vgs

)
= Cgs

(
vgs

)
+ (1 − Av

(
vgs

)
)Cgd, (1)

where Av is the voltage gain of the PA and is defined as Av = −gmZL and ZL is the load
impedance of HEMT. The complex input impedance, represented as Zin, is observed from
the gate (G).

Zin
(
vgs

)
=

1
jωCin

(
vgs

) , (2)

The variation in Zin(jω) with respect to the input amplitude results in AM–PM distor-
tion. This distortion is exclusively caused by nonlinear capacitors and is observed in the
gate voltage and subsequently in the drain current.

As shown in Equation (1), the Cgs and gm will not have linear behavior due to their
dependence on vgs. Hence, Zin will not be constant during large-signal operation and
cause nonlinearity [11]. In Equation (1), Cgs is the small-signal capacitance of the nonlinear
capacitor. In small-signal operation, a certain phase shift appears from the input port to
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the gate of the GaN HEMT, but as the input amplitude rises, the effective Cin changes
and so does this phase shift. The changing phase shift with input amplitude gives rise
to AM–PM distortion. The Cgd contribution is due to AM–AM gain variation, that is, to
gain compression. As voltage gain Av drops, the Miller-multiplied capacitance diminishes,
resulting in the AM–PM distortion, like Cgs. The nonlinear input capacitance’s impact on
AM–AM characteristics is minor, as the design frequency is less than the cut-off frequency
of the input RC impedance [12].
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Figure 1. A simplified, nonlinear model for the GaN HEMT.

For a 10 W GaN HEMT device, the strongly nonlinear CV profile of the Cgs is depicted
in Figure 2. The average input capacitance of a transistor is subjected to the gate bias
condition and input signal magnitude. As shown in Figure 2, the GaN HEMT is biased
in the Class-AB mode. For small-to-large input swings, the average Cgs of the HEMT is
reduced, which is supposed to result in AM–PM distortion.
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Figure 2. Simulation result of the commercial GaN HEMT device’s gate–source capacitance as a
function of gate–source voltage for a fixed drain-source voltage of 28 V.

3. Proposed Capacitance Compensation Method

To enhance the linearity characteristics of GaN PAs, AM–PM distortion can be miti-
gated by reducing the variation in the input capacitance. The input capacitance–compensation
technique is widely use to improved linearity in CMOS PA [8]. However, this compensation
technique is not effective in GaN processes, as only N-channel transistors are available.

The implementation of this idea can be achieved through the use of an MSM varactor,
which has the potential to be integrated with GaN devices [13]. The MSM varactor is
composed of two Schottky diodes with back-to-back contacts, as shown in Figure 3. By
adjusting the electrode geometry, the capacitance swing of the MSM varactor can be
altered [14]. In the unbiased state, the capacitance of the MSM varactor is determined by
the electrode area and the distance to the 2DEG channel, which acts as an equipotential
plane. When applying a bias voltage, depletion occurs in the channel beneath the reverse-
biased electrode. As the bias voltage increases, the depletion region extends deeper into
the device, resulting in a significant reduction in capacitance within a narrow voltage
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range [13]. The transition voltage, which is closely related to the threshold voltage of the
corresponding transistor, varies depending on the carrier density of the 2DEG. It facilitates
the transition from high to low capacitance. The transition voltage is the threshold voltage
of the reverse-biased contact added by the voltage drop at the forward-biased contact.
When the MSM varactor and HEMT are integrated on the same epitaxial wafer, the trends
of the nonlinear capacitance in both components exhibit similarities. The absence of P-
type devices in the GaN process can also be overcome. This characteristic allows for the
compensation of the input capacitance of the HEMT using the MSM varactor, which is
similar to the approach applied in CMOS processes [8].
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circuit model for Cgs to HEMT.

