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Abstract: This paper presents a broadband GaN pseudo high-electron-mobility transistor (pHEMT)
two-stage driver amplifier based on an enhanced feedback technique for a wideband system. Through
well-designed parameter values of the feedback and the matching structure of the circuit, a relatively
flat frequency response was obtained over a wide frequency band. Simultaneously, in order to
reduce the fluctuation of current caused by the environmental temperature, a bias circuit with
quiescent current temperature compensation was designed. The driver power amplifier, which was
implemented in the form of a monolithic microwave integrated circuit (MMIC), was designed to
drive a broadband high-power amplifier. The designed broadband driver amplifier for the 6 GHz to
20 GHz frequency band had a very small die size of 1.5 × 1.2 mm2 due to the use of an optimized
impedance matching structure. It exhibited a small-signal gain of 12.5 dB and output power of
26 dBm. The flatness of this driver amplifier for gain and output power was achieved as ±2.5 dB and
±1 dB over the entire frequency band, respectively. The experimental results showed up to 35 dBm
in the OIP3, and the current variation range was ±5 mA after using the temperature compensation
bias circuit.

Keywords: monolithic microwave integrated circuit; broadband power amplifier; GaN pHEMT;
feedback technique; temperature compensation

1. Introduction

With the growth of wireless applications and broadband system applications, the de-
mand for fully integrated, broadband high-power, low-cost power amplifiers is increasing,
especially in modern communications, radio links, measuring equipment and military
microwave systems that require a large number of radio frequency devices [1–4]. Broad-
band systems have better scalability in terms of potential compatibility with future wireless
communication standards. With the large-scale deployment of new wireless applications,
the demand for the development of high-integration and low-cost broadband MMIC power
amplifier circuits from the C-band to the Ku-band is increasing, and there are already
many related applications [5–10]. Many pivotal points in the design of broadband PAs
need special attention. Related indicators include gain, power, flatness, input and output
reflection coefficients, chip area and linearity [11]. Therefore, it is very challenging to design
a broadband drive amplifier that meets actual application requirements.

Broadband MMIC amplifiers are widely used due to their small size, low cost and
high reliability. Generally speaking, these chips require low return loss, good gain flatness
and high broadband output power in a wideband range. In order to achieve these goals,
feedback amplifiers, distributed amplifiers, lossy matched amplifiers and balanced ampli-
fiers are widely used [11–15]. Feedback amplifiers establish a feedback loop between the
input and output, feed back a part of the output signal to the input and realize bandwidth
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expansion by sacrificing part of the low-frequency gain. At the same time, they can adjust
the input and output impedance. Therefore, it is easier to obtain broadband matching
performance [11]. Distributed amplifiers rely on the parameters of transistors to absorb
parasitic capacitance into the artificial transmission line, and ultrawideband can be realized
[12,15]. Due to their structural characteristics, efficiency is particularly low. Meanwhile, the
broadband characteristics of distributed amplifiers depend on more stages, and the size of
distributed amplifiers is bigger. Reactive matched power amplifiers can expand bandwidth
depending on the reduction of the matching Q value. They are easy to cascade, but the
introduction of more resistances leads to an increase in the overall power consumption
and a deterioration in noise performance [13]. Balanced amplifiers use coupling and other
methods to combine two or more power amplifier signals at the input and output ports.
Due to the characteristics of the coupler, the signal reflected by the port cancels out, which
makes the standing wave of this structure better than other types [14]. Balanced amplifiers
can achieve a wider bandwidth, but they also have disadvantages such as a huge area and
a high power consumption.

In this paper, a broadband driver amplifier covering the 6–20 GHz band is designed
by using an enhanced feedback structure and a series RC stable network. Using the
combination of a highpass and lowpass matching network and the reasonable design
of each component in the matching network, a flat frequency response is obtained. In
order to reduce current fluctuations in microwave-system-level applications, a temperature
compensation bias circuit is designed to realize the stability of quiescent current when the
temperature changes greatly. This design adopts a 0.25 µm GaN pHEMT process based
on a SiC substrate. Compared with GaAs and CMOS, this process has the advantages of
a high power density, high characteristic frequency and high breakdown voltage. This
process is suitable for broadband design [16,17], which is widely used in high-power, high-
voltage applications scenarios. In this paper, the performance evaluation uses a continuous
wave and a two-tone signal with a tone spacing of 1 MHz. The experimental results are
summarized and compared with previously reported works.

