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Abstract—Highly efficient switch-mode Class-E power am-
plifiers (PAs) are sensitive to load impedance variations. For
voltage standing wave ratios (VSWRs) up to 10:1, the peak
switch voltage and average switch current can increase by a
factor 1.7 and 2.5, respectively, with respect to the nominal
load condition, thereby imposing serious reliability risks. This
work introduces a technique to self-protect/self-heal Class-E
PAs against the effects of load variations, with only a minor
impact on output power and efficiency. To validate the proposed
technique, load-pull measurements are conducted on a Class-
E PA implemented in a standard 65nm CMOS technology,
employing an off-chip matching network, augmented with a
fully automated self-protective/self-healing control loop. Under
nominal operating conditions, the PA provides 17.5dBm output
power into 50Ω from a 1.2V supply with 67% efficiency when
all the losses of the matching network are included. It is shown
that the proposed self-protective PA can reduce its peak switch
voltage to below the value allowed by the technology for all load
mismatch conditions with VSWR up to 19:1 while output power
and efficiency are not considerably affected. Furthermore, a PA
with an average current safety factor of 2.5 can reliably handle
VSWRs up to 19:1.

Index Terms—Load mismatch, VSWR, power amplifiers (PAs),
Class-E PA, self-healing.

I. INTRODUCTION

POWER amplifiers (PAs) are responsible for a sizable portion
of power consumption in RF systems, making PA effi-

ciency an important parameter [1]. For this reason, switched-
mode PAs (SMPAs) with their high efficiency are an attractive
option. Class-E SMPAs employ resonant networks to shape
their waveforms to achieve e.g. zero-voltage switching (ZVS)
and/or zero-slope switching (ZSS) conditions to ensure high
efficiency (ideally 100%) [2].

Antenna impedances can vary significantly due to changing
antenna environment, with VSWRs as high as 10:1 [3]. Non-
nominal load conditions detune the SMPA’s resonant networks,
in some cases leading to degraded output power and effi-
ciency levels. Additionally, extreme switch voltage and current
waveforms can result, jeopardizing PA reliability. Switch volt-
ages exceeding the breakdown level may cause instantaneous
and permanent failure through gate-oxide break down [4],
while high switch currents can cause gradual deterioration
or destruction through electro-migration [5] and hot carrier
degradation [6]. The load-pull contours in our work in [7]
already demonstrated the effect of load mismatch on the switch
voltage of a Class-E PA.

Fig. 1: (a) Schematic representation of a single-ended Class-E PA. (b) Switch
voltage and current waveforms for nominal load, m = 0.05, ZVS and ZSS.

There are publications on protecting PAs under non-nominal
load conditions. In [8], a tunable matching network is used
with a linear Class-A PA to enable self-healing for high
performance under load mismatch. This technique can also
be used for protection against load-mismatch, at the cost of
reduced efficiency and increased complexity due to need for
a tunable network. Another technique, also for linear PAs,
involves placing a feedback loop around the PA to detect peak
output voltage and use this to tune the bias current of the
PA, to ensure both linearity and safe operation of the PA [9].
Voltage/current limiters were also reported for protection [10],
[11], at the cost of compromising both PA functionality and
efficiency due to e.g. shunting high currents to ground to limit
transistor drain voltage. Lastly, isolators/circulators may be
used to isolate the PA from mismatches at the load. However,
their dissipative operation makes them unsuitable for use in
high-efficiency PA systems.

For Class-E PAs, to the best of the authors’ knowledge, there
is only one work addressing protection against high VSWRs
[12]. The work in [12], similar to that on linear PAs, employs
a feedback loop to detect high peak voltage at the drain of the
switch and reduces the drive power to limit the switch voltage.
However, this compromises switch-mode operation (and hence
efficiency) because the drive power must be reduced below the



level where it adequately switches the switch transistor.
In this work, we propose a new technique to improve the

reliability of Class-E PAs under heavy load mismatch. The
technique is based on the rotation of the load-pull contours and
hence the safe operating region on the Smith chart, introduced
in [7]. Furthermore, it is shown that PA efficiency is hardly
degraded. Finally, a fully automated self-protective Class-E PA
demonstrator is used for experimental verification.

In section II the general principles and behavior under load
mismatch of Class-E PAs are treated. Section III describes our
demonstrator implementation and shows measurements on this
self-healing system. Section IV summarizes the conclusions.

II. CLASS-E PAS UNDER (NON-)NOMINAL CONDITIONS

Single-ended Class-E PAs, in their simplified form, consist
of a switch (transistor) and two LC tanks. A schematic
representation of a single-ended Class-E PA can be found in
Fig. 1. The first tank, L − C, is used for waveform shaping
and the second tank, L0 − C0, is a band-pass filter tuned to
the input frequency, f0, to ensure a sinusoidal load current.
In the ideal case, the switch is driven by a 50% duty cycle
square wave with frequency f0.

