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Abstract

This work presents the first design of an active frequency quadrupler based on GaN
HEMTs. It is based on two cascaded frequency doubler stages that allow up-conversion
from the S band to the X band, obtaining conversion gain in narrowband without the
need for any additional buffer amplifier. A hybrid prototype of the quadrupler provides,
at the input fundamental frequency of 2.5 GHz, a measuredfourthharmonic maximum
conversion gain of 13.7 dB and an output power of 23.5 dBm, with suppression of both
fundamental andsecondharmonic above 14 dBc. To obtain these results, due to its impact
in the final quadrupler behavior, a prototype of the higher frequency second stage doubler
was designed and manufactured separately to assess its RF performance. The experimental
results of this standalone prototype are highly competitive with the current state of the art
in frequency doublers at the C band.

Keywords: frequency quadrupler; frequency doubler; gallium nitride; hybrid
circuit; microwaves

1. Introduction
In general, frequency multipliers are used within mixer stages or frequency syn-

thesizers to increase the frequency (by a multiple integer) of the signal generated by a
low-frequency, high-performance local oscillator. This allows the translation of its stability
and phase noise characteristics to the upper band with acceptable efficiency while provid-
ing enough output power. Different semiconductor technologies have been used over the
years for their fabrication, from silicon (Si) to compound semiconductors.

Gallium nitride (GaN) transistors are showing outstanding performance over Si or
gallium arsenide (GaAs)-based ones in high-frequency applications requiring high power
and efficiency. GaN HEMTs, primarily used in RF power amplifiers (PAs) and power
electronics, are starting to play a significant role in other areas such as renewable energy,
electric vehicles, and electronics for medical applications, among others [1].

Although passive components such as Schottky barrier diodes or varactors are gener-
ally used in frequency multiplication, replacing them with active devices provides benefits
in terms of conversion gain and broad bandwidth [2].

Recently, there have also been developments in the design of microwave active fre-
quency multipliers using GaN HEMTs. These designs can benefit from the added output
power and efficiency provided by GaN devices, while achieving conversion gains (Gc),
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wide bandwidths, stability and output power without the need for additional amplifiers,
which ultimately reduces circuit area, complexity, consumption and costs.

Regarding active frequency multipliers in hybrid technology, most published works
design frequency doublers (FDs) [3–6], some triplers [3,7,8] and only a few quadruplers [3,9].
Considering those FDs with similar technologies to this work—although with higher power
transistors—in [4] two FDs can be found: one using a SiC MESFET (with central frequency
fc = 2 GHz) and another one using a GaN HEMT ( fc = 3.33 GHz), both being 10 W
transistors. These designs obtained a Gc of 10 dB and 14.8 dB, and an output RF power
(Pout) of 38 dBm and 36.17 dBm, respectively, while reaching a Harmonic Rejection Ratio
(HRR)@ f0 > 35 dB by using λ

4 stub resonators. This method was also used in [5], where a
FD based on a GaAs MESFET ( fc = 4.8 GHz) obtains a Gc of -4.9 dB and a HRR > 47 dB
for both f0 and 3 f0. In [6] three similar FDs are presented by the authors ( fc = 2.45 GHz),
all using the same 5 W GaN HEMT used in this work, providing more than 11 dB of Gc2 f0 ,
Pout around 20 dBm and f0 suppression close to or above 20 dBc.

With respect to quadrupler designs in hybrid technology, no works using GaN HEMTs
have been reported so far. Only two alternative designs—based on other transistor
technologies—with no conversion gain and reduced output power have been found in the
literature [3,9]. The hybrid design in [3] ( fc = 2.9 GHz) uses a single SiGe HBT and the
output frequency is above the device maximum operating frequency (10 GHz). Initially,
output matching is achieved through a hairpin filter tuned to the fourth harmonic, but
since it is not possible to reach the desired bandwidth, it was redesigned using two FD
stages. Although the design method is not detailed, around 5 dBm of Pout are obtained.
In [9] a one-stage hybrid quadrupler based on a GaAs pHEMT is presented, in which
matching networks are optimized to achieve maximum Gc4 f0 , resulting in a conversion
gain of −0.7 dB and a HRR > 20 dB up to 6 f0.