2. Broadband Driver Amplifier Design
2.1. Enhanced Feedback

The driver amplifier has a two–stage cascade structure. The first stage adopts an
enhanced feedback structure with a gate width of 4 × 40 µm to achieve a flat gain in the
wideband range. The second stage, which is based on output power and area requirements,
has a gate width of 4 × 80 µm, and the second stage adopts a common source structure.
The choice of transistor takes into account both gain and power output, while reducing the
influence of parasitic parameters [16,18]. The supply voltage for gates and drains of the
two stages was −2 V and 28 V, respectively.

Advanced Design System (ADS) 2016 was utilized to simulate the performance of
the driver amplifier. In order to obtain a more accurate design, all passive components
were simulated using the electromagnetic (EM) simulation of ADS. The source-pull and
load-pull setup of the first stage is shown in Figure 1a. In the entire frequency band, the
difference between high- and low-frequency maximum stable gain (MSG) is considerable.
For the purpose of achieving a good gain flatness in the broadband, an enhanced negative
feedback structure was adopted. The application of the feedback circuit can obtain a flatter
frequency response. Meanwhile, the feedback circuit can reduce the influence of the gain
roll-off characteristics of the device itself and lower the MSG value of the low-frequency
band to a certain extent [19]. A traditional feedback structure can effectively reduce the
low-frequency gain, but it inevitably sacrifices part of the high-frequency performance
and limits the gain bandwidth of the power amplifier. In the enhanced feedback structure
adopted in this article, an RC network was connected in series between the gate and the
drain, and an inductor L was connected to the drain of the transistor. The resistor was used
to adjust the depth of the negative feedback and the resistance value was determined by
the size and bandwidth of the gain. The capacitor C was used to isolate the DC signal to
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prevent the deviation of the static operating point and to adjust the phase and amplitude of
the feedback signal. The inductor L was placed at the output of the transistor as a part of
the feedback circuit to improve the flatness of the low-frequency gain while reducing the
impact on the high-frequency gain. On one hand, considering the influence of the output
capacitance of the transistor, the inductor was used to compensate the output capacitance
Cds of the transistor. The inductor can reduce the amount of feedback at the high frequency
and improve the matching characteristics. On the other hand, in view of the compactness
of the layout, this structure removed the feedback inductance between the gate and drain.
The inductance can be used as a part of the matching circuit, reducing the complexity of
the entire circuit. A reasonable adjustment of the feedback components can obtain the
desired gain response and stability enhancement [20]. The feedback network can shrink
the distance between the center of each frequency point on the smith chart and make it
easier to perform impedance matching. As shown in Figure 2, the MSG diagram with and
without a feedback structure were demonstrated. The addition of a feedback structure can
improve the gain flatness and system stability.
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Figure 1. (a) The source and load-pull setup of the proposed structure. (b) Equivalent circuit model
of the proposed structure.
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Figure 2. Simulated maximum gain of the first stage with and without enhanced feedback structure.

The impedance matrix of the transistor with feedback circuit can be obtained from the
small-signal-equivalent model shown in Figure 1b, written as
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ZH =

[
Z11 Z12
Z21 Z22

]
=

[ 1
jωCgs

+ Rgs 0

−gm(
1

jωCgs
+ Rgs)(Rds// 1

jωCds
) jωL + (Rds// 1

jωCds
)

]
(1)

The output impedance ZH,O can be obtained from Equation (1):

ZH,O = jωL + (Rds//
1

jωCds
)

= jω(L−
CdsR2

ds
1 + ω2C2

dsR2
ds
) +

Rds

1 + ω2C2
dsR2

ds

(2)

The output resonance frequency of the transistor with feedback structure is ω and it
can be expressed as:

ω =
1

CdsRds

√
CdsR2

ds
L
− 1 (3)

It can be seen from the Z matrix of Equation (1) that the addition of the feedback
inductance can offset the influence of the output capacitance Cds to a certain extent. Mean-
while, the inductance reduces the Q value of the output impedance. From Equation (3),
the resonance point is introduced at high frequency and the inductance value is adjusted
reasonably to obtain a flat gain at high frequency.

The total admittance of transistor with the enhanced feedback circuit is written as:

[Y]tol = [Y]H + [Y] f =

[ Z22
|Z| + y f

−Z12
|Z| − y f

−Z21
|Z| − y f

Z11
|Z| + y f

]
(4)

The admittance y f is given by:

y f = (R +
1

jωC
)
−1

(5)

Thus, the overall stability factor K and small-signal gain S21 [19,21] after adding the
feedback network can be obtained, and Y0 is the characteristic admittance.

