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Abstract—In this letter, we present a design of a fast gate-
switching power amplifier (GSPA) aimed at reducing its power
consumption. This GSPA features a dedicated fast gate switching
circuit that commutates the gallium nitride (GaN) transistor
between a nominal gate bias voltage (GSPA ON) and a strong
negative voltage (GSPA OFF), thereby generating two discrete
output power levels in an RF-PWM fashion. A fast gate switching
circuit, including a commercial digital voltage isolator, is designed
to switch between two gate bias voltages. The gate stability
resistor and transmission line (TL) are carefully placed and
designed to reduce the GSPA parasitic bias line and enable fast
switching. Measured results provide a rise and fall time of 750 ps
and 950 ps, respectively, and achieved RF pulse widths as narrow
as 5.88 ns, thus corresponding to a 170 MHz bandwidth.

Index Terms—Gate-switching circuit, power amplifier, pulse
width modulation, power consumption reduction.

I. INTRODUCTION

N the current digital age, the extensive deployment of 5G

networks is inevitably given the substantial improvement in
wireless connection experience owing to the massive operation
bandwidth and ultra-low latency [1]. However, this comes
at the cost of astounding electricity expenses. It has been
investigated that the power amplifier (PA) consumes up to
38% of the energy in 5G base stations [2]. The performance
of the PA dictates the entire wireless system design, and
consequently, developing energy-efficient PAs is urgent for
energy consumption reduction in a communication system.

An interesting technique capable of 100% theoretical effi-
ciency at any output power level is the push-pull class-D power
amplifier with radio frequency (RF) pulse-width modulation
(PWM) proposed by F. Raab in [3]. However, achieving GHz
carrier frequencies with a class-D push-pull configuration is
challenging given the absence of high-side drivers and com-
plementary (P-MOS) devices with comparable performance to
the low-side RF device. Additionally, achieving fast switching
times poses another significant challenge. For GHz frequen-
cies, it is necessary to employ a conventional PA topology
such as a class-F or class-E and perform the PWM control on

Manuscript reveived 30 October 2023; revised 7 December 2023; accepted
17 December 2023. This work was supported by Toshiba’s Bristol Research
and Innovation Laboratory Contribution to the United Kingdom Research
and Innovation (UKRI)/ Engineering and Physical Sciences Research Council
(EPSRC) Prosperity Partnership in Secure Wireless Agile Networks (SWAN)
under Grant EP/T005572/1. (Corresponding author: Jiteng Ma.)

Jiteng. Ma and Mark. Beach are with the Department of Electrical and
Electronic Engineering, University of Bristol, Bristol BS8 1UB, U.K. (e-mail:
jiteng.ma@bristol.ac.uk; m.a.beach@bristol.ac.uk).

Gavin. Watkins is with Toshiba Europe Ltd., Bristol BS1 4ND, U.K. (e-
mail: gavin.watkins @toshiba-bril.com).

Tommaso Cappello was with the Department of Electrical and Electronic
Engineering, University of Bristol, BS8 1UB Bristol, U.K. He is now with
the Department of Electrical and Computer Engineering, Villanova University,
Villanova, PA 19085 USA. (e-mail: tommaso.cappello@villanova.edu).

the PA gate or drain so that the RF transistor performs the
RF-PWM mixing. Designers often prefer drain switching PA
(DSPA) due to the wider dynamic range achievable at the PA
output [4]-[6]. However, wideband modulation signals such as
IEEE 802.11ax require 160 MHz bandwidth [7]. Developing
fast drain modulators to operate switching signals at the sub-
nanosecond level can be challenging as it requires high figure-
of-merit switches with low series resistance and low capaci-
tances/parasitics to minimize conduction and switching losses.
This problem can be alleviated by using gate switching where
the ideally zero PA gate current at DC enables the use of high-
speed transistors optimized for fast switching [8]. Moreover,
using up-to-date gallium nitride (GaN) high-electron-mobility
transistors (HEMT) allow extremely low gate parasitics thus
enabling very high PWM switching rates. Meanwhile, the
gate-modulated switching circuit is becoming less affected by
concerns of gate modulators around safe operating voltage and
thermal performance owing to the higher breakdown voltage
and thermal conductivity of the GaN technology [9], [10].