The nonlinear Cgs-Vgs profile can be modeled as a tangent function, which is an anti-
symmetric function for the center point V0. As shown in Figure 3, suppose the HEMT
Cgs-Vgs profile is modeled as

Cgs(v) = C0 + C1·tanh(
v − V0

V1
), (3)

Figure 4 illustrates that by adding an ideal nonlinear compensating capacitor (Ccomp) in
parallel with the Cgs, the overall input capacitance can be maintained constant, unaffected
by the Vgs. This concept can be realized by integrating an MSM varactor at the input of
HEMT. The MSM varactor is biased at control voltage (Vc), which is derived from the sum
of the V0 of HEMT Cgs and the threshold voltage of the MSM varactor. Consequently, this
compensatory arrangement reduces the AM–PM distortion resulting from the nonlinear
input capacitance. However, compensating for the varactor increases the chip area due to
the large size of the PA HEMT and an increase in the input capacitance.
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The Cgs is Cgs
(
vgs

)
= 0.5 + 0.4 ∗ tanh

(
vgs−(−3)

0.5

)
and the compensation capacitance is Ccomp(v) =

0.5 + 0.4 ∗ tanh
(

v−(−3)
0.5

)
. When the MSM varactor is biased to −6 V, Ctotal equals Ctotal

(
vgs

)
=

Cgs
(
vgs

)
+ Ccomp(−6 − vgs) = 1.
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4. Implementation
4.1. Fabrication

The device proposed in this study was fabricated on a 6 inch Si substrate through
metal–organic chemical vapor deposition (MOCVD) and consisted of a 3 µm thick buffer
layer, a 200 nm undoped GaN channel layer, a 1 nm AlN spacer layer, a 25 nm undoped
Al0.25Ga0.75N layer, and a 3 nm GaN cap layer. The MSM varactors were co-fabricated
alongside transistor devices, demonstrating their compatibility with HEMT technology.
The devices were first processed with mesa insulation through Cl-based plasma etching,
followed by a 60 ◦C TMAH surface pretreatment process to reduce GaN surface damage
due to plasma etching and to achieve a better surface state [15]. Ohmic contacts were
formed by annealing 20/50/150/80 nm Ti/Al/Ni/Au at 850 ◦C in N2 for 45 s. A pre-gate,
two-step treatment consisting of 1 min of low-power O2 plasma and HCl wet etching was
repeated three times to reduce the leakage current [16], followed by 20/200 nm Ni/Au
gate metallization, 200 nm SiNx passivation layer deposition through plasma-enhanced
chemical vapor deposition (PECVD), and contact pad deposition. A multiple-finger MSM
varactor structure was employed in this study to mitigate the transmission line effect arising
from the use of metal pads [17].

4.2. Device Design

The MSM varactor, as shown in Figure 5, consists of two electrodes deposited on top
of an AlGaN/GaN structure. The fabricated MSM varactors are single-end devices with a
G-S-G pad. The dimensions of the varactors can be described by four parameters, including
the finger length (FL), the finger width (Fw), the finger-to-finger spacing (d), and the number
of fingers (N), as illustrated in Figure 5. A microphotograph of a fabricated MSM varactor
is displayed in Figure 5.
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Figure 5. (a) The section of the epitaxy of MSM varactor; (b) the physical structure of the MSM
varactors; (c) microphotograph of the MSM varactor; (d) the C-V characteristics of the MSM varactor
with Fl = 1.2 µm, Fw = 23 µm, d = 3 µm, and N = 10.

The capacitance–voltage (C-V) characteristics are obtained using one-port S-parameter
measurements up to 10 GHz obtained using a vector network analyzer (VNA). The measure-
ments can be accurately fitted to a conventional varactor equivalent circuit with capacitance
(CMSM), parallel conductance (GMSM), series resistance (RMSM), and inductance (LMSM) for
frequencies within the measurement frequency range. This equivalent circuit is valid for the
investigated electrode layouts across the entire measurement frequency range. Figure 5d
illustrates the C-V characteristics of the MSM varactor. As shown in Figure 6a, Equation (3)
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is used to fit the equivalent capacitance of the reverse-biased MSM varactor, where V0 is
−3.7 V and V1 is 0.4 V.
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layer and fabrication process, both d and d2DEG are constants. To realize a linear input 

Figure 6. (a) The equivalent C-V characteristics of an MSM varactor with Fl = 1.2 µm, Fw = 23 µm,
d = 3 µm, and N = 10. (b) Cgs-Vgs characteristics of the GaN HEMT with a 1.2 µm gate length and a
100 µm gate width.

Notably, the HEMT and MSM varactor both exhibit staircase patterns in terms of their
C-V characteristics, as depicted in Figure 6. Specifically, Figure 6b highlights the behavior
of the HEMT, and Equation (3) is used to fit the Cgs of the HEMT, where V0 is −3 V and V1
is 0.6 V.

