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ABSTRACT A hybrid dual-band power amplifier (PA) prototype working at two Industrial, Scientific
and Medical (ISM) bands, 2.4-2.5 GHz and 5.725-5.875 GHz, was designed for Unmanned Aerial Vehi-
cles (UAVs) communication applications in Spain. Initially, two single-band PA prototypes centered at each
band were designed to evaluate the single-band achievable RF performance. In all the PAs, the Gallium
Nitride (GaN) Qorvo HEMT TGF2977-SM was used, as well as microstrip transmission lines technology.
To achieve wideband, good linearity and efficiency, the PAs were designed in class J. The measured results
for the dual-band PA prototype at the 2dB compression point at the lower and higher bands, respectively, are
14.8 dB and 11.2 dB of Transducer Power Gain (GT ), 35.7 dBm and 34.8 dBm of RF output power (Pout)
and 59.2% and 43.5% of Drain Efficiency (η). At 3dB compression the respective lower and higher bands
results are 37.9 dBm and 37 dBm of Pout and 73.9% and 55% of η.

INDEX TERMS Class J, dual-band, GaN, microwaves, power amplifier.

I. INTRODUCTION
Unmanned Aerial Vehicles (UAVs) play a significant role in
a growing number of civil applications. These aircraft require
wireless and energy efficient communications to extend,
as much as possible, the time between battery recharges.
Consequently, 2.45 and 5.8 GHz Industrial, Scientific and
Medical (ISM) bands are often used, since many wireless
standards work in these bands, such as Bluetooth or WiFi.
However, operating at two or more bands using the same
transmitter with good RF performance at all bands with-
out reconfiguration is a challenge. Moreover, since the PA
is the most power consuming stage in the communications
transceiver, good efficiency will be a requirement for a dual-
band PA. High bandwidth and linearity are also desirable in
this case, hence, the selection in this work of class J as a
compromise to achieve all these design goals.

Several previously reported works on hybrid dual-band
Gallium Nitride (GaN)-based PAs are included in table 1.

The associate editor coordinating the review of this manuscript and

approving it for publication was Tae Wook Kim .

TABLE 1. Comparison of state-of-the-art dual-band PAs using GaN
HEMTs.

In [1] a dual-band PA was designed centered at
1.5 and 3.8 GHz, and operating at different classes at each
band. Due to the difficulties they found when using the
same matching networks for both bands, the biasing net-
work at the higher band was used to aid matching at the
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lower band, where class AB was used. To achieve class J
matching at the upper band, a technique based on a previous
approach [2], was introduced. Another class J dual-band PA
was designed in [3], operating at the center frequencies of
0.8 and 2.8 GHz. The Output Matching Network (OMN)
consists of crossed microstrip transmission lines, designed
using the transformation of two-section transmission line,
matching the fundamental and second harmonic impedances
at both frequencies. But only simulation results were pre-
sented. The same occurs in [4], where the designed dual-band
PA uses the same frequency bands as in this work and
only lower-band measured performance is shown. It uses
Substrate IntegratedWaveguide (SIW) technology, instead of
microstrip transmission lines. In [5] is presented a dual-band
PA designed with the aim of preserving linearity and high
efficiency. It employs 2.1 and 5 GHz as the center frequencies
of each band and makes use of a matching procedure in two
steps, which consists of matching at first complex to real
impedances and then, real to real impedances.

In [6] is presented a concurrent class J PA working at
closer bands than this work, 1.842 and 2.655 GHz. The
matching networks were designed for matching the har-
monic impedances and the impedance for the second order
intermodulation, which was relevant to obtain good effi-
ciency. Themeasured efficiency achieved in concurrent mode
reaches 60% and the RF output power (Pout) exceeds 40 dBm
at both center frequencies. More recently, in [7] the authors
introduced a microstrip matching network designed as a
combination of T and 5 networks for working at 1.57 and
2.44 GHz. It also only includes simulation results. In [8],
is presented a concurrent hex-band PA, which includes the
two frequency bands selected for this work. Despite operat-
ing in more than two bands, at 2.5 and 5.8 GHz efficiency
barely reached 41% and 20%Power Added Efficiency (PAE),
respectively. Furthermore, a frequency shift was observed in
the frequency bands above 4 GHz.

