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ABSTRACT This paper presents a design of a GaN HEMT-based power amplifier (PA), with enhanced
efficiency and linearity over the operation band from 0.5 to 1.5 GHz. The design is based on wideband
load-pull and source-pull analysis. A novel procedure is developed to optimize the impedance values and
synthesize the matching networks. The amplifier achieves drain efficiency of 40%–68% and power added
efficiency (PAE) of 35.7%–63.8%, over the entire frequency band measured for an input power of 24 dBm.
To ensure flat gain response, a high pass filter is deployed at the input of the PA, thus achieving a gain
of 13.8±1 dB for the entire band. Wideband matching circuits are realized on Taconic RF35 with dielectric
constant of 3.5 and thickness of 0.76 mm. The PA is found to maintain output power of 36.8–38.3 dBm
across the frequency band. Carrier to intermodulation distortion ratio for two-tone input signal with 24-dBm
power per-tone and a spacing of 5 MHz is found to be better than 30 dB. In addition, the PA is tested
for frequency spacing values of 20 and 25 MHz and good linearity levels are attained. The developed PA
thus provides attractive features related to efficiency, linearity, and extended bandwidth, which make this
amplifier appropriate for implementations in various wireless communications systems.

INDEX TERMS GaN HEMT, high efficiency, power added efficiency (PAE), wideband high power
amplifier.

I. INTRODUCTION
The rapid progress in wireless communication systems neces-
sitates the development of wireless nodes that can achieve
the operation according to various technology standards.
Wideband components are required to design such nodes.
In particular, the characteristics of the PA have great impact
on the overall bandwidth, energy consumption, and efficiency
of the entire RF system. Wideband power amplifier designs
are in great demand to allow operation at various frequency
bands.

Broadband power amplifier is typically achieved by adopt-
ing the distributed topology. Distributed PA designs provide
excellent bandwidth enhancements but they lack the ability
to provide high efficiency. The efficiency achieved by dis-
tributed PA topology is normally in range of 20-30% [5].
In addition, the distributed PA arrangement has high com-
plexity due to the existence of more than one FET. There-
fore, a high efficiency and linearized PA along with the
broadband capability is strongly recommended for next gen-
erations of wireless communication systems. High linearity

helps to serve the high peak to average power ratio (PAPR)
requirement of existing communication systems. However,
the high efficiency PA can meet the stringent low power
consumption requirement of the upcoming as well as existing
wireless generation standards.

Moreover, proper transistor selection is essential in imple-
menting high power amplifier. Emerging technologies of Gal-
lium Nitride high electron mobility transistor (GaN HEMT)
are attractive for enhanced PA performance, due to the associ-
ated features of high breakdown voltage, high power density
and high electron mobility [6]. Due to these profound advan-
tages, GaN HEMT have been the target of design of various
broadband high power amplifiers as reported in [7]–[9].

Several broadband 10 Watts Cree’s GaN HEMT
(CGH40010) based PAs were reported as summurized
in Table I. A 2-3.5 GHz broadband GaN HEMT PA reported
in [1], which achieves a PAE of 64-76% and 40 dBm of
output power at an input power drive of 30 dBm. The attained
gain is 13 dB for the reported frequency band. The design
is based on loadpull analysis, while a low pass broadband
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TABLE 1. State of the art 10 Watts (CGH4001F) GaN HEMT based
wideband power amplifiers.

stepped impedance matching network is utilized to achieve
the optimum impedances. Another design [2] is concerned
with 1-2.9GHz, 10watts GaNHEMTbased PA. The design is
based on continuous mode to offer broadband characteristics
and achieve PAE greater than 60% along for continuous
wave power of >8.5 W at an input power level of 29 dBm.
In [3], a Class E PA with shunt capacitance and shunt fil-
ter is reported. Reactance compensation technique is used
to enhance the broadband capability of the proposed PA.
The amplifier achieves an average drain efficiency of 68%
and 41 dBm of output power at a high input power level
of 31 dBm. However, a gain of only 9 dB across a band
of 1.4-2.7 GHz is realized. A broadband PA biased in deep
Class AB mode with drain current of 35 mA is presented
in [4]. The design is based on harmonic control technique
and achieves a power-added-efficiency (PAE) of 45-60%,
along with 36-38.5 dBm output power, for a coverage band
of 1.6-2.6 GHz (i.e. bandwidth of 47.6%).