As the compensated device, the capacitance of the unbiased MSM varactor should
equal the maximum Cgs value of the device being compensated for. As shown in Figure 3b,
the Cgs value of the GaN HEMT can be considered the depletion capacitance beneath
the gate:

Cgs = εAG(
1
d
+

1
d2DEG

), (4)

As shown in Figure 3a, the capacitance of the MSM varactor is given by [18]:

CMSM =
1
2

εAMSM

(
1
d
+

1
d2DEG

)
, (5)

where d is the depth of the depletion region beneath the electrode influenced by the applied
bias voltage, d2DEG is the distance of the electrode to the 2DEG, AG is the gate area of
the HEMT, and AMSM is the electrode area of MSM varactor. Within the same epitaxial
layer and fabrication process, both d and d2DEG are constants. To realize a linear input
capacitance, the maximum capacitance of the MSM varactor and HEMT must be equal.
Consequently, the electrode area of the MSM varactor produced with the same fabrication
process should be twice the gate area of the HEMT.

The capacitance swing of the MSM varactor can be changed by manipulating the
electrode geometry [14]. This is clearly demonstrated in Table 1 and Figure 7, which reveal
the direct relationship between the capacitance of the MSM varactor and the electrode area
(N*Fw*FL). By appropriately adjusting the electrode area, the capacitance can be precisely
controlled, allowing specific compensation requirements to be fulfilled.

Table 1. Summary of the key properties of the MSM varactor.

N FL (µm) FW (µm) Cmin (fF) Cmax (fF) Cmax/Cmin

10 1.2 23 30 550 18.33
10 1.2 46 74.1 1160 15.65
20 1.2 23 154.8 1065 6.879
20 1.2 46 246.9 2170 8.788
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Considering the distinct variations in the capacitance of the HEMT and MSM varactor
at their respective bias voltages, the bias voltage (VMSM) of the MSM varactor, as shown in
Figure 8a, needs to be set as

VMSM = V0(HEMT) + V0(MSM) (6)
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In the prototype, the HEMT gate length is 1.2 µm, and the width is 100 µm, while
the connected MSM varactor includes an electrode with a width of 23 µm and a length of
1.2 µm and eight fingers. The ratio of the HEMT gate area to the MSM varactor electrode
area is approximately 1:2. A schematic diagram and a microscope diagram are shown in
Figure 8. Based on the test results depicted in Figure 6, the V0 of the fabricated GaN HEMT
and MSM varactor, Cgs, is estimated to be approximately −3 V, while the switching voltage
of the MSM varactor is approximately −3.7 V. Therefore, the VMSM should be adjusted
to −6.7 V.

5. Measurement Results

In this section, the measurement results are presented to evaluate the effectiveness of
the proposed compensation technique using MSM varactors to enhance the linearity of
GaN HEMT PAs.

5.1. Small-Signal Measurements

The small signals of both the compensated and uncompensated devices were assessed
using a VNA. The input capacitance is extracted from the small-signal S-parameters, which
are measured under varied gate bias and a fixed drain bias of 12 V. Figure 9 shows a plot of
the Port1-to-ground capacitance for both the compensated and uncompensated devices,
obtained by calculating Im{y11 − y21}/ω. The difference in the maximum and minimum
capacitance values of the fabricated prototype was significantly reduced, decreasing from
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251 fF to 122 fF. The interdigital electrode structure of the MSM varactor caused parasitic
capacitance, resulting in a capacitance difference of 122 fF. This result shows a substantial
decrease in the overall capacitance variation at the amplifier’s input after implementing
the compensation technique involving MSM varactors.
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5.2. Single-Tone RF Power Measurement

The RF power characteristics of the device were measured using a load-pull measure-
ment system. The experimental setup for the CW measurements is shown in Figure 10. The
CW input signal is generated by a signal source (R&S SMB-100A). The bias point selection
aims to minimize changes in the source impedance of the load-pull system during the test
and eliminate the influence of the source impedance on the AM–PM results. The same
load impedance (Gamma = 0.782, Phase = 2 deg) and source impedance (Gamma = 0.671,
Phase = 21.5 deg) values were used in all tests. The source impedance is chosen to balance
the gain of both devices, and the load impedance is the maximum of the output power. The
PA output is monitored by a VNA and Spectrum Analyzer to test the PA gain/power re-
sponse and AM–PM distortion. Figure 10 presents the single-tone power characteristics for
both the compensated and uncompensated devices at a frequency of 1 GHz, with Vd = 12 V
and Vgs = −2 V, where Id = 20% of Idss. The compatibility of the HEMT with a range of bias
voltages was examined by evaluating adjacent bias points within the ±0.1 V range. The
test results demonstrate the effectiveness of this compensation within the appropriate bias
voltage range.
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Figure 10. CW measurement setup.

