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Pulsewidth Modulated Three-Level Buck Converter
Based on Stacking Switch-Cells for High Power
Envelope Tracking Applications
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Abstract—Envelope tracking is a well-known RF technique that
alleviates the efficiency problem of linear power amplifiers used
in wireless communication transmitters. It consists in varying the
supply voltage of the amplifier, which is commonly constant, ac-
cording to the envelope of the communication signal. Therefore,
a switching-mode power converter with a bandwidth of several
megahertz is required to perform the fast voltage changes needed
for tracking the envelope properly. Another important requirement
is that the converter needs to be able to achieve high efficiency not
only at peak output power, but also at low output power because
it operates in that power range most of the time due to the char-
acteristics of modern communication signals. Taking into account
these requirements, the design of the converter is very challenging,
especially in the case of base stations, where higher power levels are
reached by means of higher voltage levels. As a result, transistors
with low breakdown voltages (20-30 V), which offer the highest
speed, cannot be used in the converter. In this article, a novel
multilevel converter able to use transistors with low breakdown
voltages is proposed to alleviate that problem. Moreover, it shows a
better switching behavior than the previously proposed multilevel
converters, thus reducing the switching losses and, consequently,
increasing the efficiency. In order to experimentally validate the
proposed topology, a 73-W prototype with a switching frequency
of 8 MHz was built. The efficiency is 94 % and 81.7 % at peak output
power and at one-tenth of peak output power, respectively.

Index  Terms—DC-DC  power  converters, envelope
tracking (ET), multilevel converters, pulsewidth modulation,
radiofrequency amplifiers.

I. INTRODUCTION

OWADAYS, wireless communication systems need to
N achieve very high data rates to enable the massive connec-
tivity demand. In order to meet such a challenging requirement,
the complexity of the communication signals is being increased,
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which is translated into larger bandwidths and higher peak-
to-average power ratios (PAPRs). The amplification of these
sophisticated signals requires high linearity and, consequently,
linear power amplifiers (LPAs) are the preferred approach. How-
ever, the high linearity of LPAs is achieved at the expense of poor
efficiency, which falls dramatically with the voltage difference
between the supply voltage and the amplified communication
signal. Unfortunately, the high PAPR of modern communication
signals forces the LPA to operate most of the time with output
voltage levels far below the supply voltage, thus damaging the
efficiency.

In order to achieve both high linearity and high efficiency
during the amplification process, several well-known RF tech-
niques have been proposed, such as Envelope Elimination and
Restoration, Outphasing, and Doherty [1]. Envelope Tracking
(ET) is one of the most promising approaches which, in fact,
is already used in handsets [2]-[7]. In particular, ET consists
in varying the LPA supply voltage according to the envelope
of the communication signal (see Fig. 1). In this way, the
amplifier is always close to its maximum efficiency operating
point, thus leading to lower power losses. In ET, the variable
supply voltage is provided by a switching-mode power converter
(SMPC), which is typically referred to as an envelope amplifier.
The fast envelope variations demand an SMPC with a band-
width of several megahertz. Unfortunately, the higher the SMPC
bandwidth, the higher the required switching frequency (fs) and,
consequently, the higher the switching losses. Furthermore, the
SMPC needs to be able to achieve high efficiency not only at
peak output power, but also at low output power. The reason is
that the high PAPR of modern communication signals leads to
envelopes whose average values are far below the peak values,
which forces the SMPC to operate in the low-power range most
of the time. These requirements make the design of the SMPC
very challenging, especially in the case of base stations. In this
scenario, the power rise is reached by increasing the peak voltage
of the envelope, which typically ranges between 28 and 48 V
[2], [8]. These voltage specifications force us to use transistors
with higher breakdown voltages, thus making the design very
difficult due to the worst switching performance of these devices
(2], [9].

Several fast SMPCs have been explored in order to meet the
challenging requirements of envelope amplifiers, such as buck
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Fig. 1. Overview of an ET system. (a) Key waveforms. (b) General scheme.

converters with high-order filters [10]-[12], linear-assisted
SMPCs [13], [14], pulsewidth modulated (PWM) multilevel
buck converters [15]-[19], linear-assisted discrete-output
multilevel buck converters [20]-[30], class-G modulators
[31]-[33], multiphase buck converters [34]-[37], and
combinations of them [38]-[51]. In particular, the solutions
based on PWM multilevel buck converters are one of the most
promising approaches due to their well-known benefits: low
voltage stresses across the switches, low output voltage ripple,
and low switching losses.

Aiming to combine the main advantages of previously pro-
posed PWM multilevel buck converters, a novel topology spe-
cially conceived for high-power ET applications is introduced
in this article. In this scenario, the topology achieves high
bandwidth and reaches high efficiency not only at peak output
power, but also in the low output power range. Three key features
allow the topology to achieve low switching losses, which, in
turn, explain the previously mentioned benefits.

1) A switching behavior that minimizes the number of para-

sitic capacitors involved in the switching process.

2) Reduced voltage stress across the switches, which enables

the use of transistors with higher speed.

3) Capability to accurately track references with frequencies

close to fg, thus maximizing the bandwidth.

The rest of this article is organized as follows. The main
envelope amplifiers based on PWM multilevel buck convert-
ers are reviewed in Section II. The proposed topology is
described in detail in Section III. The experimental results
are given in Section IV. Finally, Section V concludes this
article.

II. ENVELOPE AMPLIFIERS BASED ON PWM MULTILEVEL
BUCK CONVERTERS

PWM multilevel buck converters for ET are based on generat-
ing a PWM multilevel voltage (vg) that is subsequently filtered
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to provide the desired output voltage waveform (v ). In the case
of a PWM three-level buck converter (see Fig. 2), vg switches
between half the input voltage (V/2) and the input voltage (V)
when v is higher than voltage V;/2 and lower than voltage
Vr and, otherwise, it switches between OV and voltage V/2
when v is lower than voltage V;/2. It is important to note that
increasing the number of levels leads to areduction of the voltage
difference between adjacent levels. As a result, the harmonics
of vg are lowered and, consequently, the output voltage ripple is
reduced.

