
International Journal of
Microwave and Wireless
Technologies

cambridge.org/mrf

Research Paper
Cite this article: Powell AG, Azad EM,
Powell J, Cripps SC, Quaglia R (2025) Efficient
output power configuration in a K-band
power amplifier using a split-gate layout.
International Journal of Microwave and
Wireless Technologies, 1–10. https://doi.org/
10.1017/S1759078725101682

Received: 28 February 2025
Revised: 11 May 2025
Accepted: 12 May 2025

Keywords:
gallium nitride; high efficiency;
power amplifier

Corresponding author:
Aquila Gardiner Powell;
Email: powellag1@cardiff.ac.uk

© The Author(s), 2025. Published by
Cambridge University Press in association
with The European Microwave Association.
This is an Open Access article, distributed
under the terms of the Creative Commons
Attribution licence (http://creativecommons.
org/licenses/by/4.0), which permits
unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

Efficient output power configuration in a
K-band power amplifier using a split-gate
layout

Aquila G. Powell1 , Ehsan M. Azad2, Jeff Powell3, Steve C. Cripps1 and
Roberto Quaglia1

1Centre for High Frequency Engineering, Cardiff University, Cardiff, UK; 2RF and Microwave, CSA Catapult
Services Ltd., Newport, UK and 3Skyarna Ltd., Halesowen, UK

Abstract
A multi-finger radio frequency (RF) transistor has been divided into multiple gate sections
which can be biased independently. This provides a system designer the ability to dynamically
reconfigure the output power and power gain of the device while maintaining good power
efficiency and without changing the input drive power. By selectively switching the gate biases
below pinch-off to effectively reduce the device’s active periphery, the maximum current of the
device can be tuned to “follow” a reduced drain bias voltage, so that the optimum impedance
at lower power remains similar to the one at full power, and a fixed matching network can be
used to accommodate all power modes.The concept has been tested in a large signal load–pull
characterization campaign on a test cell and implemented in a K-band power amplifier (PA)
prototype. Measurements on the PA confirm the effectiveness of the method, achieving 30%
efficiency at around 4.8–4.9 dB of output power tunability when maintaining a constant input
power.

Introduction

A key design target for all modern microwave systems is the minimization of their power con-
sumption that means focusing on improving the efficiency of the transmitter, in particular of
the power amplifier (PA). However, its achievement is made difficult by the other requirements
of these systems, in particular the need to operate at different power levels. This is very relevant
when using signals with some form of amplitude modulation, and advanced PA architectures
like the Doherty power amplifier [1, 2] or outphasing [3] are normally used to address this
issues. Envelope tracking has proven to be a powerful technique in maintaining efficiency for
high peak-to-average power ratio (PAPR) signals; however, these systems are often highly com-
plex and impose demanding requirements on the DC power supply [4]. Furthermore, changing
the drain voltage without making corresponding changes to the device loading causes sub-
optimal efficiency and additional circuitry is required to modulate the load impedance [5].
Existing alternatives to ET are able to maintain a constant optimum load by simultaneously
reducing input and output bias [6, 7] but are generally limited to bipolar technologies.

A slower adaptation of the average or maximum power can also happen in systems, both
telecom (traffic adaptation), or in radar and targeting systems to adjust range and accuracy.
For these cases, techniques such as slow envelope tracking is likely to be very effective as the
requirement for a very fast drain voltage supply is relaxed [8, 9]. On the other hand, most PAs
require lowering the input drive when reducing the drain bias voltage to avoid over-driving the
transistors into compression, as the load is normally fixed by a passive matching network.

In this work, we propose a new way of maintaining optimum transistor operation by split-
ting the gate DC bias of a multi-finger transistor so that portions of the active device can be
switched OFF when reducing the drain bias, which leads to effective and efficient output power
control without need of controlling the input power. This way, the PA can be used almost as an
independent block where its output can be controlled simply by changing DC voltages. A PA
prototype was designed and measured in K-band to prove the concept. An initial explanation
of the split-gate PA and small signal measurements of the PA prototype were presented in [10]
at the European Microwave Integrated Circuits Conference 2024.This paper extends that work
by providing a thorough explanation of the principles, and by presenting the load–pull charac-
terization of a test-cell to further demonstrate the concepts and understand the limitations of
the technique in an experimental way. It also reports the large signal measurements of the PA
prototype, fully validating, for the first time, the effectiveness of the technique.

Principle of operation

This paper employs theWINSemiconductors’ NP12-01GaN-on-SiC technology targetingmm-
wave power applications through 50GHz.This 0.12 μm gate process is manufactured on 50 μm
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Figure 1. Conceptual circuit diagram of the split-gate.