For Class-E PAs designed for ZVS and ZSS conditions,
parameters α and β, which represent the level of violation of
ZVS and ZSS conditions, are zero; α and β are defined as [6]
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where vc is the switch voltage and VDD is the supply voltage.
The relations between the Class-E PA parameters and circuit
components L, C, X and R are formulated in e.g. [6],
in the so-called K-design set K = {KL,KC ,KX ,KP } =
{ 2πLf0R , 2πf0RC,

X
R ,
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V 2
DD
}.

The K-design set parameters depend only, see [6], on α,
β, the relative resonance frequency of the LC tanks, q =
1/2πf0

√
LC, and the technology dependent relative switch

on-resistance, m = 2πf0RonC. The only dependencies of m
are on the technology and the operation frequency [6].

For a Class-E PA which is designed for a certain q and ZVS
and ZSS conditions, load-pull contours can be derived, similar
to [7]. The resultant contours show the impact of changing
load conditions on PA output power, efficiency and (reliability
related) maximum switch voltage and average switch current.
To achieve this, the PA load, Z with its nominal value, R,
corresponding to the center of the Smith charts in Fig. 2,
is changed and switch voltage and currents can be found
using basic circuit theory. While a full derivation is beyond
the scope of this manuscript, the results are used to plot
output power and average switch current normalized to where
Z = R (VSWR=1:1), efficiency, and maximum switch voltage
normalized to VDD. These results are illustrated in Fig. 2.

For high output power, we take q ≈ 1.4 [6], while the
parameter m for standard 65nm CMOS technology in the low
GHz range is about m ≈ 0.05. To represent the behavior of
the Class-E PA for a wide range of load conditions, the use

(a) Normalized peak switch
voltage

(b) Normalized average switch
current

(c) Efficiency (d) Normalized output power

Fig. 2: Theoretical Class-E PA load-pull color gradients

of parameter color gradients on a Smith chart is employed.
Constant VSWR circles for VSWR = {10, 5} are also shown.

The contours show that the PA displays peak switch voltages
and average switch currents below those for the nominal case
for a large portion of the Smith chart, with significantly higher
switch voltages and currents mainly occurring in the upper
left. Both output power and PA efficiency are heavily affected,
reaching near-zero values at their individual extremes. Of the
shown effects, breakdown voltage-exceeding switch voltage
excursions present the greatest risk to PA reliability, rapidly
causing permanent device breakdown and these are therefore
the primary focus of the remainder of this paper.

A. Effects of the q parameter on PA behavior

In [7] it was shown that reducing (increasing) q rotates
the PA contours counterclockwise (clockwise). Since the re-
liability of the non-tuned PA is compromised mainly in the
upper left of the Smith chart, there we reduce q to rotate the
contours in the counterclockwise direction. Resultingly, the
safe operating area then includes this previously high risk area
on the Smith chart. Decreasing q requires that the capacitor C
be controllable to a value larger than the nominal case.

III. IMPLEMENTATION

To decrease PA sensitivity to load mismatch, the q pa-
rameter can be tuned by varying its switch capacitance C
when mismatch occurs. A schematic representation of an
implementation of the principle, using a switch capacitor bank
(SCB), is shown in Fig. 3(a).

To demonstrate the tuning and self-healing principles, mea-
surements were performed on a system reusing the 65nm
CMOS PA chip described in [7]. The switch consists of a
1.2V thin oxide transistor cascoded by a thick oxide 2.5V
transistor with its gate biased to 1.8V, allowing a maximum
switch voltage of up to 4.6V (1.8V + 1.1×2.5V, with a



Fig. 3: (a) Schematic representation of single-ended Class-E PA with capacitor
bank for tuning of the q parameter, matching network and tuner. (b) Chip
microphotograph. (c) Designed PCB.

10% technology margin). Using the K-design set elements for
q = 1.4, m = 0.05 and α = β = 0 and for R = 25Ω,
f0 = 1.4GHz, yields L = 2nH, C = 3.3pF and X ≈ 0jΩ.
Two parallel bond-wires implement L and the tank capacitor C
was implemented as the sum of the drain-bulk and gate-drain
parasitic capacitances of the cascode transistor. Two cascaded
inverters were used as the switch driver.

The variable switch node capacitor is implemented as a
SCB with 4 control bits, with a total Cbank = 1.5pF. The
switches are implemented by 2.5V thick oxide transistors and
dimensioned such that the voltage excursions across them do
not exceed 3V. The extra capacitive loading at the switching
node, introduced by the SCB, is compensated by reducing
the main switch size, lowering efficiency under nominal load
conditions by less than 2%.

A Maury load tuner was used to implement the load-pulling
for VSWRs ranging from 1:1 to over 10:1 as shown in Fig
3(a). An off-chip matching network was used to step the 50Ω
load down to R = 25Ω. The chip micro-photograph and the
designed PCB are shown in Fig 3(b) and (c), respectively. For
all the measurements in this manuscript, the power loss in
the matching network is included in our power and efficiency
numbers.

A. Measurement results with fixed q parameter

Under nominal load conditions (VSWR=1:1) with no tun-
ing, at VDD = 1.2V, at 1.4GHz, the PA provides 17.5dBm into
a 50Ω load at 67% efficiency.