The majority of published quadruplers use Monolithic Microwave Integrated Circuits
(MMICs) and are primarily based on other semiconductor technologies, mostly SiGe. No
GaN-based MMIC quadrupler has been reported to date. These designs use a cascaded two-
stage FD topology and require additional amplifying stages to improve circuit performance,
but they still show no positive conversion gain nor considerable output power. A first
example of this kind of quadruplers is the one in [10], which works from 2.5 to 10 GHz
of input frequency ( f0), thus covering three conversion bands with the aid of passband
switching filters and obtaining a HRR > 30 dB. In [11] a quadrupler is designed—but
only validated in simulations—that includes amplifier stages in the input, the output and
between FDs, that works in the f0 range from 5 to 20 GHz, providing 2 dBm of maximum
Pout. In [12], a quadrupler working in the f0 range from 5.25 to 6.75 GHz, as part of a
quadrature transmitter, shows a measured Pout of 0 dBm and HRR > 40 dB. In that work,
Load-Pull (LP) simulation is used to simultaneously optimize the output power and the
harmonic rejection for the first FD. Using FDSOI CMOS technology, the circuit designed
in [13] works for a fc of 15 GHz and includes a PA at the second FD output to compensate
for a 20 dB loss.

In this work the first design of a frequency quadrupler based on GaN transistors is
proposed. Designed to up-convert from the S to the X band, while presenting conversion
gain in narrowband, it uses a topology consisting on two cascaded FDs without the need
for any amplifier stage. A microstrip prototype was fabricated in hybrid technology using
two similar GaN packaged HEMTs. The circuit design is described in Section 2, including
details for the inter-stage matching network (ISMN) and the higher frequency FD stage, for
which an independent prototype was manufactured. Finally, in Section 3, the FD second
stage and quadrupler measured performances are shown, in small- and large-signal (LS)
regimes, in comparison to simulation predictions.
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2. Frequency Multiplier Design
The frequency quadrupler design in this work is based on two cascaded FD stages

and does not use any amplifier stage. The first FD stage up-converts from around
fc = 2.45 GHz, named FD1, and the second one from around fc = 4.9 GHz, named
FD2. Both FD stages were designed using the packaged 5W GaN HEMT TGF2977-SM from
Qorvo, as well as the ADS simulator with the Qorvo-Modelithics transistor model and
Modelithics passive components models. The block diagram of the frequency quadrupler
can be seen in Figure 1. Initially, the two stages were independently designed and opti-
mized, matched to 50 Ω in the input and the output, and their target terminations and
cascaded performance were also evaluated in simulation. Then the quadrupler was built
partially based on those FD designs but implementing an inter-stage matching network
(ISMN), matching the FD1 output with the FD2 input.

Figure 1. Frequency quadrupler block diagram consisting of two cascade frequency doublers.

A preliminary study was conducted in simulation to evaluate whether a Gc4 f0 could
be achieved with one single-stage circuit using the mentioned GaN HEMT. The maximum
Gc4 f0 obtained in simulation was below −10 dB, which could not be compensated by
adding a PA working at around 10 GHz designed with the same active device, since its
gain at this frequency would not overcome the single-stage quadrupler losses. However,
a previous work with this transistor for a frequency doubler design at f0 = 2.45 GHz [6]
shows that more than 10 dB of Gc2 f0 can be achieved. Hence, a cascade topology based on
two frequency doublers is selected as the proposed solution.

2.1. Frequency Doubler Stage Design

In order to select the most appropriate HEMT bias point for each FD stage that provides
the maximum Gc2 f0 , a simultaneous sweep of the input RF power (Pin) and the gate DC
voltage (VGS), close to the threshold voltage (Vth), is performed with 50 Ω terminations
and ZL f0 as a short circuit. As a result, Gc2 f0 contours of each circuit are obtained.

Analyzing these contours it was possible to determine that the most appropriate bias point—
in simulation—for both FDs was VDS = 32 V and VGS = −3.1 V, which corresponds to a DC
drain current—in simulation—of IdsDC = 1.6 mA. Figures 2 and 3 show the Gc2 f0 contours as
functions of Pin and VGS at an input frequency of f0 = 2.45 GHz and f0 = 4.9 GHz, respectively.
At this stage, it should be noted that under these load conditions (50 Ω), the maximum simulated
Gc2 f0 (6.2 dB at f0 = 2.45 GHz and 1.2 dB at f0 = 4.9 GHz) does not reach the expected range of
values demonstrated in previous works [6]. However, when replacing the 50 Ω reference by the
optimum ZL2 f0 that maximizes Gc2 f0, these values will increase considerably, as shown next.