Figure 2. Ideal direct-current current-voltage (DCIV) characteristic and ideal Class B loadline (with fixed fundamental load of ∼85.7Ω). (Top) 350mA available drain current
VDD=20 V; (Center) 175mA available drain current VDD=20 V; (Bottom) 175mA available drain current VDD=12.5 V.
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Figure 3. Layout of the split-gate device in Keysight ADS.

SiC substrates. It uses a source-coupled field plate design to pro-
vide the high breakdown voltage required for reliable operation
at the drain bias of 28 V, showing a typical saturated output
power of 4 W/mm and drain efficiency over 50% at 29GHz.
The NP12-01 platform supports multiple microwave monolithic
integrated circuit (MMIC) functions, including optimized switch
transistor layouts, two interconnect metal layers, high-reliability
metal-insulator-metal (MIM) capacitors, precision TaN resistors,
and through-wafer vias for low inductance grounding.

Figure 1 illustrates the archetypal split-gate design, in which
the field effect device has two gate pins which are biased to VGG1
and VGG2, the drain is biased to VDD. An RF input must be

equally divided between all of the gate sub-busses while keeping
DC independence; this can be achieved using a parallel arrange-
ment of DC blocking capacitors and independent bias feed net-
works. The input RF signal is fed through dual input DC blocking
capacitors, while a single DC blocking capacitor is used at the
output.

To improve compactness and lower the chance of asymmetries
in the layout due to components’ tolerances, the input matching is
placed before the input DC block to avoid duplicating matching
elements for each sub-bus.

A trade-off is presented to designers as layout complexity and
area increases with the number of DC gate sub-buses. The num-
ber of fingers per sub-bus can also be made asymmetrical to
provide greater switching action. To simplify the initial imple-
mentation, the transistor was split into two, two-finger gate buses
of 100 μm length which equates to a single device of 400 μm
periphery.

Keeping one sub-bus biased in class AB in all conditions, the
other sub-buses can be switched alternately between class-AB and
deep class C biases. The deep class C bias should be chosen such
that the expected RF input signal cannot produce any RF current
at the output, i.e. the gates are fully OFF.

This arrangement is equivalent to reducing the active periph-
ery of the device and therefore its current and subsequently output
power.

Other than a systemadvantage of not having to control the input
power, there is also the potential to mitigate efficiency reduction at
reduced output power, as by switching OFF part of the transistor

Figure 4. Simplified schematic of the split-gate PA.
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Figure 5. Photograph of the manufactured split-gate PA die (size 2 × 1.3mm2).

Figure 6. Photograph of the manufactured split-gate device die (size
1.2 × 1.3mm2).

also the quiescent current is reduced. What could be perceived as
a disadvantage of this technique is that the gain of the device has
been reduced as gain is defined by the ratio of output power to
input power, but this is an intrinsic consequence of this mode of
operation.

The full potential of this technique is achieved when combined
with drain bias control. One can examine the DCIV characteristics
and the ideal Class B loadline of the device under the “normal” (full
ON) operation as in Figure 2(Top).

The optimum load of a Class B device can be calculated in equa-
tion 1 [11].

Ropt = 2
VDD − VK

IMAX
(1)

For the optimum load to be restored, Ropt must be the same
in the full power (denoted with subscript F) and reduced power
conditions as in equation 2.

Ropt = 2
VDD, F − VK

IMAX, F
= 2

VDD − VK
IMAX

(2)

Let the proportion of active gate fingers be denoted as ϕ and
hence (assuming an approximately linear transfer function), the
maximum available drain current is 𝜙IMAX, F which can be substi-
tuted in equation 2 find the adjusted bias voltage as in equation 5.

Ropt = 2
VDD, F − VK

IMAX, F
= 2

VDD − VK
𝜙IMAX, F

∴VDD, F − VK = VDD − VK
𝜙

∴VDD = 𝜙(VDD, F − VK) + VK (5)

It should be noted that the non-ideal properties of GaN devices
such as dispersion [12] and knee walkout [13] cause the optimum
drain bias reduction to differ from its ideal value. The true opti-
mum reduced gate bias can be found experimentally by conducting
a series of power measurements at different drain biases.

Output power reduction

The well-known maximum output power of a Class B device is
given in equation 6.

POUT,MAX = 1
4 (VDD − VK)IMAX (6)

Applying equation 5 to equation 6, the reduced output power
can be written as in equation 7.

POUT,MAX,𝜙 = 1
4 (𝜙(VDD, F − VK)) 𝜙IMAX, F (7)

The full-power condition can be written as in equation 8

POUT,MAX, F = 1
4 (VDD, F − VK)IMAX, F (8)

The reduction in output power is therefore the ratio of eqs. 7
and 8 as in equation 9.