K =
2Re(Y11)Re(Y22)− Re(Y12Y21)

|Y12Y21|
(6)

S21 =
−2Y21Y0

∆Y
=

−2Y21Y0

(Y11 + Y0)(Y22 + Y0)− Y12Y21
(7)

On one hand, the introduction of the feedback network makes the low-frequency gain
response flatter as shown in Figure 2. On the other hand, as shown in Figure 3, the inductor
L is connected in series with the parasitic capacitance at the output of the transistor. It can
be seen from Equation (3) that increasing the value of inductance can reduce the frequency
of the high-frequency resonance point. Conversely, the resonant frequency can be increased
by reducing the inductance value. Thus, the bandwidth expansion and gain adjustment
are realized by introducing the high-frequency resonance point. The transistor of this
process has a very poor stability and has a high MSG value. So the stability network is very
significant. The simulated K factor is shown in Figure 4. From the simulation data, the K
factor is less than 1 in the broadband. Only adding a feedback network can not guarantee
the stability of the circuit in the whole frequency band. Consequently, the designed driver
amplifier adopts an RC series structure to adjust the stability. This stable network can better
stabilize the circuit in this case and the K factor remains greater than 1 in a wide band after
the stable network is added.
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Figure 3. Simulation of the dependence of the S21 for different feedback inductance values.
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Figure 4. Simulated stability factor K with and without the insertion of feedback and stable networks.

The second stage adopts a common-source structure to achieve broadband power
output. An RLC network connected to the ground was adopted for the interstage matching
network to minimize the impact on the output power. This RLC network can adjust stability.
Simultaneously, it can participate in matching and reduce the low-frequency gain [22]. The
selection of the matched impedance was determined by the optimal impedance space. The
optimal impedance area was the junction area of the power contours of the high and low
intermediate frequency points to ensure that the output power can meet the requirements
in the broadband range, as shown in Figure 5. The power contours of Figure 5 were
obtained through the simulation of ADS’s load-pull system. It was drawn by scanning the
power at different frequencies. In this area, a demand output power greater than 25 dBm
in the broadband was reached. The impedance point was selected at the center of the
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optimal impedance space to provide the maximum impedance optimization space, and the
impedances thus selected are listed in Table 1.
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Figure 5. Optimal impedance area in power contours of different frequency.

Table 1. Optimal impedance values for the first and second stage of the transistors .

Stage First Stage Second Stage

Size (µm) 4 × 40 4 × 80
ZL,opt (Ω) 38 + j*42 35 + j*29
ZS,opt (Ω) 18 + j*25 10 + j*12

2.2. Temperature Compensation Bias Circuit

As a system-level application, a power amplifier has a significant impact on the entire
system. A fluctuating current of the power amplifier affects other components. The change
of ambient temperature has a significant impact on the static bias of the transistor [23–26].
With the aim of improving the influence of temperature changes on the bias state, we first
analyzed the characteristics of the transistor with temperature changes under the process.
Then, we designed an active temperature compensation bias circuit to improve the bias
state and achieve the stability of the quiescent current.

The change in circuit performance was mainly due to the difference in transistor
threshold voltage caused by temperature changes. The gate voltage was reversely com-
pensated by a suitable circuit to offset the influence of the threshold voltage variation at
different temperatures, so that the stable current state was maintained. The topological
structure of the designed temperature compensation bias circuit is shown in Figure 6a. The
bias circuit is composed of a transistor M1 and a corresponding voltage divider resistor.
M1 is used to replicate the state of the main signal path, and the smallest size (2 × 15 µm)
in the process design kits was selected to reduce the impact on the overall circuit current.
The TFR resistor was selected, which changes very little with temperature. Benefiting from
the consistency of transistors manufactured on the same wafer, the threshold voltage of the
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bias circuit M1 had the same change as that of the transistor in the main signal path, and a
negative feedback network was used to achieve a stable current control. Figure 6b shows
the equivalent small-signal model of the temperature compensation bias circuit. Figure 6c
shows the procedure of the voltage of each node and the branch current of the temperature
compensation bias circuit with the change of temperature. It is a change process of negative
feedback, and finally, the stable control of gate voltage and current on the main signal
circuit is maintained.