The PA performance and reliability related parameters were
also measured under load-mismatch for a fixed q = 1.4 (i.e.
all the switches in the SCB in the off-state). For reliability and

reproducibility reasons, the supply voltage, VDD, was varied
to keep the PA peak switch voltage below or equal to the
peak switch voltage for Z = R to prevent PA breakdown. To
equalize the dataset, the data for these loads was scaled to
VDD = 1.2V during post-processing, assuming Pout ∝ V 2

DD,
which is valid according to the theory [7]. Additionally, the
output power and average switch current data are normalized
to the nominal case (Γ = 0).

Due to the effect of the cables and matching network, the
measured contours are rotated with respected to the theory. For
clarity sake, the data was counter-rotated during processing to
align it to the theoretical contours. The processed measurement
results for the PA are shown in Fig. 4, where the center of
the Smith charts corresponds to 50Ω. Exact mapping between
the theory and the measurements is not the focus of this
manuscript. The difference can be explained by second order
effects that were not taken into account in our simplified
theoretical model. Despite this, the measurement data shows
a trend that strongly resembles the theoretical results.

The maximum switch voltage and maximum average switch
current under heavy load mismatch can go up to 6.5V
(5.4×VDD) and 200mA, respectively, compared to, Vc,nom
= 4V (3.3×VDD) and 80mA under nominal load conditions
when q is fixed. The extreme switch voltage of 6.5V, toward
the upper left of the Smith chart, for a VSWR of 19:1, can
instantly break down the PA switch. The border between the
safe (peak voltage≤4.6V) and non-safe areas is shown as a
solid red line. Additionally, the average current of the switch
can reach levels up to 2.5 times higher than under nominal
condition, which can gradually degrade switch performance.

(a) Normalized peak switch
voltage

(b) Normalized average switch
current

(c) Efficiency (d) Normalized output power

Fig. 4: Measured load-pull color gradients with self-heal loop deactivated

B. Self-healing Class-E PA

For self-healing, the q parameter is tuned automatically to
extend the safe operating region toward the upper left, with



Fig. 5: Flow diagram of the self-healing algorithm.

respect to the nominal case (q = 1.4). A demonstrator to
experimentally validate this is presented below.

For every applied load setting, the waveform at the switch
node was measured using an Agilent N2803A active probe
connected to an 80GSa/s Agilent oscilloscope. A simple
algorithm, shown in Fig. 5, controls the capacitor bank state.
A dead zone of ∆V =0.2V was added to decrease the noise
sensitivity of the self-healing algorithm.

The algorithm checks the maximum switch voltage, Vc,max.
If Vc,max < Vc,nom , the self-healing loop remains idle. For
voltages Vc,max > Vc,nom+∆V = 4.2V , the self-healing loop
incrementally increases the SCB state until the peak switch
voltage return to a safe value. When the load returns to the
nominal condition, the SCB returns to the idle state with all
capacitors disconnected. If the SCB is at the maximum state
and the peak switch voltage still exceeds the breakdown limit,
a warning is given. Fig. 6 shows the processed measurement
results for the automatic self-healing PA system.

Power and efficiency are hardly affected by the self-healing
loop. The worst case deviations in efficiency and output power
are an 11% relative reduction (from 56% to 50%) and a 1.1dB
reduction (from 79mW to 61mW), respectively. The minor
efficiency reduction is due to second order effects such as
extra loss introduced by the switches in the SCB.

The safe region for instant switch breakdown (≤3.8×VDD
, 4.6V) is considerably improved extending over the entire
measured VSWR range of 19:1. More than 1.4 times reduction
in maximum switch voltage can be seen toward the left upper
side of the Smith chart. The average switch current safe region
is also improved for high VSWRs up to 19:1. However, still
2.3 times more average current passes through the switch for
extreme load mismatch. Therefore, in the design of the PA a
safety factor 2.5 was assumed to ensure the PA can handle the
high currents present under heavy load mismatch conditions.

CONCLUSIONS

The reliability of Class-E PAs can be heavily compromised
in the presence of load-mismatch. This work introduces, to the
authors’ best knowledge, the first self protective/healing Class-
E PAs. It was shown that decreasing the relative resonance fre-
quency (q parameter) by employing a digitally variable added
switch capacitance, and using a simple algorithm, protected the
PA against over-voltage over a wide range of load mismatches

(a) Normalized peak switch
voltage

(b) Normalized average switch
current

(c) Efficiency (d) Normalized output power

Fig. 6: Measured load-pull color gradients with self-heal loop activated

with VSWRs as high as 19:1. In so doing, efficiency and
output power were not considerably affected. This self-healing
Class-E PA in standard 65nm CMOS technology provides
good performance and significantly increased immunity to
load variation related degradation, allowing practical applica-
tion in systems subject to strong antenna load mismatch with
strongly reduced risk to reliability.

A future work will include a receiver-like structure to
replace the oscilloscope in the self-protective/healing system.
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