To the authors’ knowledge, the first PWM multilevel buck
converter for ET was proposed by Yousefzadeh et al. [15],
where a PWM three-level buck converter implemented with
a flying capacitor (FC) was used as an envelope amplifier. In
this topology, two pairs of switches operate complementarily to
generate a three-level PWM voltage (i.e., vg) whose frequency
is equal to twice the switching frequency. It is important to
note that the switching losses of those two pairs of switches
are equivalent to that of a single switch-pair with twice the
switching frequency and with a voltage stress of voltage V /2.
Two great benefits of that topology are, first, that it only needs
a single input voltage source, and second, that the voltage stress
across the switches is equal to voltage Vy/2. As a result, this
approach has been widely adopted, especially in low-power
applications implemented with CMOS technology [16], [50],
[51]. Unfortunately, the topology does not have the capability to
accurately track references with frequencies close to fs due to
the need of maintaining the same duty cycle (d) for two periods
of vg. This control constraint, which is mandatory in order to
properly balance the FC charge, leads to a signal distortion that
limits the bandwidth. The drawback becomes noticeable once
the frequency of vg (fpwn) is around 15 times the maximum
frequency of the reference signal (frer) and it worsens as the
ratio falls (see Fig. 3).

Rodriguez et al. [17] presented a PWM multiple-input (MI)
buck converter, which is based on having several input voltage
and a set of switches (two per input voltage source). In this
case, the duty cycle can be updated in each period of vg,
thus avoiding the bandwidth limitation caused by the FC of
[15]. The PWM MI buck converter requires a previous stage
in charge of generating the different voltage levels. It is im-
portant to note that although this stage is not as challenging
as the PWM MI buck converter because it does not need to
operate with high fs, its complexity rises with the number of
levels. The main benefits of the PWM MI buck converter (i.e.,
low switching losses and low output voltage ripple) have been
widely recognized. In general, the PWM MI buck converter has
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Fig. 3. Simulation of the output voltage obtained when filtering an 8-MHz
PWM voltage (i.e., vg) that tracks a sinusoidal waveform. The waveforms in
blue (ideal) correspond to an ideal three-level pulsewidth modulator that updates
the duty cycle in each period. The waveforms in red (FC) correspond to a quasi-
ideal three-level pulsewidth modulator that maintains the same duty cycle for
two periods, thus representing an FC buck converter. A fourth-order filter with
a cutoff frequency of 3 MHz is applied in both cases. The frequency of the
reference (i.e., fRet) is increased to show the limited capability of the three-
level FC buck converter to accurately track references with frequencies close to
Spwum. (@) fRef = 100 kHz. (b) frer = 500 kHz. (¢) fRef = 1.25 MHz.

been implemented with four levels or more and, although the
original idea was presented with a fs up to 4.6 MHz and a peak
output power up to 90 W (the peak output voltage was 15 V)
[17], the tendency during the last years has been to increase
fs up to 8 MHz to reach the higher bandwidths demanded by
modern communication signals. Unfortunately, the bandwidth
increase has been reached at the expense of reducing the output
power or increasing the topology complexity by combining
it with several of the previously mentioned approaches (i.e.,
multiphase buck converters, linear-assisted SMPCs, etc.) [19],
[43]-[46]. The reason is that despite the outstanding results
reached by the PWM MI buck converter, some drawbacks arise
when higher power levels and higher switching frequencies are
addressed.

The first one is that the turn-ON of a switch not only involves
that switch and the one that turns-OFF, but also other switches
that stay in OFF-state. The reason is that the voltage withstood
by the switches depends on the switch that is activated. As a
result, the turn-ON of a switch induces the parasitic capacitors of
other switches that stay in OFF-state to be charged/discharged,
thus increasing the switching losses. This negative aspect of the
switching behavior was already reported and modeled in more
detail in [21] and [52].

The second drawback is that the maximum voltage stress
across the switches is V; and, consequently, the voltage rating
of the switches cannot be reduced by increasing the number
of levels. Hence, the topology is not able to take advantage
of the better performance offered by the transistors with lower
breakdown voltages (see Fig. 4), thus losing one of the main
benefits of the PWM three-level FC buck converter.
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Fig. 5. Proposed PWM three-level buck converter.

III. PROPOSED PWM THREE-LEVEL BUCK CONVERTER
A. Topology Description

In contrast to the PWM MI buck converter, the proposed
PWM three-level buck converter (see Fig. 5) is based on stacking
switch-cells, thus generating different switch-nodes instead of
connecting each input voltage source to a common switch-node
through a single associated switch (or a bidirectional switch).
Taking into account that point, the proposed topology is noted
as PWM stacked switch-cells MI (SSC-MI) buck converter. The
topology avoids several drawbacks of both the PWM three-level
FC buck converter and the PWM MI buck converter at the
expense of increasing the number of switches. In particular, it
has three key features that allow the converter to maximize the
bandwidth and to reduce the switching losses.

1) There is no charge/discharge of the parasitic capacitors of

those switches that stay in the OFF-state.

2) The voltage stress across the switches is voltage V;/2.

3) It is able to accurately track references with frequencies

close to fs.

The topology is made up of three pairs of switches that operate
complementarily (transistors S4; and S 42, transistor Sp; and
diode Spg, and transistor S¢; and diode S¢2), a low-pass LC
filter, and two input voltage sources (V; and V/2). As in the
case of a PWM MI buck converter, a first stage is mandatory to
generate the voltage source V72 from voltage source V. The
three pairs of switches (i.e., the three SSCs) can be classified
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Fig. 6. Different operating modes of a PWM three-level SSC-MI buck con-
verter. (a) High mode with vg=V7. (b) High mode with vg=V/2. (c) Low mode
with vg=V/2. (d) Low mode with vg=0V.

into two different categories considering their functionality and
their fs.

High fg switch-cell: This category is made up of switch-cell
C, which is responsible for generating the PWM voltage by
switching with high fs between the two voltage levels selected
by switch-cells A and B.

Low fgs switch-cells: This category is made up of switch-cells
A and B, which are responsible for selecting the voltage levels
involved in the generation of the PWM voltage. They operate
with low fg because they only switch when the voltage levels of
the PWM voltage have to be changed. Note that switch-cells A
and B determine the high-voltage level and the low-voltage level
of the PWM voltage, respectively.

B. Operating Modes

The converter can operate in two different modes depending
on the output voltage level that it has to generate.

