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Abstract—This paper presents the design and characterization
of de—dc converters operating at microwave frequencies. The con-
verters are based on GaN transistor class-E power amplifiers (PAs)
and rectifiers. Three topologies are presented, which are: 1) a PA
and synchronous rectifier, requiring two RF inputs; 2) a PA and
self-synchronous rectifier with a single RF input; and 3) a power
oscillator with a self-synchronous rectifier with no required RF in-
puts. The synchronous 1.2-GHz class-E? converter reaches a max-
imum efficiency of 72% at 4.6 W. By replacing the RF input at
the rectifier gate with a specific termination, a self-synchronous
circuit demonstrates 75% efficiency at 4.6 W, with a maximum
output power of 13 W at 58% efficiency. In the third topology,
the PA is replaced by a power oscillator by providing correct feed-
back for class-E operation, resulting in a circuit requiring no RF
inputs. This oscillating self-synchronous de—dc converter is demon-
strated at 900 MHz with an efficiency of 79% at 28 V and 12.8-W
output power. Self-synchronous class-E transistor rectifier oper-
ation is analyzed theoretically in the time domain and validated
with harmonic-balance simulations using an improved nonlinear
model for a GaN HEMT. The simplified theoretical analysis pro-
vides a useful starting point for high-efficiency self-synchronous
power rectifier design, which can, in turn, be extended to high-ef-
ficiency oscillating power inverter design.

Index Terms—GaN, high-efficiency power amplifiers (PAs),
high-frequency dc—dc converters, microwave rectifiers, RF cir-
cuits, switching PAs, ultrahigh-speed electronic circuits, VHF and
UHF technology.

I. INTRODUCTION

HE SWITCHING speed of dc—dc converters has been in-
creasing over the past five years, e.g., [1]-[3], with a goal
of reduced size, faster transient response, and increased power
density, which result from reduced values and sizes of passive
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TABLE I
HIGH-FREQUENCY DC-DC CONVERTERS COMPARISON

Ref. Year | f (GHz) | Technology | Pout (W) | n(%)

[5] 2008 0.030 MOSFET 220 87

[3] 2014 0.100 GaN 7 91

[6] 2009 0.110 LDMOS 25 86

[71 2005 0.233 CMOS 0.55 82

[8] 2012 0.780 GaN 11.5 72
This work | 2015 0.9 GaN 12.8 79

9] 2013 1 GaN 8.5 77
This work | 2015 1.2 GaN 5.0 75

[10] 1999 4.5 GaAs 0.053 64

components (inductors and capacitors). With increasing volt-
ages and power densities enabled by wide-bandgap semicon-
ductors such as GaN, monolithic integration towards a chip-
scale power supply becomes a possibility [4].

Higher switching frequencies are accompanied by reduced
efficiency and attainable power levels since the losses in both
passive and active components increase with frequency. In
addition, parasitic reactances in the active devices and packages
limit switching frequencies, as described in [1]. Table I presents
an overview of high-frequency dc—dc converters and their re-
spective efficiencies reported in the literature. In [5], a 30-MHz
200-W @, dc—dc converter operating at up to 200 V is demon-
strated. A 23-W 87% efficient boost converter switching at 110
MHz is implemented using LDMOS technology in [6]. In [7],
an integrated low-power four-phase buck converter is imple-
mented in a 90-nm CMOS process with switching frequencies
of 100-317 MHz. An off-chip air-core inductor is used in
this case, resulting in efficiencies from 80% to 87%. In [3],
a 100-MHz switching frequency buck converter is integrated
together with its drive circuitry on a single 2.3 mm x 2.3 mm
chip in the TriQuint (Qorvo) 150-nm GaN on a SiC D-mode
pHEMT process. This converter exhibits an efficiency of over
90% at 7 W.