Rds R4

Rd

V V

I R I R

V

V

R

R
V

R

R

R

V V

M V

V

V

I

I

V

V

V V I

I

Figure 6. (a) Schematic of the temperature compensation bias circuit. (b) Equivalent small-signal
model of the temperature compensation bias circuit. (c) Current and voltage change direction with
temperature.

The temperature compensation circuit must provide approximate currents at different
temperatures. To achieve a relatively constant current in the power amplifier over a wide
temperature range, the output voltage V0 of the bias circuit must correspond to the variation
of the temperature. As shown in Figure 7a, the blue line is an ideal gate voltage variation
curve with temperature, which can realize current stability over a wide temperature range.
According to the working state of the main signal circuit, the temperature compensation
bias circuit needs to generate a voltage of−2 V at the central temperature, and the parameter
values of the initial resistance are given by Equations (8)–(10).

gmVa =
Vd −Vb

R4
+

Vconst −Vb
R1 + R2 + R3

(8)

Va =
Vconst −Vb

R1 + R2 + R3
(R2 + R3) + Vb (9)

Vg =
Vconst −Vb

R1 + R2 + R3
R3 + Vb (10)

The temperature compensation bias circuit is regarded as a voltage source to provide
the main signal circuit with a gate voltage that changes with temperature. The output
impedance of the bias circuit can be obtained from the small-signal equivalent circuit shown
in Figure 6b.
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Vgs = V0
R1

R1 + R2
(11)

I2 = gmVgs + I4 (12)

V0 = I4Rd + I2R3 (13)

V0 = I1(R1 + R2) (14)

The solved output impedance Ro of this temperature compensation bias circuit can be
expressed as in Equation (15) from Equations (11) to (14). Compared with the traditional
passive bias temperature compensation network, which adjusts the gate voltage of the
transistor through the series voltage divider of the resistor [27], the output impedance of
the bias network is adjusted by changing the bias state of M1 and the reasonable resistance
value. By reducing the output impedance of the temperature compensation circuit, the load
capacity of the circuit is increased, and the influence of the impedance change of the main
circuit on the power supply is reduced.

R0 =
V0

I0
=

(R1 + R2)(R3 + Rd)

(R1 + R2) + (R3 + Rd) + (gmR1Rd)
(15)

Figure 7 shows the working state of the above-mentioned temperature compensation
bias circuit under different temperatures. It can be seen that the temperature is within the
range of −55 ◦C to 85 ◦C. As shown by the red line in Figure 7a, the bias voltage provided
by the bias circuit varies within ±0.1 V. The current variation range is ±2 mA after using
the temperature compensation bias circuit, and the fixed gate voltage current variation
is about ±14 mA, as illustrated in Figure 7b. The temperature compensation bias circuit
greatly improves the temperature characteristics of the overall circuit current and enhances
the stability of the system application.

 

 

 

 

 

 

a b

Figure 7. Simulation results of the temperature compensation bias circuit. (a) Temperature compen-
sation circuit output voltage. (b) Quiescent current of the drive amplifier.

3. Experimental Results

Figure 8 shows the overall schematic diagram of the proposed broadband driver
amplifier based on the enhanced feedback and temperature compensation circuits. In order
to achieve better performance and simplify the matching network, a bandpass network
based on the different characteristics of inductance and capacitance was adopted [28].
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Figure 8. Complete schematic diagram of the designed broadband driver amplifier.

Figure 9 is a photograph of the proposed broadband driver amplifier chip, and the
red dotted line refers to the enlarged bare die. This design adopts a 0.25 µm GaN pHEMT
process, which is very suitable for high-power and high-voltage applications because it
provides a depletion transistor with a breakdown voltage of up to 120 V. By adopting an
enhanced feedback structure and a simple bandpass matching form, as well as an optimized
layout, the two-stage driver amplifier chip area is only 1.5 × 1.2 mm2. The drain supply
voltage of this design is 28 V, and the quiescent current of the two stages is 33 mA and
68 mA, respectively.

Figure 9. Photograph of the implemented broadband driver amplifier.