Other recent works which pursuit high efficiency, present
class F PAs ( [9] and [10]) with the corresponding harmonic
control and, in the case of [9], proposed the use of a band-
width expansion network. In [11] the transistor is biased in
deep class AB and, to achieve high efficiency, the second
harmonic impedances are selected with arbitrary values near
open or short circuit. In [12], a dual-band coupler is proposed
for the drain dual-band harmonic control and matching, and
was demonstrated in lower frequency PAs.

Despite presenting good RF performance, most of these
previous works operate at lower fundamental frequencies or
at closer bands than the PA proposed in this work.

In next sections, a highly efficient dual-band class J*
PA in hybrid microstrip technology, working at ISM bands
2.45 and 5.8 GHz, is described. To pre-evaluate the expected
RF performance at each band, initially two single-band PAs
were developed. PAs design, simulations and E-M optimiza-
tions were performed using Advanced Design System (ADS).
Qorvo TGF2977-SMGaN HEMTwas employed in all cases.
Modelithics components models were used.

II. PA DESIGN
A. CLASS J OPERATION
The PAs designed in this work operate in class J [13] to
achieve good linearity and efficiency simultaneously, as well
as broadband. The starting point is biasing the transistor
in deep class AB, therefore using a small current conduc-
tion angle to enhance efficiency. Another remarkable class J
advantage is the flexibility in the PA design, since several
combinations of the fundamental and second harmonic drain
impedances are available in this class to achieve the desired
RF performance. To determine these impedances, the easiest
option is to use the intrinsic harmonic impedance values
provided by (1) to (3):

Zf0 = Ropt + j · α · Ropt � (1)

Z2f0 = −j · α
3π
8
Ropt � (2)

Z3f0 = Z4f0 = 0 � (3)

where Ropt in this case, is the optimum intrinsic drain real
impedance to operate in deep class AB, usually a compro-
mise between output power and efficiency. This value can
be obtained using load-pull, and α may vary from -1 to 1.
Note that using α = 0 is similar to operate in class B: the fun-
damental drain impedance is Ropt and the second harmonic
impedance is a short circuit. The drain impedances configu-
rations for α 6= 0 causes the RF voltage time waveform to
be shifted and boosted. Therefore, the efficiency remains the
same as that achieved in class B. Using (1) to (3), the target
intrinsic impedances at 2.45 GHz and 5.8 GHz, showed in
Fig. 1 and Fig. 2, respectively, were calculated.

FIGURE 1. Class J intrinsic drain impedances at the lower frequency
band.

B. SINGLE-BAND PA DESIGN
The single-band PAs were designed before the dual-band
PA, to identify the expected RF performance at each band.
Both single-band PAs bias networks use radial stubs (RF
short circuits) in parallel to a λ

4 transmission line at the
fundamental frequency, so that the fundamental signal be
optimally delivered to the PA RF output. In addition, several
parallel branches with series resistors and capacitors, filter
low frequency spurious signals. Unconditional linear PA sta-
bility from low frequencies up to at least the second harmonic
is achieved modifying these resistors values and including
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FIGURE 2. Class J intrinsic drain impedances at the higher frequency
band.

a small series resistor at the gate RF terminal. Regarding
the OMNs of both single-band PAs, they were designed to
obtain the intrinsic class J impedances corresponding to α =
0.5 for the lower band and α = 0.3 for the upper band. These
α values were determined by computing the intrinsic drain
impedances (through access to the HEMT model internal
nodes) while the extrinsic drain impedances (fundamental
and second harmonic) were tuned/optimized. The RF output
of each single-band PA are connected to stepped impedance
filters to match the class J fundamental impedances. Further-
more, to aid matching the second harmonic output termina-
tion, a stub is used at the drain bias network, after the section
filtering out the fundamental signal. The upper-band PA uses
the technique in [14] to match fundamental and second har-
monic impedances, independently. This method includes two
λ
4 transmission lines for the second harmonic at the transis-
tor’s RF drain terminal, to avoid affecting the fundamental
match, and an extra capacitor, whose selfresonant frequency
is the second harmonic frequency, is included at the drain
bias network, after the second harmonic matching. However,
in this work the capacitor has been replaced with a radial stub,
which is a short circuit at the second harmonic frequency,
to avoid second harmonic signal being delivered to the dc
drain source. With respect to the PAs input matching, also
stepped impedance filters were used to achieve fundamental
conjugate matching.