High mode: The converter provides an output voltage that
ranges between voltages V72 and V; [see Fig. 6(a) and (b)]. In
this mode, S 4; and Sp; are ON, and S 42 and Sp» are OFF. As a
consequence, the voltage difference between point A and ground
(va) is equal to voltage V. Furthermore, the voltage difference
between point B and ground (vp) is equal to voltage V2.
Therefore, both S 42 and S g2 withstand voltage V /2. Moreover,
S ¢ and S o2 switch complementarily to generate a PWM voltage
(i.e., vg) between voltages V72 and V. It is important to note
that when S¢; is ON and S¢2 is OFF, vg is equal to voltage V;
and the inductor current (iz,7) is delivered by the source V; and
flows through both S4; and S¢; [see Fig. 6(a)]. Furthermore,
when Sy is OFF, iy, ; forward biases S¢2 and, consequently, vg
is equal to voltage V/2. Note that in this case, iy, ; is delivered
by the source V2 and flows through both Sp; and S¢» [see
Fig. 6(b)]. It can be seen that the maximum voltage withstood
by both S¢; and S¢e is voltage V/2. In addition, the voltage
withstood by S42 and Sp2 (i.e., voltage V;/2) does not change
when S¢; and S o2 switch.
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Fig. 7. Main voltage and current waveforms during both operating modes
assuming quasi-steady-state conditions.

Low mode: The converter provides an output voltage that
ranges between 0 V and voltage V;/2 [see Fig. 6(c) and (d)]. In
this mode, S 42 is ON, and S 4 ; and S g; are OFF. In this situation,
diode S 2 withstands approximately OV due to its activation in
part of the mode [see Fig. 6(d)] and due to its lower parasitic
capacitance in comparison to the output capacitance of transistor
Sps (replacing diode Spp with a transistor could be done to
perfectly clamp that voltage to 0 V, but no remarkable benefit
would be achieved). In any case, v4 is equal to voltage V2
and vp is equal to O V. Hence, both S4; and Sp; withstand
voltage V/2. As in high mode, S¢; and S¢2 generate a PWM
voltage (i.e., vg) by switching complementarily. In particular, vg
is between 0 V and voltage V72 in low mode. In this case, when
Sy 1s ON and S¢2 is OFF, vg is equal to voltage V/2 and iy, ;
is delivered by the source V72 and flows through both S 42 and
Sc1 [see Fig. 6(c)]. As in the previous mode, i1, ; forward biases
Sc2 when S is OFF. Note that in this situation, vg is equal to
0V and iy, ; flows through both Sp2 and Sz [see Fig. 6(d)]. As
in the previous mode, S¢7 and S ¢z need to be able to withstand
voltage Vp/2. Furthermore, the voltage withstood by S4; and
Sp: (i.e., voltage V;/2) does not change when S¢; and Sco
switch.

In summary, S¢; and Sce are the only devices that are
switching in both modes to generate a PWM voltage (Sa1, Saz2,
Sp1, and Sy only switch when the operating mode changes in
order to modify both V4 and V). In comparison to a PWM MI
buck converter, the maximum voltage that the switches need to
be able to withstand is reduced from voltage V; (i.e., the peak
voltage of the envelope approximately) to voltage V;/2. In this
way, the proposed topology enables the use of transistors with
lower BV pgs and, consequently, better performance. Another
important benefit is that, as previously explained, the switching
of S 7 and S o2 does not affect the voltage withstood by the rest of
the switches. Therefore, the proposed converter avoids the extra
switching losses that appear in a PWM MI buck converter for
charging and discharging the parasitic capacitors of the switches
that stay in the OFF-state.

C. Conversion Ratio

Although the output voltage of envelope amplifiers varies
continuously, steady-state conditions can be assumed during
one switching cycle because fg is several times higher than
the envelope bandwidth. Fig. 7 shows the switch-node voltage
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(i.e., vg), the output voltage (i.e., v(), the inductor current (i.e.,
ir1), and its ripple (Aiz;), and the output current (i o) assuming
quasi-steady-state conditions. The relationship between v and
d depends on the operating mode as follows:

(1+ d) %, inhigh mode

d%, in low mode.

ey

vo =

The linear relationship between v and d facilitates the con-
verter control for tracking an envelope. However, that linear
relationship only remains valid if continuous conduction mode
(CCM) is ensured. According to the analysis carried outin [17],
the minimum inductor that guarantees CCM is

R
Ly in = 35 (2)
1-M 2f$’

where R models the supplied LPA.

D. Control System

Fig. 8 shows the main signals of the control system when
an envelope is tracked. As can be seen, the reference signal
is sampled (vgep) and compared with a threshold that allows
the control system to identify the required operating mode.
That comparison determines the gate signals of transistors S 4 ;
(vas-a1), Saz (vgs-a2), and Sp; (vgs-p1) according to the
explanation given in Section III-B. Note that hysteresis in the
comparison between vy, and the threshold could be necessary
to prevent problems caused by the noise of the sampling system.
In order to modulate the pulse width of vg by properly driving
Sc1, the control system generates a processed reference signal
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As Fig. 8 shows, the comparison between Vger.pr, and a

dual-edge carrier allows the control system to generate the

high-frequency gate signal of S¢;.

Another important point that should be addressed is the tran-
sitions between modes, which take place when the voltage levels
involved in the PWM voltage generation need to be changed by
switching both low fg switch-cells. The transitions need to be
performed carefully to ensure that no switch withstands voltage
Vr during the transition interval. At this point, it is important
to note that dual-edge PWM strategy (i.e., the pulse center is
fixed in the center of the switching cycle) is more convenient
than trailing-edge (i.e., the pulse is placed at the beginning of the
switching cycle) and leading-edge (i.e., the pulse is placed at the
end of the switching cycle) PWM strategies. The reason is that
the dual-edge PWM strategy avoids voltage steps of voltage =V
during the transitions between modes. In trailing-edge PWM
strategy, vg changes from 0 V to voltage V; when the transition
from low mode to high mode is performed [see Fig. 9(a)]. More-
over, vg changes from voltage V;to 0 V when the transition from
high mode to low mode is performed in the leading-edge PWM
strategy [see Fig. 9(b)]. As Fig. 9(c) shows, the voltage steps are
always equal to voltage =V /2 in the double-edge PWM strategy.
This point facilitates the voltage balancing of the switches during
the transitions between modes and, consequently, it was the
chosen PWM strategy for implementing the control system.