Figure 10 shows the measurement results of the proposed broadband driver amplifier
using a vector network analyzer on the cascaded probe station. Off-chip bypass capacitors
are wire-bonded to each power supply bias pad to suppress potential self-oscillation at
low frequencies. Measured S parameters which has a slight difference with the simulation
results are presented in Figure 10a. In the 6 GHz–20 GHz band, the average gain is 12.5 dB
with a flatness within ±2.5 dB, while the input return loss is better than −14 dB and the
output return loss is lower than −8dB. For the frequency band from 6 GHz to 20 GHz,
a K factor of much greater than 1 can be observed from Figure 10b. Therefore, the drive
amplifier can maintain a very stable state in practical use. Figure 11a shows the large-signal
measurement results that were performed at room temperature. The output power is higher
than 25 dBm and the power flatness is ±1 dB. The measurement results using a two-tone
signal with a tone spacing of 1 MHz are shown in Figure 11b. When the output power is
5 dBm/tone, performance of the output third-order intercept point (OIP3) up to 35 dbm
is obtained. Figure 12 shows the measured quiescent current of the driver amplifier, as a
function of temperature. The current variation range is ±5 mA after using the temperature
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compensation bias circuit, and the current variation is reduced by about half compared to
that without the addition of a temperature compensation circuit.

In order to obtain accurate measurement data, the loss of the measurement fixture was
de-embedded during the calibration process. The difference between the simulation and
measurement results can be attributed to two reasons. The first reason is that the transistor
datum used in the simulation was the scaling equation extrapolation value, which was
slightly different from the measured data. The second reason is that the temperature rise
caused by the poor heat dissipation of the chip during the actual measurement deterio-
rated the performance of the chip. Due to the fabrication error, the measured quiescent
current was slightly different from the simulation results, but the deviation of the quiescent
current was effectively adjusted, and the slope of the quiescent current will be improved in
subsequent versions.

S

S

S

K

a b

Figure 10. Experimental results of the proposed driver amplifier. (a) Comparison between simulated
(solid line) and measured (dash line) small-signal performance. (b) Measured stability factor of the
driver amplifier.

 

  

 

 

  

 

a b

Figure 11. Experimental results of the proposed driver amplifier. (a) Comparison between simulated
and measured large-signal results. (b) OIP3.

In Table 2, the measured performance is compared to that of published broadband
driver amplifier from recent years. The designed 6–20 GHz broadband driver amplifier
has a smaller input reflection coefficient than other driver power amplifiers of the same
type, and has a higher output power in the same frequency band, which has a wide range
of applications. Compared with the distributed structure, the proposed driver amplifier
has a smaller size and is suitable for miniaturized applications.
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Figure 12. Comparison between simulated and measured quiescent current.

Table 2. Comparison with previously published broadband amplifiers.

Reference Process Structure Freq (GHz) BW (%) Gain (dB) IRL (dB) ORL (dB) Pout (dBm) Size (mm2)

[5] 0.15 µm GaAs Two-stage 6–18 100 17.4 <−8 N/A 19.2 1.2 × 0.82
[7] 0.2 µm GaN Distributed 2–18 160 19.5 <−14 <−5 26 4 × 2
[9] 0.25 µm GaAs Two-stage 6–18 100 12 <−10 <−9 15 5 × 2
[19] 0.1 µm GaN Two-stage 22–27 20.1 24 <−9 <−10 30 1.8 × 0.87

This work 0.25 µm GaN Two-stage 6–20 108 12.5 <−14 <−8 26 1.5 × 1.2

4. Conclusions

In this paper, a two–stage broadband driver amplifier was designed using a 0.25 µm
GaN process. The proposed driver amplifier works in the frequency band of 6–20 GHz. For
the purpose of achieving a flat gain, the optimal transistor size was adopted. The enhanced
feedback structure was used to expand the bandwidth, while improving the gain flatness
and reducing the chip area. The impedance selection adopted the optimal impedance
area to achieve the best broadband matching results while meeting the high power output.
Meanwhile, a temperature compensation bias circuit was designed to deal with the current
fluctuation in system-level applications.

The chip size of the driver amplifier was only 1.5 × 1.2 mm2. The fabricated driver
amplifier exhibited an average gain of 12.5 dB, input reflection coefficient of smaller than
−14 dB, output reflection coefficient of no larger than−8 dB. The driver amplifier exhibited
a saturated output power of 26 dBm, and OIP3 figures of up to 35 dBm at 5 dBm output
power in a wideband range. The fluctuation of the quiescent current with temperature was
greatly reduced after adding the temperature compensation bias circuit. The discrepancies
between simulations and measurements were mainly caused by the deviation in fabrication
and the device model. Measurement results showed that the driver amplifier was suitable
for practical broadband system applications.
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