In this work, we propose the design of a wideband high
power amplifier centered at 1 GHz with a high fractional
bandwidth of 100%. The PAE for the entire band (i.e.
500 MHz to 1.5 GHz) is 35.7-63.8%, while the drain effi-
ciency is 40-68% at 24 dBm input power level. Almost a
flat gain of 12.8-15.2 dB is obtained for the whole band.
Moreover, a maximum output power of 38.3 dBm is achieved.
The proposed PA archives the highest fractional bandwidth in
comparison to designs presented in Table 1, and thus is suit-
able for recent and future wireless communication systems.
Furthermore, the Output power and efficiency are measured
at 1 dB compression point, rather deep in saturation (i.e. input
power >24 dBm).
This article is organized as follows. Section II presents

the step-by-step design procedure of the PA: firstly, the
selection of compromised optimum impedances. Secondly,
the matching networks synthesis design steps, and finally
the small signal analysis and optimization of the overall PA
along with the preservation of flat gain over the desired
bandwidth. Section III presents the large-signal analysis with
the PA excited with 1-tone and 2-tone input signals and
their results in terms of PAE, Pout, Gain, and linearity as
well.

TABLE 2. Optimum load & source impedances.

II. POWER AMPLIFIER DESIGN
The device selected for the design is 10 watts GaN HEMT
(CGH40010P), with a broadband operation of up to 6 GHz,
that is best suited for the design of broadband amplifiers [10].
The non-linear model of the device, provided by the man-
ufacturer is utilized for simulations performed in RF &
Microwave CAD Advanced Design System (ADS).

Since the harmonics of the desired fundamental frequen-
cies fall inside the desired bandwidth, harmonic tuning tech-
niques like Class E, Class F and others cannot be adopted
here [11]. Consequently, the FET is biased as Class AB,
due to its well-adjusted performance in both linearity and
efficiency. The gate to source voltage of ‘Vgs = −2.5
Volts’ & Drain to source voltage of ‘Vds = 28 Volts’ are
applied at the gate and drain respectively, resulting in a
drain quiescent current of 200 mA. To stabilize the transistor,
a stability network comprising of two parallel RC pair of
‘4.7 pF & 27 ohms and 18 pF and 22 ohms’ are cascaded
in series fashion. After proper biasing and stabilization of
the transistor, the input and output matching networks are
designed for enhancing efficiency, gain and output power.
In order to find the optimum impedances at the input and
output of the GaN HEMT, loadpull analysis simulation are
performed.

A. LOAD-PULL ANALYSIS AND OPTIMUM
IMPEDANCES SELECTION
The optimum source and load impedance values are found
to be very close to those provided in [10]. Optimum source
and load impedance values are the basis of realizing input
and output matching circuits, which is the most challeng-
ing step in the design of the PA. Table 2, shows the opti-
mum source and load impedances at discrete frequencies
of 0.5, 1, & 1.5 GHz with respect to VDS = 28 V, and
IDS = 200 mA [10].
Likewise, the loadpull analysis are performed at input

power equal to 1 dB gain compression (i.e. P1dB = 24 dBm),
Vds = 28 Volts, and Vgs = −2.5 Volts, resulting in con-
stant output power and PAE contours for different load
impedances. The PAE and output power (Pout) contours are
plotted on smith charts for different frequencies as shown
in Fig. 1(a). The three different plots in Fig. 1(a) shows the
PAE and Pout contours for 0.5 GHz, 1 GHz, & 1.5 GHz with
respect to load impedances. As noticed, the impedance varia-
tion with respect to the frequency, as expected, demonstrates
a shift in the contours plotted for the load impedances. This
necessitate the selection of a conceded optimum impedance
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FIGURE 1. (a) PAE and output power contours for 0.5 GHz (left),
1 GHz (middle) & 1.5 GHz (right) with respect to load impedances
(b) Compromised ZL-optimum selected on combined PAE and output power
contours plot for all frequency points.

