


Fig. 1. LPA with the TPS system.

by putting an SMPA in series [12]. In some extreme cases,
where high slew rates (SRs) (45 V/µs) and relatively high
voltages are needed, LPA can be supplied with a set of discrete
voltage levels in order to avoid high switching frequency and
additional losses in the tracking power supply (TPS) [13].

In this paper, the TPS is based on the idea originated
in [12]. Instead of using two dc–dc converters to modulate
both supply rails of the LPA as presented in [14] and [15], only
one bidirectional dc–ac converter is used in order to provide
bipolar voltage waveforms, as shown in Fig. 1. This solution
has been chosen mainly due to the very severe specification
for the occupied space of the system. Compared to the solution
with two dc–dc converters where each one is designed for the
full power range, this solution leads to more power savings
and less auxiliary electronics (auxiliary power supplies, control
circuits, and protections). In addition, this solution brings more
power savings in the LPA than in [13], removing any need for
a heat sink on the top of the LPA. In the ideal case, this
converter should provide the same waveform at the output as
the LPA’s output voltage vout. Nevertheless, the small amount
of the correction voltage VOFF is still needed to prevent the
ohmic region of the LPA’s MOSFETs in the output stage and
also to provide extra voltage overhead in the case of a small
mismatch between vconv and vout.

In order to have fast dynamics of the TPS, yet a highly
efficient and compact solution, enhancement-mode gallium-
nitride high-electron-mobility transistors (GaN E-HEMT) are
used, switching at 1 MHz in a half-bridge configuration. The
aim of this paper is to show that in the applications where
low currents are processed with at high switching frequency
and relatively high voltage is blocked by the GaN devices
(100 V), zero-voltage switching (ZVS) is a must not only
to optimize the system efficiency but also to protect the
devices from overheating. The output filter is comprised two
LC sections. The first inductance is designed in order to
enable the complete ZVS of the devices and thus remove the
turn-on losses. Although the GaN power transistors possess
much improved characteristics compared to their silicon (Si)
counterparts, the overall performance of power converters
is limited by the passive components [16]. In this case,
inductors have a significant impact on the overall system
efficiency. Consequently, different designs with a manganese–
zinc (MnZn) ferrites optimized for megahertz frequency range

TABLE I

SUMMARY OF THE SPECIFICATIONS FOR THE TPS

are presented. Finally in the experimental results, a 8-W,
1-MHz switching frequency fully digitally controllable bipolar
TPS with a 100-kHz small-signal bandwidth, the tracking
speeds up to 2 V/µs and the efficiency beyond 94% is shown,
with the total power savings up to 4 W compared to the system
without the supply modulation.

II. TPS SPECIFICATIONS AND DESIGN

The specifications for the TPS are given in Table I. The TPS
must provide a four-quadrant operation, while the load type
is not specified in general. The only constraint is put on the
maximum output current that can be sourced/sunk at the PA’s
output. In this paper, three different load types are considered:
resistive, capacitive, and constant current load. The reference
has a piecewise linear waveform, with a trapezoidal voltage
waveform as a representative test case. The most probable
maximum SR of the output voltage transitions is 1 V/µs, but
yet the system must be capable to reproduce correctly 2 V/µs
transitions as well.

Having in mind all these specifications, especially the one
for the occupied area, it is clear that the size of the converter
plays very important role. In order to avoid the modulation of
both supply rails (vs+ and vs−) independently, only one two-
level switching dc–ac converter is employed. It is worth noting
that the two dc inputs for this converter are not disadvantage
of this system. These dc inputs are the same as the supplies
for the input stage of the LPA, (Vb+ and Vb−). Nevertheless,
in Fig. 2, they are shown independently. The power supply
rejection ratio (PSRR) of the LPA’s output stage may have
a poor value around the switching frequency. To guarantee
the small voltage ripple at the output, two-stage filter is used,
which can provide a sufficient attenuation of the switch-
ing noise. The TPS is controlled via double-control scheme
implemented in a digital control hardware: the inner control
loop based on the peak-limiting current control that con-
trols the current of the inductor and the outer voltage-mode
control loop with the integral action that provides accurate
tracking of the voltage references.

The system is comprised the following parts.

1) High-frequency switching two-level dc/ac converter
(inverter) with the two-stage output filter.