Then, a second harmonic LP was performed, at the optimum bias settings discussed
above, to replace the initial 50 Ω load for the ZL2 f0 that provides the maximum Gc2 f0 .
Through access to the internal nodes of the transistor compact model, and once the optimum
ZL2 f0 are found, the corresponding second harmonic intrinsic target impedances in the
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microstrip design (Z2 f0 intrinsic) can be determined, which result in Z2 f0 intrinsic = 120 +
10j Ω for FD1 and Z2 f0 intrinsic = 96 − 25j Ω for FD2.

Figure 2. FD1 simulated Gc2 f0 contours at the fundamental ( f0 = 2.45 GHz) vs. Pin and VGS. The
indexing variable in the curves is Gc2 f0 [dB].

Figure 3. FD2 simulated Gc2 f0 contours at the fundamental ( f0 = 4.9 GHz) vs. Pin and VGS. The
indexing variable in the curves is Gc2 f0 [dB].

The next step was the design of the bias networks for both FDs, adding DC blocking
capacitors to the circuits’ input and output RF paths. Gate bias networks are based on a
λ@ f0

4 transmission line and radial stub in parallel (RF short circuit at f0) while drain bias

networks are based, correspondingly, on a
λ@2 f0

4 transmission line and radial stub in parallel
(RF short circuit at 2 f0), to drive the RF at f0 towards each HEMT input and the RF signal
at 2 f0 towards each FD load. Moreover, in the case of FD1, it was necessary to add a
second radial stub in the drain bias network to allow short circuiting the intrinsic Z f0 when
designing the output matching network. On the other hand, to filter out low-frequency
undesired signals, RC filters were added in parallel in these networks.

To ensure HEMTs unconditional stability at small-signal conditions, a series resistor
was added to each transistor gate, with the value of 5.6 Ω for FD1 and 3 Ω for FD2, since
working at higher frequencies implies higher losses, which allowed the reduction in the
FD2 stability resistor.

Figure 4 highlights the FD2 final bias and stabilization networks, along with input and
output matching networks detailed next.

To reject the RF signal at f0 at each FD output, a stub
λ@ f0

4 , as shown in Figure 4, was
added in the drain to short circuit Z f0 intrinsic. In addition, in FD1, it was necessary to
include a transmission line before the stub to help achieve the target Z f0 intrinsic.

Now, the required ZL2 f0 was recalculated in order to provide the target Z2 f0 intrinsic for
each FD, obtaining ZLFD1 = 11− 40j Ω and ZLFD2 = 30− 30j Ω. Finally, the optimum source
impedance (ZS) for each FD was computed, forcing conjugate matching for maximum
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power transfer (ZS = Z∗
in), obtaining ZSFD1 = 10 − 8.5j Ω and ZSFD2 = 14 + 27j Ω. To

synthesize these impedances, output matching networks (OMNs) and input matching
networks (IMNs) are designed in order to reduce reflections at desired frequencies when
attaching 50 Ω RF connectors.

Figure 4. Layout of the FD2 with the different networks identified.

The FD1 IMN was obtained from a single microstrip transmission line with char-
acteristic impedance Z0 = 20 Ω showing transmission losses of less than 0.1 dB, and
good return losses. Similar designs of FD1 using the same active device were carried
out previously by the group [6] providing satisfactory results in terms of Gc2 f0 and Pout,
although adding circuit modifications to improve fundamental signal rejection. Therefore,
its separate fabrication is not deemed necessary, since comparable performance is expected.
Consequently, there is no need to design the FD1 OMN. However, the design of the FD2
was conducted from scratch, motivating the manufacturing and measurements of a FD2
prototype standalone, prior to its integration into the quadrupler. The IMN and OMN in
FD2 are designed following the same methodology: using a transmission line to remove
the reactive impedance component (Z0 = 24 Ω at FD2 IMN and Z0 = 50 Ω at FD2 OMN),
and a λ

4 transformer with Z0 = 67 Ω at FD2 IMN and a λ
4 transformer with Z0 = 78 Ω at

FD2 OMN.
Figure 5a includes the results of the Pin sweep simulations for FD1, including the IMN

but directly specifying the optimum ZLFD1 previously computed. It shows an expected
performance of more than 8 dB of maximum Gc2 f0 and high suppression for f0 and 3 f0

signals, while not forcing suppression of the 4 f0 component, the target signal at the output
of the frequency quadrupler. In Figure 5b, the FD2 Pin sweep simulation results are
shown. The expected maximum Gc2 f0 exceeds 5 dB and presents a minimum fundamental
suppression of 15 dB. The FD2 measured performance is analyzed in the next section.