that accommodates high efficiency, gain, and high output
power simultaneously. This can be accomplished by merging
all the contours of Fig. 1(a) on a single smith chart. Thus,
Fig. 1 (b) shows the combined PAE and output power (Pout)
contours on single Smith Chart for all frequencies. Hence,
the compromised optimum load impedance ‘‘ZL-optimum’’ is
selected to be 31+j7 ohms at center frequency i.e. 1 GHz
as shown in Fig. 1. Similarly, the compromised source
impedance ‘‘ZS-optimum’’ is selected in the same way and
turns out to be 14+j18 Ohms. The selected impedances
demonstrate good performance for the desired frequency
band in terms of PAE, and output power. Table 3 shows the
resulting figure merits of the selected conceded ZL-optimum
and ZS-optimum. This is the starting point for the design of
the wideband matching circuits bearing high performance to
deliver the desired PAE and output power, however, a slight
degradation in performance is expected due to experimental
losses.

TABLE 3. PAE and output power for selected compromised load
impedance.

B. STEP BY STEP DESIGN OF WIDEBAND
MATCHING NETWORKS
Wideband matching networks required at both ends of the
FET shall comply with the impedance transformation of 1:
ZS−Optimum and ZL−Optimum:1 at input and output respectively.
The design of the matching networks is based on 0.5 dB
equal-ripple low-pass prototype filter and takes the following
steps;
Step 1 (Low-Pass Prototype Extraction):A third-order nor-

malized low-pass prototype values are extracted from [12] as
shown in Fig. 2(a).
Step 2 (Richard’s Transformation): Richard’s transforma-

tion [13], is used to convert the shunt capacitors to shunt
stubs and series inductors to series stub. The characteristic
impedance ‘Z0’ of a shunt stub is ‘1/C’ with a length of λ/8
at ω = 1 rad/sec according to (1), while the series inductor’s
Z0 = L with a length of length of λ/8 at ω = 1 rad/sec
according to (2).

jBC = j�C = jC tanβl ⇒ Z0 = 0.911 (1)

jXL = j�L = jL tanβl ⇒ Z0 = 1.596 (2)

The transformation maps the ω plane to � plane, where,
� = tanβl. However, all the commensurate synthesized lines
are λ/8 long at ω = ωc as shown in Fig.2 (b).
Step 3 (Kuroda Transformation): Since the series stubs

cannot be realized using microstrip lines, therefore one of
the Kuroda identity [14] is used to convert them into shunt
stubs. The transformation factor n2 (3) is used to acquire the
characteristic impedances of the transformed shunt stubs as
shown in Fig. 2 (c).

n2 = 1+
Z02

Z01
= 1.626 (3)

Step 4 (Impedance and Frequency Scaling): The
impedance scaling is done by simply multiplying the normal-
ized impedances with 50 ohms and transforming the lengths
of the shunt stubs to λ/8 at 1.5 GHz. The resulting circuit is
shown in Fig. 2 (d).
Step 5 (Complex-to-Real Transformation): The real-to-real

network is first scaled from 50 ohms to our desired 31 ohms
and then transformed to complex-to-real using ADS opti-
mizer. The DC block capacitor of 100 pF and λ/4 length
line for Drain bias are fixed to end up with a final out-
put matching network. Although, the optimization is still
required once the designed network is integratedwith the FET
to help us improve the PAE, output power and gain. The final
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FIGURE 2. Steps in designing the wideband output matching circuit: (a) 0.5 dB Equal-Ripple Low pass filter prototype with N = 3. (b) Richard’s
transformation to convert series inductor to series stub and shunt capacitor to shunt stub. (c) using Kuroda’s identity to convert the series stub
into a shunt stub. (d) Impedance scaling. (e) Complex-to-real optimized microstrip output matching network derived from the circuit in ‘e’
(f) S11(dB)-(red) & S21 (dB)-(blue) response of the optimized matching network.

optimized realizable distributed output matching network is
shown in Fig 2 (e), while Fig. 2 (f), shows its return loss and
gain response.