2) LPA.
3) Auxiliary offset voltages.
4) Field-programmable gate array (FPGA) control board

with the interconnection converters between analog con-
tinuous time and discrete-time system variables (A/D



Fig. 2. Detailed schematic of the whole system comprised the TPS (two-level dc/ac converter and the two-stage output filter), the LPA, and the control
circuitry.

Fig. 3. Operating principle of the system at the example of an arbitrary
piecewise linear waveform.

converters, D/A converters, and analog comparator)
needed for the feedback control loops.

The operating principle of the whole system, explained at
the representative trapezoidal waveform, is shown in Fig. 3.
The common-mode voltage of LPA supply rails has the same
value as the output voltage vout and the TPS output voltage
vconv (vs+ + vs− = 2vout), while the differential voltage
between the rails is kept constant and has the value 2Voff
(vs+ − vs− = 2Voff). This means that the power dissipated
on the LPA does not depend anymore on the output voltage,
but only on the output current iout. The instantaneous power
dissipation is

p(t) = Voff |iout|. (1)

This power loss can be reduced to a very low value, depend-
ing on the minimum Voff required for the linear operation of
the power amplifier. The total power dissipation of the system
will be mainly affected by the losses of the TPS which are
discussed in Sections III–V, and VII.

III. OVERVIEW OF SWITCHING POWER DEVICES

AND ZERO VOLTAGE SWITCHING

A. GaN Versus Si Devices

According to the specifications given in Table I, the small-
signal control bandwidth should be 100 kHz. As a rule of
thumb, the switching frequency is chosen to be 10 times
faster, which is 1 MHz in this case. The next step is to select

Fig. 4. Comparison of the state-of-the-art Si- and GaN-based devices: FOM1,
FOM2, and the size of the devices.

appropriate power transistors that can provide a satisfactory
behavior regarding the converter efficiency at these specific
conditions. Electrical characteristics of power transistor are
usually evaluated via three important parameters: total gate
charge Qg , which describes the switching speed of the devices
and affects gate driving losses and the switching turn-on and
turn-off losses; the parasitic output capacitance (Coss), which
quantifies the total energy stored in the device in the OFF-state
and affects the hard switching turn-on losses; and the ON-state
drain-to-source resistance (RON), which affects the conduction
losses. The first insight into the device characteristics is usually
realized using figures of merit: FOM1 = Qg × RON and
FOM2 = Coss × RON. Since the GaN devices have at least 10
times smaller FOM1 compared to the Si-based devices with the
similar voltage rating as can be seen in Fig. 4, this enables very
high switching speeds and lower switching losses. Although
Si-based devices are highly reliable solution, they typically
occupy more space compared to the GaN devices, which can
be crucial in volume-sensitive applications [17]. In addition,









Fig. 9. Average inductor current during the transitions and the steady
states of the output voltage. The rise time and the fall time of the inductor
current are neglected, since they are much smaller compared to the times
�t1 and �t2.

bandwidth of the control loop is designed to be suf-
ficiently faster than the resonance frequency of the
first filter stage, the first resonance is damped by the
means of the control loop. This means that the second
resonance of the output filter must be damped with a
lossy passive element (a damping resistor Rd ). In all
the calculations, it is assumed that the double-control
scheme is employed: an inner current loop based on the
peak limiting current control, which is in charge of the
current of the first inductor L, with the model based
on the approach from [27], while the output voltage
of the second capacitor C2 is controlled by an outer
conventional proportional–integral (PI) regulator. The
targeted crossover frequency of the closed-loop system
is 100 kHz. All the designs with the relatively large
overshoot in the step response (>10%) and a relatively
low phase margin (PM < 50◦) are discarded.

All of these calculations are performed numerically by
means of the Laplace transformation, in order to avoid simpli-
fications possibly leading to a wrong or nonoptimal result, and
the potential candidates are first verified in simulation. In order
to present all the results in a systematic and organized way,
the concept of the design space (DS) is employed [4], [28]
based on the aforementioned requirements.