2.2. Quadrupler Design

Once the FD2 has been manufactured and measured, showing a suitable performance
in accordance with the one expected from simulations, the next step was the design of the
complete quadrupler, taking into account the preliminary work carried out while designing
each FD independently. Since the quadrupler topology implies cascading the two FD stages,
an inter-stage matching network ISMN needs to be designed. Because the FD1 output and
FD2 input operate at the same frequency ( fc = 4.9 GHz), a similar matching procedure as
the one usually applied for cascaded PAs [14] was used.
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(a) (b)

Figure 5. Simulated conversion gain up to the 4th harmonic vs. Pin (a) at f0 2.45 GHz for FD1 design
and (b) at f0 4.9 GHz FD2 design. Curves not shown imply their value is below −30 dB.

Ideally, for maximum power transfer ZOUTFD1 = Z∗
INFD2

is needed, so the inter-stage
matching network is optimized as much as possible to reach that goal as well as minimizing
the losses. The designed ISMN, whose schematic is shown in Figure 6, includes two
microstrip transmission lines of which the simulated S-parameters are displayed in Figure 7,
showing transmission losses at f0 = 4.9 GHz of only 0.2 dB, and good return losses.

After placing the ISMN between FD1 and FD2, the impedances presented by this
network to each FD can be computed in ADS and, as revealed in Figure 8, they are very
close to the desired ones. Adjusting these impedances to more accurate values was a
non-trivial optimization, since the approximation to the target ZLFD1 caused ZSFD2 to move
away from the target value, and vice versa. Thus, when both the simulated frequency
quadrupler inter-stage impedances were close to the target ones and the simulated per-
formance showed higher Gc4 f0 and Pout than the state-of-the-art proposals, the design
procedure was concluded.

Figure 6. Quadrupler ISMN ADS schematic.

Figure 7. Simulated quadrupler ISMN S11 (red), S21 (magenta) and S22 (blue) S-parameters.
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Figure 8. Impedances shown by the ISMN, in simulation, within the quadrupler circuit, pointing out
where Gc4 f0 is maximum.

3. Frequency Multipliers Prototypes RF Performance and Discussion
In Figure 9, photographs of the hybrid microstrip FD2 (dimensions 59.3 mm × 45.5 mm)

and frequency quadrupler (dimensions 100 mm × 55 mm) prototypes are shown. The substrate
used in both cases was 20 mil RO4003C, processed using laser milling, on which the GaN HEMT
and the SMD passive components were assembled. Prototypes were mounted on a Cu heat-sink
to reduce transistor heating. Both circuits were tested under small- and large-signal excitations,
using corresponding test benches, at different bias points and fundamental frequencies.

(a) (b)

Figure 9. (a) Photograph of the hybrid FD2 microstrip prototype. (b) Photograph of the hybrid
frequency quadrupler microstrip prototype.

To bias the HEMTs of the FD2 and the quadrupler while on the test bench, a two-
channel DC power supply (Keithley 2602B) was used. From the discussion in Section 2,
this allowed both HEMTs of the quadrupler prototype to be biased at the required, same,
quiescent bias point.

Both prototypes were measured in small-signal regime using a test bench based on a
vector calibrated VNA (P9377B) that allows the evaluation of the prototypes’ S-parameters.
Figure 10 shows the setup for large-signal (LS) measurements, consisting of a signal
generator (E8257D: from 250 kHz to 20 GHz) to set the input fundamental frequency and
RF power, and a spectrum analyzer (CXA N9000A: from 9 kHz to 26.5 GHz) that measures
the received signal at fundamental and harmonics up to the fourth, in the case of the FD2
prototype, and up to the eighth in the case of the quadrupler, while performing a Pin sweep.
In Figure 11 a diagram of the LS measurement system is included for clarity.
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Figure 10. Large-signal microwave test bench used in this work.