Two greater than 70% efficient class-E* converters operating
at 780 MHz and 1 GHz were demonstrated in [8] and [9]. Pack-
aged and die 400-nm GaN HEMT devices from CREE were
combined with high-Q) coils and capacitors in hybrid circuit
implementations. Wide-bandgap semiconductor devices, and
in particular GaN HEMTs, enable high operating voltages at
high frequencies, in contrast to circuits based on Si CMOS.
Although very high power densities at the circuit level can be
achieved with CMOS at lower frequencies (e.g., [6] and [7]),
higher frequencies converters offer the potential for completely
distributed implementations and fully monolithically integrated
power supplies. Over two decades ago, as high as 64% effi-
ciency was obtained with GaAs devices in a circuit based on
transmission lines only, operating at 4.5 GHz at sub-watt power
[10], with both a power amplifier and a power oscillator as
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Block diagram of high-frequency class-E? dc—dc converter. (a) Syn-
chronous topology, (b) self-synchronous topology with a single RF input at the
inverter input, and (c) oscillating self-synchronous topology with no RF inputs.

the inverter stage, and a dual-diode rectifier stage. Recently, a
1.2-GHz GaN converter demonstrated 75% efficiency at 5 W
[11].

In this paper, we extend the concepts from [11] to two types
of self-synchronous dc—dc converters implemented with GaN
microwave transistors in hybrid circuits using a combination of
distributed and lumped elements. The designs are based on a
resonant class-E* converter, first introduced in [12]. Fig. 1 illus-
trates the different converter topologies developed in this work,
which are: (a) a synchronous topology; (b) a self-synchronous
topology with a single RF input at the inverter input; and (c) a
oscillating self-synchronous topology with no RF inputs.

This paper is organized as follows. Section II presents the
design and measured results for the well-known synchronous
operation [9], [11], [12], implemented with GaN devices at
1.2 GHz. Section III develops a simplified theoretical anal-
ysis, as well as nonlinear harmonic-balance simulations of
self-synchronous rectifiers using microwave GaN transistors.
The measured results at 1.2 GHz are shown to be comparable
to the synchronous version, but eliminate an entire RF part
of the circuit. Section IV presents a slightly lower frequency
converter (900 MHz) with no RF inputs. In this circuit, the
inverter is an RF oscillator, and the rectifier is self-synchronous.
The efficiency of this converter reaches nearly 80% with over
10 W of output dc power.

II. SYNCHRONOUS CLASS-E OPERATION

Well-known class-E PA design equations for the maximum
frequency of operation and the class-E load presented at the vir-
tual drain of the device are given by [13]

Ips
max B e va—— 1
f 27T2(jout‘/DS ( )
0.28015¢49-0524°
Znet - w.C . (2)
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Fig. 2. Circuit schematic for class-E? converter consisting of a class-E PA and
rectifier coupled through a resonant network.

where Coyt is the total output capacitance seen at the drain,
w, 1is the input drive frequency (or switching frequency), and
Ipg is the maximum dc current for a drain biasing voltage
Vbs. Using the estimated value of Coy¢e = 2.7 pF for the
T2G6001528-Q3 pseudomorphic HEMT (pHEMT) from
TriQuint Semiconductor, Vpg = 18 V and Ips = 1.4 Ain (1),
a maximum switching frequency of approximately 1.5 GHz is
obtained. In order to account for additional parasitic capaci-
tance and operate the class-E PA without sacrificing too much
output power while maintaining a high switching frequency, a
more conservative operating frequency of 1.2 GHz is chosen.
The impedance to be synthesized by the matching network is
calculated to be Zyet = 9 4 j10.4 €2 from [13]. As described
in [14], the rectifier provides the correct value of R{ Z,,¢ + and
the reactances presented to the amplifier and the rectifier can
be combined into one, resulting in j20.8 2. To synthesize Z,,¢4
at fs and provide an open circuit at 2f, and 3f;, the approach
of [8] is adopted. The parasitic capacitance of a series inductor
L, in Fig. 2 provides an approximately open circuit at 2f,
and 3f; when the self resonance (SRF) is between the two
harmonics, while a series capacitor '; tunes the impedance at
the fundamental.