A. Problem With Capacitive Currents
and Nonlinear Constraints

A typical waveform of the averaged inductor current (aver-
aged on the switching period Tsw) is shown in Fig. 9. During
the steady states, this current is equal to the output current
of the TPS and the LPA. Nevertheless, during the transients,
it may significantly increase or decrease, depending on the
type of the transition at vconv. If the output voltage rises with
an SR SR1 = ((V2 − V1)/�t1), then the average value of the
current increases to i1 = iout + SR1Ctot, while in the event of
the falling edge of vconv with an SR SR2 = ((V2 − V1)/�t2),
the average current reduces to i2 = iout − SR2Ctot. Ctot
denominates the total output capacitance of the filter is equal
to Ctot = C + C f . The estimation of the transient currents
is based on the small-ripple approximation of both voltages
of the capacitors C and C f . One may notice that the average
transient current iLf of the second filter inductor L f and the

parallel section of the damping elements Ld and Rd depends
only on the value of capacitor C f . This circumstance is
used as the advantage, so that with the proper arrangement
of C and C f , the second stage has to support much lower
transient current and both L f and Ld can be small off-the-shelf
components. On the other hand, inductor L has to support a
high ripple, to allow the ZVS operation in steady states, and
also additional current during the transients, and it must be
carefully designed custom-made inductor. It is important to
keep the transient capacitive current as smaller as possible;
hence, it has an important impact on the losses in the TPS.
During the transitions, ZVS is partially or completely lost,
depending on how fast the transitions are, because of the
insufficient current ripple. This leads to not only increase in
both the conduction and switching losses in the devices but
also the increase in the winding and core losses in the inductor.
Moreover, inductor L must be designed in order not to saturate
for large excursion of the flux in the core during the transient.
Although the transitions last only a 10th of the steady-state
time, they have a significant impact on overall system losses,
thus in reducing the system efficiency.

Having in mind the system specifications regarding the
output voltage range and the maximum SR of 2 V/µs, the max-
imum expected large-signal bandwidth of the TPS is defined
by the following expression [29]:

fLS, max = SRmax

0.8 × 2π
Vout, max√

2

≈ 14 kHz. (8)

This value is significantly smaller than the value of the
small-signal bandwidth of the converter, mainly due to limited
current-carrying capability of the converter and not due to the
filter design. The maximum transient current limit represents
an imposed nonlinear constraint regarding the large-signal
response of the output voltage.

It has already been stated that the second-stage solution
was motivated due to the specification for 60 dB for the
minimum attenuation provided by the output filter. These
assertions can be easily clarified by a simple calculation.
For the specified attenuation at the given switching frequency
of 1 MHz, the resonance frequency of the single-stage LC
filter is located around 31.6 kHz, which leads to the output
capacitor value of 4.22 µF. In another words, with this design,
the inductor should support additional 8.44 A of average
current, during a transition with an SR of 2 V/µs, which is
completely unacceptable. As can be seen, the fast analysis
based on the second DS constraint only is enough to explain
why the single-stage passive filter is not the appropriate
solution and that the output filter must be distributed in two
stages.

B. Final Design of the Output Filter

After the DS analysis based on the aforementioned con-
straints, the combination of elements that fulfils all the criteria
has been chosen, as can be seen in Table III. Total occupied
footprint space of the components in the filter is about 2.7 cm2

that gives only of 27% contribution to the total maximum
occupied area of the power stage, while the total volume







Fig. 14. Simplified schematic of the TPS with peak current-mode control.

Fig. 15. Implementation of the employed peak current-mode control.

closed-loop input impedance seen from the supply port is
practically infinite. The output voltage vsens is sensed and
sampled via analog-to-digital converter. Digital proportional–
integral regulator (K p + (Ki/(1 − z−1))) calculates the value
of the control voltage vctrl once per switching period [33],
which is the reference for the inner current loop. The regulator
is designed to enable 100 kHz small-signal control bandwidth.

The current of inductor L is controlled by the inner current
loop, implemented as peak current limiting control, in order
to provide high performances of the system regarding the
dynamics. It is very well known that for the peak current-
mode control when the duty cycle exceeds 50%, an external
ramp slope is needed to avoid the subharmonic oscillation.
According to the model proposed in [27] where this phenom-
enon is mathematically explained, the system has a double
pole at half of switching frequency. In this implementation,
the compensation ramp is counter-based, generated digitally in
the control board with the counter clock frequency Nr times
higher than the switching frequency of the TPS. The com-
pensated reference is then sent to digital-to-analog converter
(Nb-bit data) and converted into an analog signal, which is
compared with the sensed value of the inductor current, using
an analog comparator. The output of the analog comparator
produces a digital signal, as shown in Fig. 15, which is fed
back to the FPGA and processed in the block for debouncing
and dead-time control and finally sent to the drivers of the
power transistors.