The LS test bench includes a 50 dB gain driver amplifier, to increase the input signal
power level to the desired level, since E8257D maximum power supplied is 15 dBm. A 6 dB
attenuator and a circulator were added at the output of the driver amplifier to protect and
enhance the driver amplifier performance. Moreover, a 30 dB attenuator at the input of the
CXA decreases the DUT output signals so their level does not exceed the CXA maximum
input power. The LS measurement system was calibrated at different frequencies and
power levels by characterizing the gain of the input path and the attenuation of the output
path. These calibration factors were subsequently applied so the prototypes’ figures of
merit were computed at DUT reference planes.

Figure 11. Diagram of the large-signal system used in this work for prototype measurements.

3.1. FD2 Prototype Measurements

The frequency doubler FD2 prototype was measured at a class B bias point, with
VDS = 32 V and VGS = −2.95 V, corresponding to a IdDC of around 1 mA. Figures 12 and 13
show the measured S11 and S21 S-parameters compared to the simulated values, respec-
tively. These figures reveal a good matching performance, with a slight frequency deviation
between measurements and simulations in the S21 response at 4.9 GHz, which may cause
less suppression than expected. The circuit achieves almost −7 dB of input return losses at
f0 = 4.9 GHz and output suppression in that band, as intended by design.

Large-signal measurements were conducted by sweeping the Pin at the FD2 input.
Figure 14a shows the measured and simulated transducer power gain at the fundamental
frequency and the second harmonic conversion gain. It presents a maximum value of
Gc2 f0 = 4.8 dB, a measured higher fundamental frequency suppression than expected in the
simulation and satisfactory results for conversion gain. Figure 14b presents the measured
and simulated RF output power up to the fourth harmonic, revealing the same trends
as in simulations, with a maximum measured Pout close to 25 dBm at 2 f0 and 18 dBc of
fundamental tone suppression, being higher at higher harmonics.
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Figure 12. FD2 prototype simulated (continuous line) and measured (dashed line) small-signal S11

[dB] vs frequency [GHz].

Figure 13. FD2 prototype simulated (continuous line) and measured (dashed line) small-signal
S21 [dB] vs frequency [GHz].
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Figure 14. (a) FD2 prototype simulated (continuous line) and measured (dashed line) conversion
gain (Gc) vs. Pin for the fundamental ( f0 = 4.9 GHz) and the second harmonic. (b) FD2 proto-
type simulated (continuous line) and measured (dashed line) Pout vs. Pin at the fundamental
( f0 = 4.9 GHz).

The higher measured fundamental suppression than expected from simulations can
be attributed to several factors. First, the performance of the frequency multiplier is highly
sensitive to the bias conditions of the transistor, and the bias point used in measurements
can slightly differ from that in simulations. In addition, fabrication and component toler-
ances may contribute to observed discrepancies. Moreover, the nonlinear transistor model
was not specifically optimized for the operating conditions associated with frequency multi-
plication. Nevertheless, the transistor model provides a sufficiently accurate representation

https://doi.org/10.3390/electronics15132893

https://doi.org/10.3390/electronics15132893


Electronics 2026, 15, 2893 10 of 15

of the device behavior, enabling reliable prediction of the overall circuit performance and
serving as a valuable design tool.

Finally, the DC drain current consumption of FD2 vs. Pin is shown in Figure 15,
matching the simulation results, and with a maximum measured value of almost 200 mA
at the highest measured input RF power.
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Figure 15. FD2 prototype simulated (continuous line) and measured (dashed line) IdDC vs. Pin at the
fundamental ( f0 = 4.9 GHz).

Table 1 compares the measured performance of the FD2 to the reported state-of-the-art
hybrid frequency doublers. The designed frequency doubler in this work naturally does
not reach the output power levels reported by other designs at lower f0 and utilizing higher
power transistor devices [4], though it exhibits positive conversion gain and a fivefold
increase in output power over previous designs—based on GaAs—operating in the C
band. Regarding harmonic suppression, it is important to note that this design prioritized
maximizing output power and conversion gain over harmonic filtering. Consequently,
while harmonic suppression is subject to optimization in future design iterations, the current
results validate the design approach and the outstanding capabilities of GaN technology.

Table 1. Comparison of state-of-the-art hybrid frequency doublers from different technologies.