In this letter, we present an ultra-fast gate-switching PA
(GSPA) capable of ~800ps switching transients using a
commercial high-speed digital isolator. The novel approach
involves repositioning the gate stability resistor and incorporat-
ing a gate bias line to mitigate the isolator RC loading. In this
work, stability is studied including the gate driver and bypass
network. This GSPA efficiently amplifies the signal modulated
by ON-OFF keying signals with a constant envelope. Other
possible applications for this high-speed switching PA include
1) highly-performance PAs based upon RF PWM; 2) pulsed
radars that require quick PA on/off switching to transmit short
pulses [9], [11]; 3) base station transmitters perform symbol-
level PA shutdown to decrease DC consumption [12]; and 4)
cognitive radio network periodic spectrum sensing and access
for spectrum handoff operation [13], [14].

II. GSPA DESIGN

The main contribution of this letter is on the gate driving
circuit, which includes: 1) gate stability resistor positioned
between the gate isolator and supply; 2) stability analysis
including the isolator parasitics; 3) gate bias line design with
reduced low-frequency parasitics. To this aim, a 10 W inverse
class F PA using a GaN transistor operating at f. = 1.5 GHz
is used as a device under test (PA) to demonstrate the fast
gate switching which is performed by a digital isolator (Texas
Instruments ISO722M) for fast operation with a switching rate
of up to 170 MHz. A gate bias voltage alternates between -3 V
to switch on the PA and -8 V to switch it off.

If either the input or output port impedance has a negative
real part, the PA can exhibit instability and chaotic response
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Fig. 1. PA stability analysis at on-off states: (a) The gate voltage Vgure
switches from “off” at -8 V to ”on” at -3 V. The stability factor (K) results by
sweeping Vgare from -8V to -3V with Ry, = 20 (red lines) and at the -8 V
with Rg; = 0Q (blue line); (b) Equivalent output schematic of the ISO722M
digital isolator and the current flow directions at the “on-off” states.

with oscillation [15]. Therefore, an external resistance is often
introduced to stabilize the PA in the gate bias line. The DC
feed line, which is usually a 4/4 is used to minimize RF
leakage to the RF gate short. Employing gate switching with
such a design would result in low performance mainly caused
by the RC time constant of the stability resistor and gate
capacitance. In this design, the gate stability resistor is placed
after the gate isolator to reduce this detrimental RC time
constant and achieve fast switching rates. However, stability
analysis needs to be performed, including the gate driver, and
the results are shown in Fig. 1(a). First, we note that stability
is an issue only when the PA is at the “on” state. As the
PA is switched off without amplification, the stability margin
becomes larger, and the PA is unconditionally stable even
if the stability resistor is removed in this designed PA. The
“off” state stability margin can be reduced to increase the
PA switching speed. Introducing a commercial digital isolator
separates the output resistors in the gate driver circuit so that
different stability resistors Rs; can be connected to stabilize
the PA separately for “on” and “off” states. The schematic of
our chosen ISO722M digital isolator is shown in Fig. 1(b). It
creates two paths for both “on” and “off” states, such that Ry,
at two states can be minimized individually. We also note the
ISO722M has internal resistances for PA stability.

As shown in Fig. 1(b), the gate capacitance Cp;,s and Ry,
constructs a resistor-capacitor lowpass filter to smooth the fast
switching pulse signal, where output voltage V,,; is given by

X,
Vout = Vin—c’ (l)
JR2, + X2
where |
Xz — )
¢ 27rfswcbias

It can be concluded that the V,,; shrinks if the switching
speed fs,, increases from (1) and (2). A practical approach to
improving f,, is to minimize R, at the circuit design process.
The gate capacitance Cp;qs is derived from

Cpias = Cin +CrL, 3)

where C;,, is the intrinsic gate capacitance in the GaN HEMT,
which is estimated by tuning the input port voltage reflection
coefficient between the transistor model and its gate bias
equivalent circuit in simulation software. It is also possible to
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Fig. 2. The schematic of the proposed gate switching control circuit, where
A/4 TL and the stability resistor Rg; can be located at either position A or B.
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Fig. 3. PSpice simulation of the 10-90% rise and fall time results are

compared among four different cases: In case 1, both 1/4 TL and R,; = 40Q
are at position A; In case 2, both 1/4 TL and R, = 20Q are at position A;
In case 3, /4 TL is at A, while Rg; = 13Q is at position B; In case 4, both
A/4 TL and Rg; = 13 Q are at position B. The load of gate switching control
circuit is modeled through an equivalent circuit in PSpice.