Two different stages can be identified in each transition (see
Fig. 10). As will be explained below, these two stages appear
during both transitions, but in a different order. In stage X,
transistors S 4 ; and S 4 » are OFF, and transistors Sg; and S are
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Fig. 10. Equivalent circuits for the different stages of a transition between
operating modes. (a) Stage X. (b) Stage Y.

ON. In this scenario, vg is equal to voltage V/2 and iy, ; forward
biases both the diode S ¢2 and the body-diode of transistor S 42,
thus generating two current paths. As will be explained below,
stage X is a dead time period between the turn-ON/OFF of S 4;
and the turn-OFF/ON of S 4 2. Regarding stage Y, it is very similar
to Stage X. The main difference is that S 4 2 is ON and, as a result,
the upper current path carries most of i, ;. It is important to note
that no switch withstands voltage V; during these stages: S
and S g2 withstand voltage V /2.

Transition from high mode to low mode: This transition starts
in the last switching cycle in low mode [see Fig. 11(a)]. In
particular, the first difference with respect to the conventional
operation in high mode appears when vg needs to change from
voltage Vto voltage V /2. Just before that instant, the converter
is operating in low mode according to the circuit depicted in
Fig. 6(a): vg is equal to voltage V; and source V; delivers iy,
which flows through both S 4 ; and S¢;. The transition starts by
turning-OFF S 4 ; instead of Sy to perform the fall of vg from
voltage Vto voltage V;/2, thus reaching stage X [see Fig. 10(a)].
A dead time interval later, stage Y begins with the turn-ON of S 4 »
under zero-voltage-switching conditions. Finally, the transition
ends when both S¢; and Sp; are turned OFF to perform the
fall of vg from voltage V2 to 0 V, thus reaching the circuit
operation depicted in Fig. 6(d). It is important to note that
perfect synchronization for turning OFF both transistors is not
mandatory. If one of them were turned OFF slightly earlier than
the other one, there would be a short period of time in which
only one of the two current paths depicted in Fig. 10(b) would
exist. However, it would not have any remarkable impact on the
converter performance.

Transition from low mode to high mode: This transition starts
in the first switching cycle in high mode, just when vg changes
from 0 V to voltage V/2 [see Fig. 11(b)].) Before that instant,
the converter is operating in low mode according to the circuit
depicted in Fig. 6(d): vg is equal to O V and iy, is flowing
through both S¢2 and Spe. The transition starts with the turn-
ON of both Sp; and S¢; to perform the rise of vg from 0 V
to voltage V;/2, thus reaching stage Y [see Fig. 10(b)].) As in
the previous transition, the nonperfect synchronization in the
turn-ON of both transistors does not have critical consequences.
After that, stage X starts with the turn-OFF of S 42 a dead time
interval before the rise of vg from voltage V /2 to voltage V.
Finally, the transition ends with the turn-ON of S4; in order to
perform the aforementioned rise of vg, thus reaching the circuit
operation depicted in Fig. 6(a).
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E. Design Guidelines

This section is focused on providing a design procedure for
selecting the output filter and fs. Both design points have to
be addressed at the same time because both determine the
bandwidth and the output voltage ripple. Note that since the con-
verter operates in open loop, the cutoff frequency of the output
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converter and a three-level buck converter with a fg of 8 MHz when they track
the envelope depicted in Fig. 12.

filter (f¢) mainly determines the bandwidth and, consequently,
the speed of the envelopes that can be tracked. It is important
to note that the design used in the experimental section (see
Section IV) is used here as an example of the design procedure.

The first step of this design procedure is the characterization
of the envelope to be tracked in the frequency domain. As an
example, Fig. 12 shows the spectrum magnitude of the envelope
that will be tracked by the prototype reported in Section I'V. This
characterization allows us to estimate the envelope bandwidth,
which is around 2 MHz in our particular case.

The second step is to select fs taking into account that it needs
to be higher than twice the envelope bandwidth according to the
Nyquist—Shannon sampling theorem. At this point, the general
tradeoff of PWM buck-derived converters between bandwidth
and output voltage ripple arises. Basically, fg needs to be as far
as possible from that boundary condition in order to reduce the
output voltage ripple. However, fs cannot be increased exces-
sively because switching losses would become unacceptable.
It should be noted that switching losses would be already the
main source of power lost in the converter even if fg is equal
to twice the bandwidth. Fortunately, PWM three-level buck
converters and, consequently, the proposed topology, alleviate
this tradeoff because they achieve both lower switching losses
and lower output voltage ripple due to the reduction of the PWM
pulses amplitude from voltage V; to voltage V;/2. As Fig. 13
shows, PWM three-level buck converters achieve a remarkable
reduction of the switching harmonics at the input of the filter
in comparison to their conventional two-level counterpart. As
a first approach, the selected fs could be ten times higher than
the envelope bandwidth. In general, that rule would lead to an
excessively high fs considering current envelope bandwidths.
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TABLE I
MINIMUM RATIO BETWEEN THE SWITCHING FREQUENCY AND THE CUTOFF
FREQUENCY OF A LEGENDRE-PAPOULIS LOW-PASS FILTER TO ENSURE CCM

Filter order 1 2 3 4 5 6
Minimum fy/fc 3.14 2.22 1.97 1.95 1.92 1.92

For instance, fs would be 20 MHz if that rule is applied in our
case. Following the design that will be presented in Section IV,
the selected fs is reduced to 8 MHz (i.e., four times higher than
the envelope bandwidth) at the expense of increasing the output
filter order.

The third step is the design of that output filter taking into
account that it needs to ensure enough switching harmonics
rejection to achieve an affordable output voltage ripple. In this
sense, f¢ should be slightly higher than the envelope bandwidth
in order to achieve maximum rejection of the switching har-
monics and their side-bands without distorting the envelope
harmonics. A conventional second-order low-pass filter does
not achieve enough rejection of the switching harmonics if fg
is below ten times the envelope bandwidth. Therefore, the filter
order should be increased if that condition is not satisfied in
order to achieve an affordable output voltage ripple. This is the
most common situation nowadays due to the high bandwidth of
modern envelopes. The guidelines for properly designing a high-
order output filter can be found in [11] and [42]. In the case of the
previously mentioned example, where the envelope bandwidth is
2 MHz and fg is 8 MHz, a fourth-order Legendre-Papoulis filter
with an fo of 3 MHz was chosen following those guidelines.
Fig. 14 shows the particular values of the filter components
including the supplied LPA, which can be modeled as a 10-2
load.