Refs. [4] [6] (1) [4] [5] This Work

Transistor SiC MESFET 10 W
(CRF24010)

GaN HEMT 5 W
(TGF2977-SM)

GaN HEMT 10 W
(CH40010F)

GaAs MESFET
(CFY25-20P)

GaN HEMT 5 W
(TGF2977-SM)

ine fc [GHz] 2 2.45 3.33 4.8 4.9
ine Max. Conversion Gain [dB] ∼11 12.2 ∼15 - 4.79

Pout [dBm] 38 20.5 36.17 5 25

Min. Harmonic Suppression [dBc] 39.5 24.2 26.17 47 17.5
(1) Results from prototype C of the publication.

3.2. Frequency Quadrupler Prototype Measurements

Figure 16 shows the frequency quadrupler measured input return losses vs. frequency
compared to simulated predictions, showing good agreement. At f0 = 2.45 GHz, −22.2 dB
of input return losses was obtained. Figure 17 shows the quadrupler measured S21 in dB,
exhibiting frequency suppression in the 2.45–2.9 GHz band as well as around 4.9–5 GHz
band, since the goal was also to minimize as much as possible the RF power of those
unwanted signals.

It is important to note that the quadrupler prototype was tested at the same nominal
bias point as in simulation, in addition to other close bias points, all around Vth. Due to the
high sensitivity of active frequency multipliers—quadruplers in particular—to the active
device bias point and Vth tolerances across packaged transistor lots, differences between the
optimum bias point in measurements and simulation were expected. The best measured
results were obtained for VDS = 32 V and Vth = −3 V, which provided a IdDC = 0.5 mA.
The next figures show the results in large-signal regime using this optimum bias point.
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https://doi.org/10.3390/electronics15132893


Electronics 2026, 15, 2893 11 of 15

Figure 16. Quadrupler prototype simulated (red continuous line) and measured (blue dashed line)
small-signal S11 [dB] vs. frequency [GHz].

Figure 17. Quadrupler prototype simulated (red continuous line) and measured (blue dashed line)
small-signal S21 [dB] vs frequency [GHz].

Figure 18a shows the Gc up to the fifth harmonic. At f0 = 2.45 GHz, the maximum
measured Gc4 f0 was 10.75 dB which, although lower than predicted by simulations, is higher
than the predictions obtained—in simulation—when designing a one-stage quadrupler
with the same GaN HEMT; second harmonic suppression was 5.3 dBc. Figure 18b shows
good suppression for the other undesired harmonics, above 15 dBc for f0 = 2.45 GHz
and above 20 dBc for the rest of measured harmonics. The maximum measured output
power for the fourth harmonic reaches up to 26 dBm, slightly below the predicted value in
simulation.

(a) (b)

Figure 18. (a) Quadrupler prototype simulated (continuous line) and measured (dashed line) conver-
sion gain (Gc) vs. Pin up to the fifth harmonic at the fundamental ( f0 = 2.45 GHz). (b) Quadrupler
prototype simulated (continuous line) and measured (dashed line) Pout vs. Pin at the fundamental
( f0 = 2.45 GHz).
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At f0 = 2.5 GHz, the measured Gc4 f0 improves by 3 dB with respect to the previous
case, and second harmonic suppression reaches up to 14 dBc, hence closer to simulations, as
can be seen in Figure 19a. Moreover, as shown in Figure 19b, 23.5 dBm of fourth harmonic
output power are obtained and good harmonic suppression is achieved at higher order
harmonics. Finally, the DC current consumption of both HEMTs in the quadrupler vs. Pin
is shown, at f0 = 2.45 GHz (Figure 20a) and f0 = 2.5 GHz (Figure 20b), in this last case
almost matching the predictions in simulation.

(a) (b)

Figure 19. (a) Quadrupler prototype simulated (continuous line) and measured (dashed line) conver-
sion gain (Gc) vs. Pin, up to the fourth harmonic, at the fundamental ( f0 = 2.5 GHz). (b) Quadrupler
prototype simulated (continuous line) and measured (dashed line) Pout vs. Pin at the fundamental
( f0 = 2.5 GHz).

(a) (b)

Figure 20. (a) Quadrupler prototype simulated (continuous line) and measured (dashed line)
IdDC (adding both HEMTs DC currents) vs. Pin at the fundamental frequency (a) f0 = 2.45 GHz
and (b) f0 = 2.5 GHz.