Similarly, the input matching network is also synthesized
is similar fashion to end up with an input matching network,
shown in Fig. 3 (a). The s-parameters plot for the overall PA is
shown in Fig. 3 (b). It is noticed that the transducer power gain
is bizarrely high at low frequencies (emphasized with circle
in Fig 3(b)) and thus, contributing to a non-flat response.
Subsequently, an optimization is required to achieve a flat
gain over the entire band of interest.

C. MAINTAINING THE GAIN FLATNESS IN THE
ENTIRE BAND
It is highly desirable for a wideband high power amplifier to
have a flat gain response for the entire band of frequencies.
To achieve this, a high pass filter with cutoff frequency of
around 400 MHz and a ripple value of not more than 0.2 dB
in the passband can be used to maintain the overall response
of the inputmatching circuit. For this, the proposedmicrostrip

high pass filter (HPF) is designed. The HPF and its response
is shown in Fig. 4, and thus appears to be suitable to be incor-
porated in the matching network. Fig. 7 shows the proposed
PA’s schematic with the designed filter been integrated in the
input matching network. While, the Simulated S-parameters
response of the PA with and without the high pass filter is
shown in Fig. 5. It is clearly evident from the response that
beyond 600 MHz the gain is not altered much after integra-
tion of the filter, however, the response at low frequency is
highly improved, resulting in almost flat gain response for
the entire band. This effect can easily be realized in measured
S-parameters response shown in Fig. 6.

III. LARGE SIGNAL ANALYSIS
The fabricated PA circuit base is tacked with a 2 mm alu-
minum plate using conductive epoxy. The aluminum plate
is properly engraved for the placement of the device and
hence acts as a heat sink. The resistors, capacitors, and SMA
connectors are soldered before the placement of the FET.
Fig. 8 shows the photograph of the fabricated PA.
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FIGURE 3. (a) Optimized Input Matching Network and (b) its response
S11, S21 (dB) versus Frequency (GHz), after initial optimization.

FIGURE 4. Proposed High Pass Filter.

A. 1-TONE MEASUREMENTS
The PAE, gain and output power measurements are done
when the PA is excited with 1-tone signal. Fig 9 shows the
1-tone measurement setup with Hittite HMC-T2100 signal
generator, GW-Instek SPD-3606 dual range DC power sup-
ply, 50 Watts Aeroflex 20 dB attenuator, directional cou-
pler (Agilent-83700B), 5 Watts 20 dB attenuator, 50 ohms’
termination, and Anritsu MS2717B. As per standard pro-
cedure of the measurement the dual DC power supply is
used to bias the gate and drain with negative and positive
DC voltage respectively. The channel of the GaN HMET
is first closed by applying -5V at the Gate-Source junction,
thus allowing us to safely apply the 28V at the drain-source
junction. Once the drain-source voltage is applied, the gate-
source voltage is increased to a level to allow 200 mA of
drain current approximately. This allows us to now apply

FIGURE 5. Comparison in performance of PA with and without HPF,
Simulated S-parameters (dB) versus Frequency (GHz).

FIGURE 6. Measured S-parameters (dB) over the entire frequency
band (GHz).

RF signal at input and record measurements at the output
of the PA. Fig. 10 shows the measured PAE, output power,
and gain over the band of 0.5-1.5 GHz. The measured PAE is
35.7-63.8 %, while maximum output power of 38.3 dBm, and
gain of 12.8-15.2 dB is recorded for 24 dBm of input power.
Due to some experimental setup limitations an incremental
change in length of lines is done that slightly reduced the
performance of the power amplifier. Figure 11, shows the
power added efficiency for different discrete frequencies i.e.
0.5 GHz, 0.8 GHz, 1.4 GHz, & 1.5 GHz with respect to
the input power (dBm). Likewise, the Input-Output power
characteristics at different discrete frequencies (i.e. 0.5 GHz,
0.8 GHz, 1.4 GHz, & 1.5 GHz) is presented in Figure 12.

B. LINEARITY CHARACTERISTICS BY APPLYING
TWO-TONE SIGNAL
The most commonly method to measure the linearity met-
rics is to excite the PA with two-tone signal of same
power and observe the two amplified signal along with its
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FIGURE 7. Final Schematic of the proposed wideband Power Amplifier.