Another important point that should be addressed when us-
ing standardized filters is the conduction mode. As previously
explained, CCM is desirable in order to operate in open loop
ensuring a linear relationship between v and d. According to
[11], the voltage ripple across the first capacitor of high-order
output filters is negligible, especially for filters up to fourth
order. Therefore, the first inductor of the high-order filter mainly
determines the conduction mode as in a conventional second-
order filter. Taking into account that the first inductor depends
on the standardized filter family that is chosen for the design,
the ratio between fs and fo determines the operating mode.
Considering (2) and following the guidelines of [11], a minimum
ratio can be calculated to ensure CCM for each filter family and
each order. As an example, Table I presents the minimum ratio
between fs and f that is needed for ensuring CCM in the case
of Legendre-Papoulis filters up to sixth order. It can be seen that
aratio equal or higher than 2 is enough when considering filters
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with orders higher than the third one. The ratio between fs and
fcis equal to 2.67 in the case of the design example discussed
in this section, thus satisfying the CCM condition.

F. First Stage

As indicated in Section III-A, the proposed SSC-MI buck
converter requires a previous stage in charge of generating
voltage V;/2 from voltage source V. Fortunately, the design is
not as challenging as that of the PWM SSC-MI buck converter
because high bandwidth is not required and, consequently, the
switching frequency can be low to increase the efficiency. More-
over, it is simpler than the first stage of previously proposed
MI buck converters, which require more input voltage sources
[17], [19], [41] and, in some cases, isolation [45]. Therefore, a
conventional buck converter with a switching frequency in the
range of 100 kHz fulfills the first stage requirements and, as will
be shown in the experimental section, has little impact on the
overall efficiency. Obviously, more complex topologies could
be explored to further minimize that impact.

Studying the power delivered by each input voltage source
of the PWM SSC-MI buck converter is important in order to
properly address the first stage design. In low mode, voltage
source V72 delivers all output power (P o), while in high mode,
each voltage source processes part of P o. In particular, the power
delivered by voltage source V;/2 can be expressed as follows:

Py (, [Pocte: _ 1) cinhighmode

Pyrj2 =
/ { Pp, inlow mode

where Po_ 4, 1S the maximum power that the SSC-MI buck
converter can deliver
vi?
Po-pax = T &)
Itis important to note that the output power threshold between
both operating modes is equal to P o_pz4./4. Fig. 15 shows both
Py1/2and the power delivered by voltage source V (Py7) versus
Po neglecting the power losses of the PWM SSC-MI buck
converter. It can be seen that Py quickly overcomes Py;/z in
high mode as P rises. Furthermore, Fig. 15 allows us to see
that the maximum power delivered by the first stage is equal
to Po_pasr/4 and it takes place in the threshold between both
operating modes.
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IV. EXPERIMENTAL SECTION

A. Description of Prototype 1

A prototype of the proposed PWM three-level SSC-MI buck
converter was built to evaluate its operation as an envelope
amplifier [see Fig. 16(a)]. Since more prototypes will appear
along the rest of the experimental section, this one will be noted
as prototype 1. The specifications of the envelope amplifier are
as follows.

1) vo ranges between 0 and 27 V.

2) The supplied LPA can be modeled as a 10-€ load.

3) The maximum instantaneous power (P o_peqr) is 73 W.

4) The envelope of a 64-QAM-OFDM signal with a PAPR

of 12 dB is used as a reference signal. The bandwidth and
the average power of the envelope are around 2 MHz (see
Fig. 12) and 9.2 W, respectively.
In order to fulfill those requirements, the implemented proto-
type has the following design specifications.
1) Voltage Vi is 30 V and, consequently, voltage V;/2 is
15 V.

2) fsis 8 MHz.

3) A fourth-order Legendre-Papoulis filter with fo equal to
3 MHz (i.e., the design reported in Fig. 14) is used as an
output filter.

Since the maximum voltage stress across the switches is
15V, the prototype is implemented with CSD17527Q5A 30V-
MOSFETs and SS8P3L-M3/86A 30V-schottky diodes. As the
transistors are not in a common source configuration, the high-
frequency floating driver depicted in Fig. 17 is used for con-
trolling each MOSFET. The circuit includes EL7156 gate drivers
and I8610BC-B-IS digital isolators. The digital control signals
are generated by a field programmable gate array (FPGA). In
particular, the Nexys 4 DDR, which includes an Artix-7 FPGA,
is the platform used for controlling the prototype. Regarding the
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Fig. 20. Switch-node voltage and output voltage when prototype 1 tracks a
660 kHz sinusoidal test waveform with an offset of 15 V.

components of the fourth-order Legendre-Papoulis filter, T68-7
iron powder cores from Micrometals and mica capacitors from
the MC(M) series of Cornell Dublier were used for implement-
ing the inductors and the capacitors, respectively.

B. Static and Dynamic Operation

The behavior of prototype 1 was first tested under steady-state
conditions (i.e., tracking a constant reference). As Fig. 18 shows,
the SMPC is able to properly generate and filter both a PWM
voltage between 15 and 30 V in high mode and a PWM voltage
between 0 and 15 V in low mode.

After that, the dynamic behavior of the prototype was first
evaluated by tracking different test signals, such as triangular,
square, and sinusoidal waveforms. As an example, Figs. 19 and
20 show the results when the SMPC tracks a pulse that involves
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Fig. 21. Prototype 1 operating as an envelope amplifier. (a) Switch-node
voltage and output voltage. (b) Comparison between the experimental output
voltage and the target waveform. (c) Detail of the previous comparison.

both operating modes and a 660 kHz sinusoidal waveform with
an offset of 15 V, respectively.