minimize TL capacitance Cry at the bias line, which basically
shortens its length. Cp;,s minimization will also benefit the
gate energy loss Pgqse, which owing to the charging and
discharging of the gate capacitance given by [16]

i *
Pgate = ERE[V - ] 27vaw gazecbias~ “4)

The switching circuit converts the control signal output
to the corresponding gate bias voltage. We designed a gate-
switching circuit using the high-speed digital isolator and
voltage-regulation control circuitry. Fig. 2 shows a schematic
of the gate switching control circuitry. The primary design
consideration of this circuit is its switching speed. Generally,
the stability resistor’s position is close to the transistor gate
terminal (position A in Fig. 2). However, these stability resis-
tors and intrinsic capacitance slow down the control signal. To
achieve high gate switching speed, the stability resistor can be
minimized by fine-tuning the R-C parallel circuit at the input
load line. Additionally, the stability resistor and TL can be
relocated to position B instead of A.

Based on the analysis above, we use the Cadence PSpice
simulation to verify the switching performance. an equivalent
cascaded LC circuit is used to model the GaN PA gate where
the impedances seeing into the PA gate bias line are identical.
The result is shown in Fig 3. From the comparison between
case 1 and case 2, the value of the resistor will influence the
switching speed. It is demonstrated that the switching speed
is faster when the resistor is located at position B rather than
position A from the comparison between case 2 and 3. Also,
case 4 verifies that the switching speed is even faster when
we posit the 1/4 TL at position B. It is worth noting that
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Fig. 4. Measurement result comparison. (a) The photograph of the fabricated
switching circuit in GSPA and its measured power Pgqe dissipation concern-
ing the switching frequency fi,, . (b) Drain efficiency and PAE are compared
for different duty cycles controlling the output power while sweeping the
switching frequencies among 20 MHz, 50 MHz, and 100 MHz.

the 4/4 TL and stability resistor are relocated. However, the
RF impedance is still infinite at the bias line. As a result, the
gate-switching circuit does not affect the RF power efficiency.
The switching control circuit also includes a subsystem that
can generate the -3 V on-state voltage from the main -8 V oft-
state DC voltage. As shown in Fig. 2, the solution is to utilize
a low-dropout (LDO) negative voltage regulator.

To maximize the efficiency of GSPA, a highly efficient PA is
required. Class-F PA is generally regarded as one of the most
efficient PA. The experimental results show that the inverse
class-F PA’s power added efficiency (PAE) is 10% higher than
the class-F PA [17]. An inverse class F PA is designed where
the second harmonic impedance is close to infinity while the
impedance of the third harmonic is close to zero. From the
simulation, the peak PAE of the designed PA is 73%.

III. EXPERIMENT

The photograph in Fig. 4(a) shows the fabricated GSPA
using Wolfspeed GaN CG2H40010F transistor with an em-
bedded gate-switching circuit operating at 1.5 GHz. The gate-
switching dissipated power Pgqre is used to drive the circuit
switching between -8V and -3V. The value is obtained by
multiplying the measured current and voltage from the gate-
biased power supply. Pgqse is rising with the increment of
the switching frequency fs,,, which is in agreement with the
equation in (4). Fig. 4(b) shows the drain efficiency (p) and
the PAE (np) with respect to the different output power of the
PA. The np in GSPA is defined as

Po - Pin
4 = :
7 (fSW) PDC + Pgate (fvw)

The average output power P, is regulated by the pulse
duty cycle, which is independent of the switching speed, i.e.,
frequency bandwidth. As the GSPA always works at its peak
efficiency or switches off, the np is almost flat with an P,
range from 3 W to 10.7 W. The np drops when the P, is lower
than 3 W since the power that is dissipated at the switching
transition period becomes significant. The np performance is
inferior due to the constant P;, and Pg4s.. The switching
speed also slightly affects power efficiency. Generally, higher
switching speeds result in lower p and np. The average np
over the whole P, range for different switching speeds are
63.9% (20 MHz), 62.7% (50 MHz), and 58.9% (100 MHz). By
fully switching on the GSPA with peak P, of 10.7 W, the peak
np of 70.2% can be achieved.
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Fig. 5. Measurement of the output RF waveforms, envelopes, and switching
speed comparison from the oscilloscope.