VII. EXPERIMENTAL VERIFICATION

OF THE TPS PERFORMANCE

The experimental setup of the TPS with all elements
shown in Fig. 2 has been designed and tested. Complete
hardware specifications of the fabricated prototype with the

TABLE VI

HARDWARE SPECIFICATIONS OF THE FABRICATED PROTOTYPE

Fig. 16. Photograph of the designed TPS with the GaN EPC2012C power
transistors and the output filter.

Fig. 17. Two mechanisms of partial ZVS with the waveforms of the
switching node voltage vsw (scale: 20 V/div), the current of inductor L1
(scale: 200 mA/div), and the TPS output voltage vconv (scale: 20 V/div).
Time scale: 100 ns/div. (The same labels for the waveforms and the same
line colors are used in Figs. 18 and 19).

values of the passive components and part numbers are given
in Tables III and VI. In Fig. 16, a photograph of the small
daughter board with EPC2012C transistors, driver, auxiliary
components, and the output filter stage is demonstrated. The
total occupied space of the TPS power stage with the power
transistors and the output filter is below 10 cm2.

A representative test waveform that clarifies the con-
clusions drawn in the subsection about the ZVS opera-
tion is shown in Fig. 17 (the second-quadrant operation,
vconv = −40 V, iout = 10 mA). Two mechanisms of partial
ZVS that occur in pulsewidth modulation constant switching
frequency converter are shown. The first one is related to
insufficient energy for the complete charge displacement.
Inductance L has value of about 15 µH, which is more than the
maximum permissible for the complete ZVS for this operation
conditions (Fig. 6). The switching node voltage vsw (blue line)
starts to increase when the LS switch is turned off. Since the



Fig. 18. LS GaN parasitic diode conduction after the complete ZVS
transition. (a) Example of incorrect timing of the LS diode conduction.
(b) Example of correct timing of the LS diode conduction.

inductor does not possess the minimum energy required for
HS transistor discharging (6), vsw rises only 38 V, instead
of needed 100 V for the zero voltage turn on of the HS
transistor. The dead time in this case is set to be too long,
more than 200 ns, to show the incapability for the complete
ZVS transition. On the other hand, when HS transistor turns
off, the complete ZVS transition is possible, but the dead time
is not enough for the transition to finish. The LS turns on
with about 84 V. Both mechanisms of the incomplete parasitic
output capacitance discharging can occur in the real situations,
leading to the increased switching losses.

It has been mentioned before that the forward voltage of
the internal diode of the e-GaN devices can have relatively big
value. In this particular case, according to the reverse drain–
source characteristic of the EPC2012C device, the source-to-
drain voltage is about 2.75 V for a 3 A of source-to-drain
current. In Fig. 18, two events with the diode conduction
of the synchronous GaN device are shown. In the first case,
the interlocking dead time is about 10 ns longer than needed,
while in the second case, it is properly set. To get rid of
the additional power loss in the devices due to the incorrect
timing of the reverse conduction, variable dead-time control
is implemented in this design to keep the diode conduction to
the minimum.

Increased currents during the transients impact both switch-
ing losses because of the full hard switching, especially in
the case of 2 V/µs [Fig. 19(a)], but also the conduction
losses due to the increased dynamic ON-state drain-to-source

Fig. 19. Two additional contribution to the total power losses. (a) Hard
switching during the transients. (b) Dynamic ON-state resistance.

Fig. 20. Calculated and measured TPS steady-state power losses and
efficiency versus the output power.

resistance RON. In Fig. 19(b), it can be clearly seen that the
current increase of 4.6 A results in the HS drain-to-source
voltage collapse of about 2 V (LS is conducting the current),
which means that the average dynamic RON is about 0.45 �,
about 4.5 times higher than the expected resistance from the
datasheet [22]. This rough estimation is in accordance with
the results from [34] and [35]. It is also reported in [35]
that depending on the OFF-state voltage and the switching



Fig. 21. Closed-loop response of the system in the case of a 1-V/µs
trapezoidal test signal, CH1: TPS output voltage vconv (blue), CH2: positive
supply rail voltage vs+ (red), CH3: negative supply rail voltage vs− (green),
and CH4: LPA output voltage vout (pink). Voltage scale: 20 V/div and time
scale: 100 µs/div.