The layouts and the photographs of the single-band PAs.
are shown in Figs. 3 and 4 for the 2.45 GHz class J PA and
Figs. 5 and 6 for the 5.8 GHz class J PA. The simulated
and measured results of the corresponding manufactured PA
prototypes will be discussed in Section III.

C. DUAL-BAND PA DESIGN
The aim of this paper was the design of a dual-band
PA without the need of reconfiguration, so the same cir-
cuit ensures good RF performance at both bands. Conse-
quently, the bias networks are designed to enhance driving
both fundamental signals to the RF output while properly
biasing the transistor and aiding low frequency stability.
For this purpose, we modified the bias network structure
used in the single-band PAs (Section II-B) by using two
radial stubs at both the drain and gate networks, instead

FIGURE 3. Single-band 2.45 GHz PA layout.

FIGURE 4. Single-band 2.45 GHz PA prototype photo. Size 10.6 cm ×

12.4 cm.

FIGURE 5. Single-band 5.8 GHz PA layout.

FIGURE 6. Single-band 5.8 GHz PA prototype photo. Size area of 6.3 cm ×

5.8 cm.

of just one. An additional series resistor at the gate RF
input was added to aid stability. To set the HEMT work-
ing in class J at each band, the intrinsic (through access to
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TABLE 2. Dual-band PA intrinsic and extrinsic fundamental and second
harmonic drain impedances before including matching networks.

FIGURE 7. Target fundamental (red) and second harmonic (blue) intrinsic
drain impedances before matching at 2.45 GHz.

FIGURE 8. Target fundamental (red) and second harmonic (blue) intrinsic
drain impedances before matching at 5.8 GHz.

the model internal nodes) and corresponding external out-
put drain impedances are computed, obtaining the values
included in Table 2. The intrinsic impedance values are
also represented in Smith Charts at Figs. 7 and 8, for the
lower and upper bands, respectively. These impedances cor-
respond to α = −0.7 for the lower band and, at the upper
band, different α values were chosen for the fundamental
(α = −1) and the second harmonic impedances (α = −0.4),
since these values both provided good performance and were
achievable within the constraints imposed by the bias net-
work. Class J* was selected to aid matching, since using α
values above 0 caused large differences between the obtained
extrinsic drain impedances at both fundamental frequencies.
These constraints did not allow using the same α values as in
the single-band designs.

Next design steps involve designing the multiharmonic
matching networks, starting with the OMN. Initially, the
OMN is designed to match the fundamental frequency
impedance at the upper band. The resulting network is shown
in Fig. 9. To match second harmonic impedances, refer-
ences [3] and [6] were considered. Those works added in
the matching networks at the transistor’s drain a λ

8 open stub

FIGURE 9. High-band fundamental frequency output matching network.

at f0 to force a short circuit at 2f0 so in this work the same
method is used but setting this stub initially at 5.8 GHz, prior
optimization. Instead of applying the Two-Section Transmis-
sion Line (TSTL) used in [3] to achieve dual-band match-
ing, we decided to perform a tuning process using the net-
work, developed so far, but also adding an intermediate
tapered line to give more design flexibility. The goal was to
obtain a compromise between RF Pout and drain efficiency
at the two bands of interest. The obtained OMN is shown
in Fig. 10. Regarding the Input Matching Network (IMN),
conjugate matching is applied, obtaining the fundamental
source impedances Z2.45GHz

s = 170− j33� at the lower band
and Z5.8GHz

s = 96 − j100� at the higher band. A stepped
impedance filter is again used to design the optimized IMN
for the higher band, since at the lower band the expected RF
performance of the dual-band PA is better. The final intrinsic
drain impedance values are shown in table 3.