TABLE I

PERFORMANCE COMPARISON OF STATE-OF-THE-ART SWITCHING PAS

Tech. Type fc(GHz) | Po(dBm) | t-(ns) | tr(ns) | np(%)
SiGe [18] Class-E PA 0.4 19 14 18.5 44
CMOS [19] Switch PA 24 0 1.5 33 40
CMOS [20] Class-AB PA 24 1.2 20 10 32
GaAs [21] DSPA 5.35 41.4 116 102 149
GaN [22] Hybrid 9.5-10.4 50 12.5 11.1 28.2
GaN [23] GSPA 3.5 8 70 30

GaN Class-F !
This work GSPA 1.5 40.3 0.75 0.95 65.4

Fig. 5 shows waveforms and envelopes obtained from
the oscilloscope for different switching frequencies: 20 MHz,
50 MHz, 100 MHz, and 170 MHz. When switching at 20 MHz,
average 10%-90% rise time ¢, from -8V to -3V is 750 ps,
while average 90%-10% fall time ¢7 to switch off the GSPA
is 950 ps. The measured result is slightly better than the simu-
lation in Fig. 3, which might be attributed to the inaccuracy of
the transistor gate intrinsic impedance in simulation. However,
it was noticed that the time required for switching slightly
increases as the switching speed goes up.

The waveform ringing becomes significant when approach-
ing the commutation speed 170 MHz, the PA doesn’t com-
pletely switch off, and the rise/fall time tends to slow down.
Consequently, the designed GSPA has a maximum switching
frequency of 170 MHz when driven by a square pulse wave.
Table I compares this work with the current state-of-the-art.
The rise/fall time and efficiency of this work exceeds that
of cutting-edge switching PAs. To the best of the authors’
knowledge, this is the first published work to achieve sub-
nanosecond switching speed for RF GaN PA.

IV. CONCLUSION

This letter presents a gate-modulated switching PA for
power efficiency enhancement with a peak switching fre-
quency of 170 MHz. The dedicated modulated circuit enables
the GaN transistor for fast on-off switches, with a rise time
and fall time of 750 ps and 950 ps, respectively. This GSPA
is used to amplify the constant envelope signals. From the
measurement result, this GSPA reaches 65.4% average drain
efficiency with an output power range of 0.3 W to 10.7 W.



IEEE MICROWAVE AND WIRELESS TECHNOLOGY LETTERS

[1]

[3]

[4]

[5]

[6]

[7]

[9]

[10]

(11]

[12]

REFERENCES

J. Ma, A. Aijaz, and M. Beach, “Recent results on proportional fair
scheduling for mmWave-based industrial wireless networks,” in Proc.
IEEE Vehicular Technology Conference (VTC2020-Fall), Nov. 2020, pp.
1-5.

M. Klapez, C. A. Grazia, and M. Casoni, “The energy footprint of 5G
multi-RAT cellular architectures,” IEEE Access, vol. 9, pp. 144493—
144504, Oct. 2021.

F. H. Raab, “Class-D power amplifier with RF pulse-width modulation,”
in Proc. IEEE MTT-S International Microwave Symposium, May 2010,
pp. 924-927.

C. Florian, T. Cappello, R. P. Paganelli, D. Niessen, and F. Filicori,
“Envelope tracking of an RF high power amplifier with an 8-level
digitally controlled GaN-on-Si supply modulator,” IEEE Trans. Microw.
Theory Tech., vol. 63, no. 8, pp. 2589-2602, Jul. 2015.

C. T. Rodenbeck et al., “Design of robust on-chip drain modulators for
monolithic pulsed power amplifiers,” IEEE Microw. Wirel. Tech. Lett.,
vol. 23, no. 5, pp. 267-269, Apr. 2013.

T. Cappello et al., “Efficient X-band transmitter with integrated GaN
power amplifier and supply modulator,” IEEE Trans. Microw. Theory
Tech., vol. 67, no. 4, pp. 1601-1614, Mar. 2019.

M. Bathily, B. Allard, and F. Hasbani, “A 200-MHz integrated buck
converter with resonant gate drivers for an RF power amplifier,” IEEE
Trans. Power Electron., vol. 27, no. 2, pp. 610-613, Feb. 2011.