Finally, the dynamic behavior was completely evaluated by
using the prototype as an envelope amplifier. Fig. 21 shows the
results of tracking the envelope that was previously introduced
in the specifications definition. The target signal is offline pro-
cessed in MATLAB to determine the duty cycle sequence that
must be used to properly drive S and to identify the transitions
between operating modes. After that, this information is stored
in the FPGA, which generates the gate signals of the transistors
according to the explanation given in Section III-D. The high
PAPR of the communication signal (12 dB) leads to a peak output
power around ten times higher than the average output power,
which is translated into a peak output voltage around three times
higher than the average output voltage [see Fig. 21(a)]. As a
result, the converter operates most of the time in low mode and
switches between operating modes a few times in comparison to
fs. Although the switching frequency of switch-cells A and B is
variable and cannot be easily predetermined due to the arbitrary
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nature of the envelope, the results shown in Fig. 21(a) can be used
to estimate that switching frequency. In this way, the estimated
switching frequency of switch-cells A and B is in the range
of 100 kHz. This result matches with the explanation given in
Section ITI-A, where it was told that fs of switch-cell C is much
higher than that of switch-cells A and B. Fig. 21(b) and (c) shows
the results when the experimental output voltage was compared
with the reference. It can be concluded that the target envelope
is accurately tracked. Moreover, it is observed that peaks and
valleys are the points that cause the highest errors, which is a
reasonable result because the highest speed is demanded in those
moments.

C. Efficiency Evaluation

The efficiency (7) of the implemented prototype was evalu-
ated under static operation for different output voltages, which
was translated into different power levels, thus testing the dif-
ferent operating points that appear when an envelope is tracked.
Fig. 22 shows both the measured efficiency and the normal-
ized probability density function (PDF) of the envelope power
detailed in the specifications. Note that the normalized PDF
indicates, as concluded in the previous section, that the SMPC
operates most of the time in low mode delivering around 7 W,
which is approximately one-tenth of Po_peqr. It is important
to note that the efficiency results shown in Fig. 22 include the
penalization caused by gate-drive losses of the MOSFETs, which
were estimated from the datasheets. It can be seen that the
efficiency is above 90% when the output power is higher than 15
W (.e., around 20.5% of Po_peaqr), reaching a peak efficiency
of 94.4%. The expected efficiency when the prototype tracks a
particular envelope can be estimated as follows:

Popeak

Bln(ro) = |

Po=0W

n(Po) - f (Po)dPo (6)

where f{Po) is the PDF of the envelope power. Taking into
account the PDF of the envelope power considered in the spec-
ifications, the efficiency measured around 10% of P . peqr has
a major impact on the expected efficiency. In fact, the expected
efficiency of the prototype is 84.5% when (6) is evaluated with
the information given in Fig. 22, and that result is close to the
efficiency reached by the SMPC when the output power is 7 W.
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TABLE II
MAIN CHARACTERISTICS OF THE MOSFETS USED IN THE THREE PWM
THREE-LEVEL PROTOTYPES

MOSFET BV WG VoV aasviov
CSDI17527Q5A 30 12.5/9.3 2.8/6 35/55.8
CSDI18534Q5A 60 9.9/7.8 8/17 79.2/132.6
CSD18537NQSA 60 -/10 -/14 -/140

D. Efficiency Improvement

In order to evaluate the achieved efficiency improvement
with respect to a PWM three-level MI buck converter, two
prototypes of this topology were implemented [prototypes 2
and 3, see Fig. 16(b)]. These new prototypes have exactly the
same specifications as the first one in order to carry out a fair
comparison. Furthermore, they include the same fourth order
Legendre-Papoulis output filter and it is implemented with the
same inductors and capacitors. The only difference between
the prototypes in terms of components are the switches: 60
V switches were chosen for prototypes 2 and 3 because the
maximum voltage stress across themis 30 V instead of 15V, thus
following the same safety margin rule as in the case of prototype
1. In particular, VEPM6-M3/H 60V-Schottky diodes are used in
both prototypes 2 and 3. Regarding the transistors, MOSFETS
that belong to the series of those used in prototype 1 were
chosen (NexFET family of Texas Instruments): CSD18534Q5A
60V-MOSFETs were the ones selected for prototype 2, while
CSD18537NQ5A 60V-MOSFETs were chosen for implement-
ing prototype 3. Both 60V-MOSFETs have an Rpg_on close to
that of the 30V-MOSFETs used in prototype 1 (see Table II).
However, the higher BV pgg of these 60V-MOSFETs damages
the Rps.on-Q ¢ figure-of-merit, which is translated into higher
parasitic capacitances. It is important to note that the circuit in
charge of driving the MOSFETS is the same for all prototypes: the
one reported in Section IV-A.

The experimental results shown in Fig. 23 allow us to evaluate
the efficiency improvement. In order to facilitate the comparison,
Fig. 23(b) is focused on the results at low power (from O to 20
W), while Fig. 23(c) highlights the differences in the high-power
range (from 20 to 73 W). It can be seen that the results of
both prototypes 2 and 3 are very similar, thus indicating that
the small difference in terms of Rps.on and Q ¢ between both
60V-MOSFETs candidates does not have a remarkable impact
on the efficiency. Another important point is that the output
power needs to be above 45 W (i.e., around 61.6% of P o_ pegi) tO
reach an efficiency higher than 90%, which is around three times
more power than in the case of the PWM three-level SSC-MI
buck converter. Moreover, the peak efficiency reached by the
PWM three-level MI-buck converter prototypes is 92.4%, which
is two points lower than in the case of the proposed topology.
The improvement is especially remarkable in the low-power
range [see Fig. 23(b)], where the efficiency-difference between
the two topologies is around 10 points, reaching a peak dif-
ference close to 15 points when the output power is 5 W.
Regarding the expected efficiency, it is 72.9% and 72.5% in
the cases of prototypes 2 and 3, respectively. Note that these
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Fig. 23. Comparison between the PWM three-level SSC-MI buck converter

(prototype 1) and the PWM three-level MI buck converter (prototypes 2 and 3).
(a) Efficiency comparison. (b) Efficiency comparison focused on the low-power
range. (c) Efficiency comparison focused on the high-power range. (d) Ratio
between the lost power and P o peqr, for the three prototypes.

results are approximately 12 points lower than in the case of
the proposed topology. Fig. 23(d) provides an insight into how
these results are translated into power lost. In particular, it shows
the ratio between the power lost (Pr,s:) and Po_pz,, for the
three prototypes. It can be seen that the PWM three-level MI
buck converter prototypes lose around 1.4-2.2 times more power
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than the PWM three-level SSC-MI buck converter. The expected
value of the lost power when the prototype tracks a particular
envelope can be calculated as follows:

Po—peak

E [Prow (Po)] = / Puow (Po) - f (Po)dPo. (1)

Po=0

Evaluating (7) with the information given in Fig. 23(d) leads
to expected lost powers of 2.15, 4.28, and 4.45 W in the cases of
prototypes 1, 2, and 3, respectively. Therefore, the lost power in
the case of the PWM three-level MI buck converter prototypes is
approximately twice that of the PWM three-level SSC-MI buck
converter prototype.