Table 2 presents the measured performance of the quadrupler in this work in com-
parison to the state-of-the-art designs reported in the literature. This quadrupler exhibits
a maximum positive conversion gain of 13.7 dB and an output power of 23.5 dBm at
that Pin point, while measuring a maximum of 26 dBm of Pout at higher Pin. Notably,
these results represent an improvement in output power compared to alternative semicon-
ductor technologies, without requiring additional buffer amplification stages. Harmonic
suppression—treated as a secondary metric during the design—is not yet optimal and
remains subject to future inclusion of filtering structures, as the core objective at this stage
was to maximize conversion gain and output power.
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Table 2. Comparison of state-of-the-art frequency quadruplers from different technologies.

Refs. [10] [12] [13] [3] [9] This Work
Technology MMIC MMIC MMIC HMIC HMIC HMIC

Transistor SiGe BiCMOS SiGe BiCMOS FD SOI
SiGe Bipolar

(BFP740)
GaAs pHEMT

(CE3520K3)
GaN HEMT

(TGF2977-SM)
f0 [GHz] [2.5, 10] [5.25, 6.75] [13.72, 16.43] [2.6, 3.2] 5 2.5
Stages 2 2 2 2 1 2

Buffer PA Yes Yes Yes No No No
Max Conversion Gain [dB] 0 <0 <0 <0 −0.7 13.7

Pout [dBm] [−8, 1] 0 - - 4.3 23.5

Min. Harmonic Suppression [dBc] 30 40 22.5 - 22 14

4. Conclusions
In this work an active frequency quadrupler based on GaN HEMTs is presented for

the first time. Using packaged transistors and two cascaded frequency doubler stages
without requiring any additional amplification stages, the designed hybrid microstrip
quadrupler performs up-conversion in narrowband from the S band to the X band. The
fabricated prototype shows positive fourth harmonic conversion gain (Gc4 f0) in narrow-
band, reaching up to 13.7 dB at an input f0 of 2.5 GHz as well as 23.5 dBm of output power,
with 2 f0 signal suppression of 14 dBc and fundamental f0 suppression of 18 dBc. While
the suppression of the fundamental frequency—which was not the primary focus of this
work—could be further improved through the incorporation of additional filtering struc-
tures, such as band-pass or high-pass filters, or by employing additional harmonic control
stubs, the proposed designs exhibit substantially superior output power and conversion
gain compared to the state of the art. We believe that these performance improvements
represent a meaningful contribution and demonstrate the strong potential of GaN HEMTs
as a highly competitive technology for high-power, high-frequency and high even-order
multiplication applications.

To achieve these quadrupler results, a careful design of an inter-stage matching net-
work between the cascaded frequency doublers was conducted. Due to its critical impact on
the final quadrupler performance, a standalone prototype of the second-stage doubler (FD2)
was independently manufactured and measured as well, obtaining comparable results to
the state-of-the-art frequency doublers and delivering five times more output power than
other alternatives based on other semiconductor technologies in the C band.

It should be noted that, in all this work, a compact HEMT nonlinear model
(HMT_QOR_TGF2977_SM_001) was used. Although this model is not originally optimized
for this specific application and bias points, it performed quite well at high input power
levels and the experimental results obtained from both prototypes succesfully validate the
proposed design approach.
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Abbreviations
The following abbreviations are used in this manuscript:

ADS Advanced Design System
BiCMOS Bipolar Complementary Metal Oxide Semiconductor
CMOS Complementary Metal Oxide Semiconductor
Cu Copper
dB Decibel
DC Direct Current
DUT Device Under Test
FD Frequency Doubler
FDSOI Fully Depleted Silicon On Insulator
GaN Gallium Nitride
GaAs Gallium Arsenide
Gc Conversion Gain
GHz Giga-Hertz
HBT Heterojunction Bipolar Transistor
HEMT High-Electron Mobility Transistor
HMIC Hybrid Microwave Integrated Circuit
HRR Harmonic Rejection Rate
IMN Input Matching Network
ISMN Inter-Stage Matching Network
LS Large-signal
LP Load-Pull
MESFET Metal-Semiconductor Field-Effect Transistor
MMIC Monolithic Microwave Integrated Circuits
OMN Output Matching Network
PA Power Amplifier
pHEMT Pseudomorphic High-Electron-Mobility Transistor
Pin Input Power
Pout Output Power
RF Radio-frequency
Si Silicon
SiC Silicon Carbide
SiGe Silicon-Germanio
SMD Surface-Mount Device
VDS Drain voltage
VGS Gate voltage
Vth Threshold Voltage
VNA Vector Network Analyzer
W Watt
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