POUT,MAX,𝜙
POUT,MAX, F

=
1

4
(𝜙(VDD, F − VK)) 𝜙IMAX, F
1

4
(VDD, F − VK)IMAX, F

= 𝜙2 (9)

Equation 9 indicates that the knee voltage does not impact the
power reduction and that the power drops by the square of the
fraction of active gate fingers.

The ideal class-B conditions are calculated in Figure 2 has two
gate sub-buses hence the power reduction is 𝜙2 = (0.5)2 =
−6.02 dB. Figure 2 shows a power reduction of 31.18 dBm −
25.16 dBm = 6.02 dB as expected for a symmetrical split gate.

Drain efficiency reduction

A similar argument can be made for the drain efficiency as in
Section power_reduce using the well-known efficiency expression
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Figure 7. DCIV measurements with all gates active (Top) and half of the gates active (Bottom) from VGG1 = −3.6V to +1.0V.

for Class B devices in equation 10.

𝜂 = 𝜋
4

(VDD − VK)
VDD

(10)

The efficiency reduction can be evaluated as in equation 11.

𝜂𝜙

𝜂F
=

𝜙(VDD, F)
𝜙(VDD, F − VK) + VK

(11)

Equation 11 shows that the knee voltage prevents complete
efficiency restoration which presents a practical limitation on the
selection of ϕ.

The split-gate therefore allows RF systems to dynamically tran-
sition between operation in high and low output power states
without substantial loss of efficiency. Switching between these two
states only requires DC voltage switching which is not resource
intensive compared to other techniques.

Split-gate PA design

To demonstrate the split-gate concept, the simplest case of a 2:2
device was designed based on a standard 4×100 μm high-electron-
mobility transistor (HEMT) device as in Figure 3.

A double MIM capacitor was constructed to provide the DC
blocks which consisted of a continuous bottommetal layer and two
smaller areas of dielectric and top metals which were connected to
with air bridges in the conventional way. Thin-film resistors were
used to provide in-band stabilization, placed in series with each
gate connection.

The full PA was completed by adding input and output match-
ing, outputmatching (includingDC block) and out-of-band stabil-
ity networks as in Figure 4.

The most representative method of simulating the split-gate is
to use appropriately sized coplanar waveguide (CPW) devicemod-
els and external source vias. Unfortunately, the available version of
the NP12 PDK did not provide CPW models; therefore, simula-
tionswere performed by running twomicrostrip 2×100 μmmodels
in parallel; load–pull measurements were conducted to character-
ize the device rather than relying on the 2×100 μ m model which
certainly differs from the split-gate device operating in low-power
mode.

TheNP12HEMTpinches off atVGG = −2.0V andwas operated
in class-AB at 100mA/mmwhen fullyON,whichmeans 40mA for
the whole device, and 20mA when turning OFF half the device.

Fixed matching networks are designed for the ON condition
then the biases are changed to match the low-power condition and
the simulation is repeated.

Aphotographof the fabricatedPA is given in Figure 5.The lower
gate bias feed has been routed around the RF input pads to facilitate
mounting by feeding the DC bias from the top side only.

Characterization of the split-gate device

The split-gate PA does not allow for measurements at the device
plain; therefore, an identical device without matching network was
designed and fabricated as in Figure 6 and referred to as split-gate
device rather than split-gate PA.

DCIV measurements, shown in Figure 7, were conducted on
the device using a Keysight B1500A to test the basic functionality.
The gate biases were delivered by external wires and the drain bias
was delivered using a 150 μm wafer probe.

The gate wires were connected together to emulate the high-
power condition in Figure 7(Top) and one of the gate wires was
connected to a fixed −5V supply in Figure 7(Bottom) to emulate
the low-power condition.
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Figure 8. Photograph of the split-gate in the load–pull system.

Figure 9. Power contours of split-gate device under 20 V drain bias with all gates
active (Top) and 12 V with half of the gates active (Bottom).

Figure 7 shows that the split-gate current halves as expected
confirming the DC functionality of the split-gate.

Load–pull measurements were conducted at 17GHz to verify
the consistency between optimum loads in high- and low-power
modes, which were 22 + j56Ω and 18 + j47Ω, respectively, as in
Figure 9; the movement of 4 + j9Ω allows the designer to choose
a compromise between these impedances. The frequency of the
load–pull does not match that of the design as it was selected
for convenience as a better driver PA was available for 17GHz
to drive the unmatched device during load–pull. However, the
frequencies are close enough so that we could consider the test
relevant.