E. First-Stage Impact

A 25 W synchronous buck converter with a switching fre-
quency of 100 kHz was implemented to generate voltage V/2
(i.e., 15 V) from voltage source V; (i.e., 30 V). CSD88539ND
60V-MOSFETs are used controlled by an ISL6700IBZ bootstrap
driver. The second-order low-pass filter has an inductance of
49 pH (T90-8 iron powder cores from Micrometals) and a
capacitance of 10 uF, which leads to a cutoff frequency of around
7 kHz. The FPGA in charge of generating the gate control signals
of the PWM three-level SSC-MI buck converter also controls
this power stage.

As Fig. 24 shows, the peak efficiency of the first stage is close
to 97% and it takes place when the output power is around 7
W. Moreover, the efficiency is above 95% if the output power
is higher than 2.5 W. Fig. 25 shows the efficiency reduction of
both the PWM three-level SSC-MI buck converter and the PWM
three-level MI buck converter caused by the first stage. In both
cases, the highest efficiency drop appears when the output power
ranges between 10 and 40 W, reaching a maximum reduction of
around 3.5 points. As a result, the expected efficiency is reduced
from 84.5% to 82% and from 72.9% to 70.3% in the case of the
PWM three-level SSC-MI buck converter and the PWM three-
level MI buck converter, respectively.

F. Comparison to Other Approaches

Comparing the efficiency of the proposed converter with
respect to previously proposed envelope amplifiers is particu-
larly difficult because there is not a standardized method for
evaluating the efficiency in this application. In some works, the
efficiency is evaluated dynamically by tracking typical common
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signals, such as sinusoidal waveforms with a certain offset or
rectified sinusoidal waveforms. In other cases, the tracked wave-
form is the envelope of a particular communication signal that,
consequently, has a particular bandwidth and a particular PAPR.
Unfortunately, the PAPR of a communication signal has a high
impact on the efficiency measurement and, as a consequence, the
results cannot be directly compared. As in our case, other works
show the efficiency measurements under steady-state conditions
for different output voltage levels. These measurements in com-
bination with the PDF of the specific envelope that has to be
tracked allow us to estimate the expected dynamic efficiency by
applying (6). Moreover, this method facilitates the comparison
between different envelope amplifier approaches.

Table III presents the comparison to the state-of-the-art of
PWM envelope amplifiers. It includes the efficiency not only at
Po_peak, butalso at Po_peqr/2 and at Po_peqr/10. As explained
in Section IV-C, the last one is particularly interesting due to its
high impact on the expected efficiency when the converter tracks
the envelope of a modern communication signal. In general,
previous PWM envelope amplifiers can be classified into three
categories: multilevel approaches [17], [41], [46], multiphase
approaches [42], [45], [47], [48], and combinations of them [45],
[49]. Moreover, each category can be subdivided considering the
transistor technology: silicon MOSFETs or Gallium Nitride (GaN)
HEMTs.

The PWM five-level MI buck converter with a fourth-order
filter reported in [46] can be considered the best-in-class result of
the multilevel approaches based on silicon MOSFETs. Focusing
onits results when fs is set to 5 or 10 MHz, the topology achieves
an overall efficiency that ranges between 78.4% and 86.7%.
However, it should be pointed out that these results are obtained
when the converter is tracking the envelope of a 64-QAM signal
whose PAPR is quite lower than that of current communication
signals (the average output power is P o_peqi/4). Therefore, that
efficiency would probably be lower if envelopes similar to the
one considered in this article were tested.

Regarding the multiphase approaches based on silicon MOS-
FETs, the two-phase buck converter with a fourth-order filter
reported in [42] can be considered the best-in-class approach
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of this category. The multiphase stage is implemented with RF
MOSFETs and does not require a previous stage to generate differ-
ent input voltage sources. Focusing on the results when f is set
to 610 MHz, the topology achieves a peak efficiency that ranges
between 91% and 92%. Moreover, the efficiency is 72%—75%
when the envelope amplifier operates at Po_p.qi/10. However,
it should be noted that the control in charge of balancing the
inductor currents may reduce the converter bandwidth [37].

During the last years, the use of GaN HEMTs in envelope
amplifiers has been explored due to the higher speed reached by
these devices. The two-phase synchronous buck converter re-
ported in [47] operates with the highest switching frequency (i.e.,
50 MHz) at the expense of reducing P o._peqr (10 W). Despite
the high switching frequency, the converter is able to reach very
high efficiency (94%) at P o_ pcqr- However, the switching losses
cause the efficiency to fall rapidly as P decreases. Increasing
the number of phases [48] or combining multiphase approaches
with multilevel structures [49] allows the GaN-based envelope
amplifier to reach high fs (25 MHz) with high P o_ peqi (115140
W) and high expected efficiency (88%—-91%) when tracking the
envelope of modern communication signals. However, it should
be mentioned that the improvement is reached at the expense of
increasing the number of high-frequency transistors (eight GaN
HEMTs).

As Table III presents, the PWM three-level SSC-MI buck
converter achieves the highest efficiencies at Po_peqr and
P o_peai/10 of the envelope amplifiers based on silicon MOS-
FETs. In comparison to the two-phase approaches, it can be
concluded that the proposed topology achieves a remarkable
increase in terms of expected efficiency (i.e., when P is around
P o_pear/10) when tracking the envelope of modern communica-
tion signals at the expense of slightly increasing the complexity
of the envelope amplifier. Regarding the comparison with respect
to the other multilevel approaches based on silicon MOSFETS,
the proposed topology not only increases the efficiency, but
also reduces the complexity of both the multilevel stage and
the previous stage due to the reduced number of input voltage
sources. Furthermore, considering the improvement achieved
with respect to the previous approaches based on silicon MOS-
FETs and the benefits of GaN devices reported in [48] and [49],
the proposed topology could be a good candidate for reaching a
bandwidth in the range of 10-20 MHz and an expected efficiency
close to 85%—-90% by using only a single GaN transistor (i.e.,
S 1) that operates with high switching frequency.