FIGURE 10. Dual-band OMN.

TABLE 3. Dual-band PA intrinsic fundamental and second harmonic drain
impedances after including matching networks.

These values are a compromise obtained by applying
the proposed matching network architecture (which showed
the best performance, despite limitations to fully provide the
desired intrinsic harmonic impedances for the two separate
bands) through an E-M optimization procedure to achieve
drain impedances compatible with the B/J continuous and
providing good performance. In particular, Ropt has varied
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at both bands, as well as the α value, which corresponds with
α ≈ 0 for the lower band and α ≈ 0.25 for the upper band.
The resulting layout and photograph of the dual-band PA

prototype are included in Figs. 11 and 12.

FIGURE 11. Dual-band PA layout.

FIGURE 12. Dual-band 2.45 and 5.8 GHz PA prototype photo. Size area:
8.2 cm × 7.7 cm.

III. SIMULATED AND MEASURED RESULTS
The single-band and dual-band PAs PCBs (RO4003C) were
processed at Cantabria University in Spain, using laser
milling, and assembled in Vigo University (UVigo) on a
copper heat-sink. Each PAwasmeasured in UVigo laboratory
under large and small signal excitation, using the set-up in
Fig. 13, and a Vector Network Analyzer (VNA) (HP8510C),
respectively. Regarding the measurements in large signal,
a vector signal generator (E4438C ESG) and a driver ampli-
fier are responsible of generating the PA RF input signal. The
PA output is connected to a signal analyzer (N9000A CXA)
through a directional coupler in order to attenuate the received
signal. A dc power supply was used to bias the transistor.

A. SINGLE-BAND PAs MEASUREMENTS
The comparison between measured and simulated results can
be observed in Fig. 14 (2.45 GHz single-band PA RF perfor-
mance at 2.45 GHz) and Fig. 15 (5.8 GHz single-band PA RF

FIGURE 13. Set-up for the PAs prototypes large-signal characterization.

FIGURE 14. 2.45 GHz single-band class J PA, RF measured performance
(dashed lines) vs. simulated one (continuous lines) at 2.45 GHz.

performance at 5.8 GHz).Whereas the simulations accurately
predicted the low band prototype measurements, the 5.8 GHz
class J PA predictions where less accurate, as expected. The
2.45 GHz single-band PA prototype provided at 2.45 GHz
and 2dB compression, the measured performance of 18 dB
of Transducer Power Gain (GT ), 36.8 dBm of Pout, 70% of
Drain Efficiency (η) and 69% of PAE. At 3 dB compression,
the RF Pout was 37.7 dBm, the ηwas 76.4% and the PAEwas
75%. In the case of the 5.8 GHz single-band PA, at 5.8 GHz
and 2 dB compression, the measured performance (without
any post-fabrication tuning) was 11 dB of GT , 34.5 dBm of
RF Pout, 48.9% of η and 45% of PAE. At 3 dB compression,
the Pout was 34.9 dBm, 48.3% of η and the PAE was 43.8%.
This PA RF performance improved when the PA was mea-
sured at 5.6 GHz, as it is shown in Fig. 16.
Since previous high-band PA prototype showed a slight

frequency shift, the dual-band PA was designed taking this
problem into account.

B. DUAL-BAND PA MEASUREMENTS
The dual-band PA is measured at both bands separately, using
the set-up in Fig. 13. The results at 2.45 GHz are shown in
Fig. 17 and at the 2dB compression 14.8 dB ofGT , 35.7 dBm
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FIGURE 15. 5.8 GHz single-band class J PA, RF measured performance
(dashed lines) vs. simulated one (continuous lines) at 5.8 GHz.

FIGURE 16. 5.8 GHz single-band class J PA, RF measured performance
(dashed lines) vs. simulated one (continuous lines) at 5.6 GHz.