To maintain a flat low circuit profile, only passive compo-
nents with a maximum thickness of 2 mm are used. With this
restriction, inductors from Coilcraft’s 0603HP series and ca-
pacitors from ATC’s 600L and 600S series are chosen. The
inter-stage network is simulated using NI/AWR Microwave Of-
fice (MWO) with high-frequency models for the passive com-
ponents provided by Modelithics. The design is implemented
on a 30-mil Rogers RO4350B substrate, and a photograph of
the prototype is shown in Fig. 3.

The converter is characterized as shown in Fig. 4. The PA
is biased at a quiescent current of 10 mA for input voltages
ranging from 12 to 27 V, and the rectifier is pinched off. Rp¢
is implemented using a BK Precision 8500 electronic dc load
in a constant voltage mode enforcing output voltages ranging
from 10 to 27 V. All the measurements are performed with
P, = 23 dBm. The phase shift is adjusted for synchronous
operation. Fig. 5 shows the efficiency and output power as a
function of output voltage for 13, 17, and 27 V. The efficiency
of the converter is defined as

VDCout [DCout (3)

nbec—pC =
VocinIbain
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Fig. 3. Photograph of class-E? converter prototype. The left side of the circuit
is the class-E inverter and the right side is a synchronous rectifier. They are
coupled through the reactive network consisting of Ly = 1.8 nH and Cy =
12 pF.
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Fig. 4. Setup used to characterize the class-E> converter prototype. The output
voltage is enforced by the electronic load while the current is allowed to be set
by the converter itself.

As expected, the output power in Fig. 5 increases with input
voltage, while the efficiency of the converter decreases with in-
creasing input and output voltage.

III. SELF-SYNCHRONOUS RECTIFIER ANALYSIS
AND OPERATION

A number of recent publications show experimentally that
at microwave frequencies, a transistor rectifier can be operated
without the need of an RF input, referred to as self-synchronous
operation [15]-[18]. This is mainly enabled by the drain-to-gate
feedback capacitance Cyq. In a rectifier, the transistor operates
in the third quadrant of its /-V curve [17], which is usually not
taken into account in commercial nonlinear transistor models,
making simulation impossible or unreliable.

A. Theoretical Analysis of Self-Synchronous Rectifier

The goal of this analysis is to determine the theoretical value
of the gate impedance Z, that satisfies self-synchronous class-E
rectification. Fig. 6 shows a simplified intrinsic model for an
HEMT transistor [19]. When the transistor is pinched off, the
two diodes can be approximated as open circuits. This is true
when the dynamic load line keeps vgs and vgq below the for-
ward-bias knee value. To investigate a class-E self-synchronous
rectifier, the idealized circuit shown in Fig. 7 is considered. It as-
sumes a sinusoidal input current source driving an ideal switch.
The input current includes a negative dc term representing the
rectified dc output current.

The conditions for soft-switching class-E rectifier operation
are Vs (0) = 0, dvsw/dt(0) = 0, and v (T5/2) = 0. For

4475

10 12 14 16 18 20 22 24 26
Vocaut (V)

Fig. 5. Measured converter efficiency (red) and output power (blue) plotted as
a function of output voltage for input voltages of 13, 17, and 27 V.
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Fig. 6. Simplified intrinsic model of a GaN HEMT. Diodes D4 and D, are
modeled as open circuits for self-synchronous analysis.
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Fig. 7. Simplified switch model for class-E self-synchronous conditions. The
switch is assumed to be ideal with R, — 0 and Ry — 00. vgy is assumed
to be an ideal class-E waveform and v, is approximated as a sinusoid. The
unknown impedance Z, is found under these conditions.

simplicity, the class-E time-reversed waveform [14], [20] is as-
sumed across the switch, which can be expressed using the for-
mulation in [13] as