Fig. 22. Closed-loop response of the system in the case of a 1-V/µs
trapezoidal test signal and a 200-� resistive load, CH1: TPS output voltage
vconv (blue), CH3: LPA output voltage vout (green), and CH2: LPA output
current (red). Voltage scale: 20 V/div and time scale: 200 µs/div.

Fig. 23. Closed-loop response of the system in the case of a 1-V/µs
trapezoidal test signal and a 550-nF capacitive load, CH1: TPS output voltage
vconv (blue), CH3: LPA output voltage vout (green), and CH2: LPA output
current (red). Voltage scale: 20V/div, current scale: 200 mA/div, and time
scale: 200 µs/div.

frequency under hard or soft switching, dynamic RON exhibits
different behaviors, due to different device technologies. This
anomaly compromises the converter efficiency, and in this
case, it gives a significant contribution to total power losses
of the converter.

The steady-state power efficiency and the power losses
of the TPS are measured at a wide range of the output
power (form 0 to 8 W). The measured values are in a very
good correspondence with the calculated values, with very

Fig. 24. Closed-loop response of the system in the case of a 1-kHz sinusoidal
test signal and a 220-nF capacitive load, CH1: TPS output voltage vconv (blue),
CH3: LPA output voltage vout (green), and CH2: LPA output current (red).
Voltage scale: 20V/div, current scale: 200 mA/div, and time scale: 200 µs/div.

Fig. 25. Comparison of the total power losses in the system with and without
the TPS, with the corresponding power savings in the most common test
cases, and the voltage levels correspond to the amplitude voltage of a 1-V/µs
trapezoidal tests.

Fig. 26. Thermal camera images of the Apex LPA PA164 in the case the
constant voltage supplies (left) and with the TPS (right) in the case of ±10 V
1 V/µs trapezoidal tests and 50-� load.

small discrepancies. The TPS efficiency exceeds 94% for the
high output power, while the total power losses inserted in the
system are always smaller than 1.3 W, as can be observed from
Fig. 20. Fig. 20 shows the efficiency and the corresponding
power losses for different levels of the output power (up to
8 W), for the same resistive load (around 200 �) and different
levels of constant output voltage (0–40 V). The maximum
output power of the converter in the steady states is 8 W
according to the specifications from Table I. Nevertheless, for
a variable output voltage (Figs. 3 and 9), the power switches
and inductor L have to support much higher currents during
the transient, due to the charging/discharging of the capacitors
in the output filter. Therefore, both powers switches, because
of the increased power dissipation during the transients and
thermal issues of the devices, and inductor L, because of





loss dominates over the switching and conduction losses,
due to the increased dynamic ON-state resistance, especially
because high rms currents occur in the transients. Total power
loss contribution of the output filter is below 20% in both
analyzed cases.

VIII. CONCLUSION

In this paper, high-efficiency high-bandwidth fully digitally
controlled TPS system for LPAs is shown, which can provide
the four-quadrant operation. It is explained and backed up with
the experimental results that GaN E-HEMTs with employed
ZVS enable design of a small, compact, and low-weight two-
level dc–ac power converter. The converter operates at 1-MHz
switching frequency and the input voltage of 100 V, providing
the maximum output power of 8 W. Using traditional Si-based
devices, a design with such a high switching frequency, high
input voltage, and very stringent occupied area requirement
(<10 cm2) would not be possible. The ZVS operation of the
GaN devices is not only important because of the system
efficiency but also plays the important role in the thermal man-
agement of the devices, due to the poor junction to ambient
thermal impedance of the packaging. Since the ZVS is a key
enabler of a high efficiency and reliable design, the rms value
of the current is higher than in the case when hard switching is
allowed. Therefore, the inductor design is also very sensitive
point. For that purpose, the performance of the inductors based
on three MnZn ferrites with less pronounced core losses is
compared, and the power losses in the inductor are optimized
for the worst case. The rest of the passive components in the
two-stage output filter are dimensioned with the fixed value
of the inductor that allows complete ZVS in all the steady
states. It is illustrated that the TPS significantly improves the
performance of the LPA, providing power savings up to 4 W
in the experimental tests, which additionally reflects in the
temperature difference of the LPA. Thanks to the employed
TPS system, the measured temperature difference can arise
beyond 80 ◦C. Consequently, the massive heat sink of the
LPA is completely removed.
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