PAs are first characterized using CW signals. The saturated output power (Psat),
power-added efficiency (PAE), gain, and AM–PM distortion are measured under the same
load impedance (Gamma = 0.782, Phase = 2 deg) and source impedance (Gamma = 0.671,
Phase = 21.5 deg).



Electronics 2024, 13, 1265 9 of 12

Figure 11 shows the measured gain and power-added efficiency (PAE) of the two
devices. As it can be seen, the uncompensated device achieves a small signal gain of 15.5 dB
and a peak PAE of 49.7% at the output power of 18 dBm; the compensated device achieves
similar PAE performance but with a gain that is 0.2 dB lower than the uncompensated
device. This reduced gain is attributed to the increased input capacitance associated with
the compensation scheme. The output power and PAE at the 3 dB compression point for
the uncompensated and compensated devices are 43.9% at 15.3 dBm and 44.6% at 15.2 dBm,
respectively.
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Figure 12a illustrates the AM–PM of the compensated and uncompensated devices
at 1 GHz with Vgs = −2 V. The compensated device exhibits an AM–PM distortion of less
than 1.3 degrees up to an output power of 18 dBm (approximately 5 dB compression point).
On the other hand, the uncompensated device shows an AM–PM distortion exceeding
2.7 degrees at the same output power. As shown in Figure 11, the impact on the AM–AM
conversion is minor because the frequency is much lower than the cut-off frequency of the
input RC network [19].

Figure 12b,c demonstrate the impact of the proposed compensation scheme on AM–
PM distortion. For the compensated device, at −1.9 V Vgs, the AM–PM distortion is reduced
to 1.7 degrees, and at −2.1 V Vgs, the AM–PM distortion is only 2 degrees. Conversely, the
uncompensated device exhibits AM–PM distortions of 4.3 degrees and 4.1 degrees at the
same gate–source voltages. Thus, the input capacitance compensation scheme significantly
reduces AM–PM distortion. Despite the application of compensation techniques, impor-
tantly, AM–PM distortion persists and is not eliminated. This residual distortion can be
attributed to other nonlinear components, including Cgd and nonlinear gm.
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5.3. Two-Tone Measurement

To verify the linearity of the performance, the device was tested under a fixed bias and
various input powers using a two-tone signal. The two-tone measurement is performed at
a fundamental frequency (f 0) of 1 GHz, with a spacing of 10 MHz (∆f ), using the same bias
conditions as in the single-tone measurement (Vgs = −2 V and Vds = 12 V). The results of
these measurements are depicted in Figure 13. Figure 13 reveals a notable improvement
of at least 3 dB when the output power is less than 12 dBm in each tone and 5 dB in
the small-signal region. AM to PM distortion effects can contribute significantly to IM
products in the pre-compression zone, and AM–AM dominates IMD3 distortion when gain
compression is increased [9]. This improvement in the pre-compression area highlights the
enhanced linearity and reduced distortion of the proposed device when presented with
modulation signals.
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6. Conclusions

This study presents a nonlinear capacitance compensation technique to enhance the
linearity of GaN HEMT PAs. By reducing the overall capacitance variation at the amplifier
input, the AM–PM linearity was improved. The experimental results obtained with a
prototype amplifier developed utilizing a standard GaN HEMT process and implementing
the proposed technique demonstrated linear enhancements in both two-tone IMD3 and
AM–PM conversion. This study provides new linearization tools for GaN-based PAs. These
results suggest the novelty of the proposed approach for achieving input capacitance com-
pensation in GaN PAs, allowing convenient integration into GaN processes. The potential
of the MSM varactor has been extensively investigated, revealing novel possibilities for
its utilization in high-linear amplifiers. This advancement offers substantial benefits that
facilitate its extensive integration into wireless communication systems and radar systems.
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