G. Jindal, G. T. Watkins, K. Morris, and T. Cappello, “Gate diode current
sensing for device temperature estimation in GaN RF power amplifiers,”
in Proc. IEEE Topical Conference on RF/Microwave Power Amplifiers
for Radio and Wireless Applications (PAWR), Jan. 2022, pp. 69-71.
W.-R. Fang et al., “X-band high-efficiency high-power GaN power
amplifier based on edge-triggered gate modulation,” IEEE Microw. Wirel.
Tech. Lett., vol. 30, no. 9, pp. 884-887, Aug. 2020.

J. Ma et al., “Highly efficient 3-bit digital power amplifier for OFDM
waveform amplification,” IEEE Trans. Microw. Theory Tech., vol. T1,
no. 1, pp. 3547, Aug. 2023.

X. An, J. Wagner, and F. Ellinger, “An efficient ultrawideband pulse
transmitter with automatic on—off functionality for primary radar sys-
tems,” IEEE Microw. Wirel. Tech. Lett., vol. 30, no. 4, pp. 449452,
Feb. 2020.

L. Maggi et al., “Energy savings under performance constraints via
carrier shutdown with bayesian learning,” in Proc. Joint European Con-

(13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

(22]

[23]

ference on Networks and Communications & 6G Summit (EuCNC/6G
Summit), Jun. 2023, pp. 1-6.

S. Wang, Y. Wang, J. P. Coon, and A. Doufexi, “Energy-efficient
spectrum sensing and access for cognitive radio networks,” IEEE Trans.
Veh. Technol., vol. 61, no. 2, pp. 906-912, Dec. 2011.

G. Watkins and S. Wang, “The impact of power amplifier turn-on
characteristics in cognitive radio networks.” Microwave Journal, vol. 57,
no. 3, Mar. 2014.

D. M. Pozar, Microwave engineering. John wiley & sons, Nov. 2011.
W. Eberle, Z. Zhang, Y.-F. Liu, and P. C. Sen, “A current source gate
driver achieving switching loss savings and gate energy recovery at 1-
MHz,” IEEE Trans. Power Electron., vol. 23, no. 2, pp. 678-691, Mar.
2008.

Y. Y. Woo, Y. Yang, and B. Kim, “Analysis and experiments for high-
efficiency class-F and inverse class-F power amplifiers,” IEEE Trans.
Microw. Theory Tech., vol. 54, no. 5, pp. 1969-1974, May 2006.

M. G. Becker, N. Joram, and F. Ellinger, “A 400 MHz 19 dBm inverse
class-E power amplifier for energy-efficient aggressive duty-cycling,” in
Proc. IEEE International Conference on Electrical, Computer, Commu-
nications and Mechatronics Engineering (ICECCME), Nov. 2022, pp.
1-5.

X. Huang, P. Harpe, X. Wang, G. Dolmans, and H. de Groot, “A 0dBm
10Mbps 2.4 GHz ultra-low power ASK/OOK transmitter with digital
pulse-shaping,” in Proc. IEEE Radio Frequency Integrated Circuits
Symposium, May 2010, pp. 263-266.

M. Stoopman, K. Philips, and W. A. Serdijn, “A 2.4 GHz power amplifier
with 40% global efficiency at -5 dBm output for autonomous wireless
sensor nodes,” IEEE Microw. Wirel. Tech. Lett., vol. 25, no. 4, pp. 256—
258, Feb. 2015.

J. Dhar, R. K. Arora, S. K. Garg, M. K. Patel, and B. V. Bakori, “Per-
formance enhancement of pulsed solid state power amplifier using drain
modulation over gate modulation,” in Proc. International Symposium on
Signals, Circuits and Systems, Aug. 2009, pp. 1-4.

H.-J. Kim, W.-J. Cho, J.-H. Kwon, and J.-W. Lee, “An X-band 100 W

GaN HEMT power amplifier using a hybrid switching method for fast
pulse switching,” Progress In Electromagnetics Research B, vol. 78, pp.

1-14, 2017.

F. Fornetti, K. Morris, and M. Beach, “Pulsed operation and performance
of commercial GaN HEMTS,” in Proc. European Microwave Integrated
Circuits Conference (EuMIC). 1EEE, Sep. 2009, pp. 226-229.