The large-signal measurement system used to characterize the
split-gate (see Figure 8) is a source-load–pull, based on a vector
network analyzer (67 GHz PNA-X from Keysight). The “Delta”
tuners from FocusMicrowave are directly connected to the probes,

Figure 10. Drain efficiency contours under 20 V drain bias with all gates active
(Top) and 12 V with half of the gates active (Bottom).

minimizing insertion loss and enabling the measurements at high
reflection coefficients (|Γ| values up to 0.85). For thismeasurement,
a fundamental-only load–pull was conducted, with harmonics and
source impedances terminated at the system impedance (50Ω) by
the tuner.

Observing Figure 9, it is clear that the optimum loads under
low- and high-power conditions have approximately the same
impedance. The residual difference in optimum loads can be
attributed to the properties of GaN devices such knee walkout [13],
dispersion [12] and the drain varactor effect [14].

Figure 10 shows the drain efficiency contours, indicating that
the efficiency would not substantially change if the device were
loaded at the power optimum for the high power mode as per a
fixed matching network.

Split-gate PA characterization

Small-signal measurements

Small signal measurements were conducted using drain bias volt-
ages of 12 and 20V with various gate biases. The input and out-
put matching are reported in Figure 11. The measurement show
some frequency shift, of 500–700MHz toward lower frequencies.
Imperfections in the matching contribute to the gain being lower
than expected which can be seen in Figure 12, but the mea-
surements and simulations appear to be close in frequency. The
maximum frequency of the amplifier is reduced from 24.6GHz in
simulation to 23.5GHz in measurement.

Depending on the technology, the change in gate and drain
bias can have a significant effect on the input and output capac-
itance leading to a change in the frequency response. Inevitably a
designermust choose some compromise between optimumperfor-
mance over the domain of variables, i.e. gain and power tunability,
maximum power and gain, and bandwidth.
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Figure 11. Measured reflective s-parameters of split-gate under (a) 12 V and (b) 20 V drain biases.
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Figure 12. Measured transmission s-parameters of split-gate under (a) 12 V and (b) 20 V drain biases.

Power measurements

The power measurements were conducted using a ZVA67 by
Rohde & Schwarz. The system was calibrated to the probe tips.
The large signal measurements are shown at the frequency of
22GHz.

By controlling the gate voltage only, themaximumoutput power
can be reduced from 28.4 to 24.7 dBm, while reducing the drain
voltage causes a further reduction to 23.2 dBm as in Figure 13.

The efficiency restoration can be seen in Figure 14, where gate
control alone causes a notable drop in efficiency (down to 22%),
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Figure 13. Measured output power vs input power for various bias conditions.
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Figure 14. Measured drain efficiency vs input power for various bias conditions.
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Figure 15. Measured power gain vs input power for various bias conditions.
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Figure 16. Measured drain efficiency vs output power for various bias conditions.
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Figure 17. Measured gain vs output power for various bias conditions.

which is restored when the drain voltage is also dropped (back to
≃ 30%).

Figure 15 shows the measured power gain which shows the
expected reduction of around 4.8–4.9 dB consistently across the
power sweep. The compression also appears more pronounced
when the number of gates was reduced but the drain bias volt-
age was unchanged, as it would be expected due to non-optimal
loading.

Practical implementations of the split-gate can use constant
input power; however, it is illustrative to examine device perfor-
mancewith respect to output power hence drain efficiency and gain
are given again in Figures 16 and 17, respectively.

Power measurements were not presented in [10] because the
split-gate PA exhibited parametric oscillation in the hundreds of
MHz range which was resolved using an off-chip RC network.

Conclusion

This paper has proposed and demonstrated a conveniently control-
lablemethod ofmodulating device performance in terms of output
power and gain while maintaining good efficiency. The theoretical
concept has been verified with power and load–pull measurements
in a full PA and unmatched device, respectively.

The technique modifies the multi-finger transistor and, with
minimal external circuitry, provides a method of virtually reduc-
ing the active periphery of a device in real-time. By simultaneously
switching the gate and drain bias condition, which can be in princi-
ple provided by switching a single DC voltage, the device operates
optimally when matched with a fixed load and driven by a fixed
average input drive.

The split-gate technique has the potential to be expanded to
greater control ranges and enables configuration on the device level
rather than the circuit level which could lead to reconfigurability
in highly compact MMIC designs. Operating as a variable driver
stage, for example, may be extremely useful as discrete power level
switching can be achieved with minimal area cost and a traditional
fixed interstage matching network can be used to connect to the
high-power stage.

Compared to more complex techniques which provide a con-
tinuous range over which the system can be optimized, the split-
gate provides an alternative which can be optimized for discrete
conditions.
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