FIGURE 17. Dual-band class J PA, RF measured performance (dashed
lines) vs. simulated one (continuous lines) at 2.45 GHz.

of Pout, 59.2% of η and 57.2% of PAE were obtained. It is
observed that the measured PAE and drain efficiency at high
compression levels improved over those values obtained in
simulation. At 3dB compression, the measured RF output
power shows similar results as the simulated one, reaching
a Pout of 37.9 dBm, the η is 73.9% and the PAE is 71%.
At 5.8 GHz, the PA measurements at 2dB compression

are 11.2 dB of GT , 34.7 dBm of RF Pout, 43.5% of η and
40.2% of PAE. At 3dB compression the Pout is 37 dBm and
regarding η and PAE we found similar behaviour at high
compression levels than in the low band, reaching 55% of η
and 50% of PAE. These results are shown in Fig. 18

FIGURE 18. Dual-band class J PA, RF measured performance (dashed
lines) vs. simulated one (continuous lines) at 5.8 GHz.

FIGURE 19. Dual-band PA simulated (continuous) vs. (dashed) measured
S-parameters: input RL.

FIGURE 20. Dual-band PA simulated (continuous) vs. (dashed) measured
S-parameters: GT .

The S parameters analysis of the dual-band PA performed
comparing the simulations and the measurements with an
VNA are shown in Figs.19 (input Return Losses (RL)) and
20 (GT ). The input RL show a frequency shift beyond 5 GHz.
At 2.45 GHz they were not good, but they improved at
5.8 GHz to -12.8 dB, as expected from the way it was
designed. As regards the S21 parameter, at 2.45 GHz a GT
of 15.4 dB is obtained and at 5.8 GHz, 14.3 dB. Broadband
was achieved for the lower band, where 2 GHz of bandwidth
were obtained. Whereas at the upper band, the bandwidth
was 400 MHz, which is less than expected from simulations,
but sufficient to work at the high ISM band selected in this
work.

In tables 4 and 5, the simulated and measured RF results
at 2dB compression and 3dB compression of the PAs
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FIGURE 21. Dual-band PA simulated (continuous) vs. measured (stars) dc
drain current. Fundamental frequency 2.45 GHz.

FIGURE 22. Dual-band PA simulated (continuous) vs. measured (stars) dc
drain current. Fundamental frequency 5.8 GHz.

TABLE 4. This work simulated and measured PAs RF results at 2 dB
compression.

TABLE 5. This work simulated and measured PAs RF results at 3 dB
compression.

included in this work, respectively, are presented. Except for
the single-band PA at 5.8GHz, the rest of the PAs show higher
η and PAE results at high compression levels in comparison

with simulated ones. Differences in selfbiasing behaviour at
high powers, possible due to difficulties in the prediction of
the HEMT nonlinear distortion, especially at high frequen-
cies, and the heat sink induced thermal response, are probably
responsible of significant differences between the simulated
and measured dc drain current (see Figs.21 and 22), hence
affecting the efficiency results. In addition, at high power
levels in some instances the measured RF Pout exceeds the
simulated one, thus contributing to more disagreements in the
final efficiency.

IV. CONCLUSION
This work describes the design of a hybrid GaN dual-band
class J* PA at two ISM bands, whose center frequencies
are 2.45 and 5.8 GHz, suitable for UAVs communications.
A prior approximation of the expected dual-band PA per-
formance was obtained by designing and manufacturing two
single-band PAs at the center frequencies of each band.
At 2dB compression the dual-band PA prototype supplies
35.7 dBm and 34.8 dBm of RF Pout at the lower and upper
band, respectively, and 59.2% and 43.5% of η, whereas at
3 dB compression, 37.9 dBm of Pout are obtained at the low
band and 37 dBm at the upper band, as well as 73.9% and 55%
of η. The measured results are consistent with simulations.
As far as we know, no dual-band PAs prototypes providing
similar measured RF performance at the same bands are
found in the literature.
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