FIGURE 8. Photograph of the fabricated wideband high power amplifier.

FIGURE 9. 1-tone PAE, Pout & Gain measurement setup.

TABLE 4. Linearity analysis for different values of Vgs.

intermodulation distortions (IMDs). The difference between
the carrier and 3rd order IMD (IMD3) exhibits the linearity of
the PA. The IMD3s are not symmetric for even the same input
power of both tones [15], and are thus calculated as shown
in (4) and (5).

Due to the selection of Class AB operation, a good linearity
is expected at the output. To validate the concept, the input
power of both the tones is fixed and the 3rd order IMDs

FIGURE 10. Measured PAE (%), Output Power (dBm) and Gain (dB) over
the entire frequency band with Input Power of 24 dBm.

FIGURE 11. Measured Power Added Efficiency ‘PAE’ (%) with respect to
input power sweep (dBm) for 0.5, 0.8, 1.4, & 1.5 GHz.

are observed for different values of Vgs. Table 4, shows the
linearity metrics for different Vgs values for −2 V, −2.3 V,
−2.5 V, −2.8V, and −3 V. Hence, Vgs = −2.5 V proves to
be the best value for biasing the PA to provide good linearity.

C/IMD3LEFT = POUT−f 1 − POUT−2f 1−f 2(dB) (4)
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FIGURE 12. Measured Output power (dBm) vs. Input Power sweep (dBm)
for 0.5, 0.8, 1.4, & 1.5 GHz.

FIGURE 13. Two-tone measurement setup with 24 dBm input power for
each tone.

TABLE 5. Linearity analysis for different carrier frequencies and spacing
of 5 MHz.

TABLE 6. Linearity analysis for different spacing between F1 and F2.

C/IMD3RIGHT = POUT−f 2 − POUT−2f 2−f 1(dB) (5)

The two-tone measurement setup includes two signal gen-
erators producing two-tones with same power level (i.e.
24 dBm) and then combining them using power combiner.
The two-tones are then amplified using EMPOWER’s (SKU-
1030) 800-4200 MHz driver amplifier and then fed to our
proposed GaN HEMT wideband PA, as shown in Fig 13. The
two-tone analysis is carried out at 1 dB compression point
that is 24 dBm for each tone. The measurements are per-
formed for two-tones with different carrier frequencies while

FIGURE 14. Measured Output Spectrum for two-tone input signal with
24 dBm power per-tone and spacing of 5 MHz.

maintaining the spacing of 5 MHz as expressed in Table 5.
Fig. 14 shows the output spectrum of the PA excited with two-
tone input signal at 1 GHz (f1) and 1.005 GHz with spacing
of 5 MHz (f2-f1). In next step, the two-tone measurements
are done with 24 dBm 2-tone input signal along with different
spacing between f1 and f2 i.e.1f= 5MHz, 20MHz, 25MHz.
The carrier to intermodulation distortion ratio for each spac-
ing is shown in Table 6, demonstrating good linearitymeasure
at 1-dB compression point.

IV. CONCLUSION
A wideband high power amplifier based on GaN HEMT is
proposed in this work. The proposed PA achieves a drain effi-
ciency of 40-68% for a more than one octave bandwidth (0.5-
1.5 GHz), thus offering a high fractional bandwidth of 100%.
Furthermore, a step-by-step procedure of extracting the com-
promised optimum impedance from the wideband loadpull
analysis is presented. The required optimum impedances
are realized by synthesizing the low-pass filter prototype to
the final distributed matching network. The matching net-
work synthesis steps are elaborated. Furthermore, a flat gain
response is achieved by incorporating a high-pass filter in the
input matching network. The output power of almost 39 dBm
is achieved for the desired operating band.

For the linearity analysis the PA is tested with a two-
tone 24 dBm input signal with different frequency spacing
of 5 MHz, 20 MHz, & 25 MHz. The C/IMD3 of 30.8 dB is
observed at 1-dB compression point. The overall performance
and specifically broadband characteristic of the proposed PA
makes it attractive for utilization in next generation wireless
communication systems.
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