Finally, a brief comparison should be made with respect to
linear-assisted discrete-output multilevel buck converters [20]-
[30], [38]-[40], due to the high attention that this approach has
caught during the past decade. In this case, the envelope amplifier
includes its own LPA supplied by a multilevel buck converter
that, in general, does not have an output filter. In this way, the
required fs is reduced because the multilevel converter only
switches for changing the active voltage level and, after that, the
LPA makes the step-down conversion between that active volt-
age level and the tracked waveform. However, comparing that
fs with respect to that of the PWM envelope amplifiers shown
in Table III is not very useful because the LPA of linear-assisted
discrete-output multilevel buck converters constitutes the main
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TABLE IIT
COMPARISON BETWEEN PWM SMPCS USED AS ENVELOPE AMPLIFIERS
range Are gate- Transistors _PY
Ref. PWM topology fs(MHz) vo (V)g Po.reaW)  11(Po- pea) 1(Po- peak /2) 71(Po- peax /10) drive losses Switches technology voltage
considered? sources
-leve uck converter . 5 0 ilicon
[17] 4-level MI buck 4.6 [0, 15] 90 *1 ’l ’1 N 6 Sili 3
4-level MI buck converter with 9 o *2 o
(411 4 order filtor 45  [2.5,10] 20 No 8 Silicon 4
5 [0, 24] 40 ” " 3 Not 8 Silicon 4
mentioned
5-level MI buck converter with g " g Not o
[46] a 4" order filter 10 [0, 24] 40 ) ) ) mentioned 8 Silicon 4
15 [0, 24] 40 . s . merll\iiootne d 8 Silicon 4
6 [0, 28] 97 92% 90% 75% Yes 4 Silicon-RF 1
41 Two-phase buck converter with __10 [0, 28] 97 91% 88% 72% Yes 4 Silicon-RF 1
(421 3 40 order filter 14 [0, 28] 97 90% 86% 62% Yes 4 Silicon-RF 1
18 [0, 28] 97 90% 84% 60% Yes 4 Silicon-RF 1
Two-phase buck converter 5 o o
. with a 4" order filter 8 [0, 19] 50 90% 83% 52% No 4 GaN 1
Floating two-phase buck 0, %6 0, %6 0, %6 GaN and
converter with a 4" order filter 8 [0,24.3] 777 93% 88% 74% No 8 silicon 3
Synchronous buck converter o N o Not
[12] with a 4™ order filter 20 10, 20] 10 93.5% 93% <88% mentioned GaN !
10 [0, 20] 10 96.5% 95% 84% N.Ot 4 GaN 1
[47] Two-phase §}lfqnchrtf]>nous bulck mentioned
converter with a 4 order filter 50 [0, 20] 10 949 929% 80% N_ot GaN 1
mentioned
[43) Four-phase synchronousbuck =g [0, 30] 140 94% 94% 91% Yes 8 GaN 1
converter with a 4" order filter ’ 0 0 0
Two-phase 3-level FC
[49] synchronous buck converter 25 [0, 30] 115 97.5% 96% 88% Yes 8 GaN 1
with a 4" order filter
3-level MI buck converter with 92.4%"/  88%"/ 72.5%"7/ .
This a4 order filter 8 [0, 301 3 902%™ 86%™  69.7% Yes 4 Silicon 2
work Proposed 3-level SSC-MI buck 94.4%"7/  92.6%"/ 84%"7/ .
converter with a 4" order filter 8 [0, 30] & 94%" 90.5%" 81.7%"® Yes 6 Silicon 2

1) ranges between 90.5% and 92.5% when is measured while the envelope amplifier tracks the 10 kHz envelope of two-tone signals with mean powers between 15 and 35 W
(i.e., between 16.7% and 38.9% of P 0. pq42). First stage impact on the efficiency is not considered.

*2y) ranges between 83% and 88% when is measured while the envelope amplifier tracks the 100 kHz envelopes of two-tone signals with mean powers between 2.5 and 8.5W
(i.e., between 12.5% and 42.5% of P . p4z)- First stage impact on the efficiency is not considered.

317 is 86.7% when the envelope amplifier tracks the envelope of a 400 kHz 64-QAM signal and the average output power is equal to 10 W (i.e., 25% of Po_psaz)-

41 is 83.7% when the envelope amplifier tracks the envelope of a 1.6 MHz 64-QAM signal and the average output power is equal to 10 W (i.e., 25% of Po. praz)-

*31) is 78.4% when the envelope amplifier tracks the envelope of a 2.5 MHz 64-QAM signal and the average output power is equal to 10 W (i.e., 25% of Po_ prax)-

“OFirst stage impact on the efficiency is not considered. It should be noted that one of the input voltage source must be isolated.

*TWithout considering the first stage impact on the efficiency.
*8Considering the first stage impact on the efficiency.

source of power losses. As a result, the reached efficiency
ranges between 50% and 80%, and it strongly depends on a
lot of aspects, such as the envelope bandwidth, the PAPR of
the communication signal, the number of voltage levels, or the
complexity of the digital control system.

V. CONCLUSION

A novel PWM three-level buck converter for ET applications
has been proposed in order to achieve both high bandwidth and
high efficiency. The topology has the well-known benefits of
multilevel structures: low voltage stresse across the switches,
low output voltage ripple, and low switching losses. In compar-
ison with PWM three-level FC buck converters, the proposed
topology avoids the distortion caused by the need of balancing
the FC charge. As a result, the converter is able to operate with
a switching frequency close to the maximum frequency of the
tracked reference, thus reducing the switching losses (critical in

this application). Moreover, it achieves a remarkable improve-
ment in terms of efficiency in comparison to previously proposed
PWM MI buck converters due to two key features. The first one
is that the proposed topology minimizes the number of parasitic
capacitors involved in the switching process, thus reducing the
switching losses. The second one is that the voltage stresses
across the switches are reduced. Hence, transistors with lower
breakdown voltages and, consequently, better performance can
be used, which also leads to lower switching losses.

The proposed topology has been satisfactorily evaluated by
means of a 73-W prototype with a fg of 8 MHz. The peak effi-
ciency is 94% and the expected efficiency is 82% (considering
the first stage impact) when tracking the envelope of modern
communication signals with PAPR values in the range of 12 dB.
In comparison to other approaches based on silicon MOSFETS
with similar fs, the proposed topology achieves the highest
efficiency not only at high output power, but also at low output
power, where the major improvement is reached. This result is
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particularly interesting because envelope amplifiers work most
of the time at low output power due to the high PAPR of modern
communication signals.
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