[dc

,m[a cos{wst + @) + wst — acos(d)],
T
Vsw(t) = 0<t< “4)
Ts
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where C,,; represents the equivalent output capacitance when
the switch is off. The constants a and ¢ are found as in [13] to
be 1.862° and 32.48°, respectively. In addition to the classic
class-E boundary conditions, for the rectifier to operate self-
synchronously, the voltage across Cys should be less than the
turn-off voltage of the transistor during the interval 0 < ¢ <
T, /2 and greater than the turn-on voltage of the transistor during
the interval T, /2 < t < Tj. A simple approximation for Ugs 18
the following:

Vs (t) = —Vp sin{w,t) %)
where the switch is off for v,s < 0, and on for vgs > 0. From
Fig. 7, the current 459 through capacitor Czq4 can be written as

dvgw  dvgs
dt  dt > - ©®

. Vsw — Vgs
iga(t) = ngd( ; d w) Cea (
t
Kirchoff’s current law results in
lgs +izg = Igd- (7)

When the switch is off, following (4)—(7), we obtain

15g(t) = Caa {ws — aws sin(wst + ¢)}

Ws Cout

+Vows cos(wst)| + CgsVows cos(wst).  (8)

When the switch is on, the voltage across the switch is 0, but
the voltage across Cl is not, hence the voltages across Cgs and
Cgq are the same and (6) significantly simplifies. Following the
previous procedure, during the interval T /2 < t < T, i, is
found to be

t29(t) = (Cgd + Cags)ws Vo cos(wst). )

The unknown load Z,; can now be found from the voltage v
and 7,,. It is easier to start with the interval when the switch
is on. Since the current i.,4(t) from (9) lags the voltage from
(5) by m/2, it is safe to assume that Z,; has to be inductive. To
find the required equivalent 1nductance that imposes a class-E
self-synchronous rectification, the current—voltage relationship
is

d(ws Vo cos(wst .
Ugs(t) = Lg(ng + Cgs)% - *‘/0 sm(wst).
(10)
Solving for L,
1
Ly = 1n

I (Cgs + Cga)w?

which is the inductance required to resonate C'zq and Cl in par-
allel. The L, value in (11), however, would short the output ca-
pacitance during the OFF-state, leading to a zero voltage across
the switch. Resonating Cys + Clq at a slightly higher frequency
would ensure a finite Cy,,; and the desired class-E operation.
Therefore, the idealized theoretical analysis gives the designer
a starting point for choosing the gate termination for class-E
synchronous rectification.
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Fig. 8. RF-DC efficiency contours (red) and dc output power contours (blue)
obtained in a load—pull simulation preformed at the gate port of a class-E self-
synchronous rectifier using an improved nonlinear GaN HEMT model [21]. Re-
sults are obtained under a Vs = —4 V bias, Rpc = 90 2, and an input power
of 33 dBm (2 W). Impedance points a)—d) correspond to the impedance at the
gate port for the dynamic load lines presented in Fig. 9.

B. Nonlinear Model Simulations

To validate the above simplified analysis, ADS simulations
of a semi-ideal class-E rectifier using harmonic balance are per-
formed. An improved 8 x 75 pm GaN HEMT model presented
in [21] that accurately models Cys, Cys, Cpa, and the third
quadrant of the transistor’s /-V curve is used in the simulations.
The model used in the simulations does not correspond to
the GaN HEMT used in the design of the class-E? converter
shown in Fig. 3. The simulation involves ideal bias-tees and
an ideal tuner presenting an open circuit at 5 f, 4fs, 315, and
2 fs and the impedance given by (2) at f, for C4s = 0.202 pF
and f; = 1.2 GHz. The dc load Rp¢ is set equal to 90 Q
and the transistor is biased in pinch off with V, ~ —4. V. A
load—pull was performed at the gate port of the rectifier to find
the impedance Z, that achieves maximum RF-dc convertion
efficiency and maximum output power for an input power
of 33 dBm (2 W). The optimum impedance is found to be
approximately j89.46 €2, which represents the reactance of
a 11.9-nH inductor at 1.2 GHz. Fig. 8 shows the dc output
power (blue) and efficiency (red) contours resulting from the
simulated load—pull. The maximum efficiency is 66.7% with a
dc output power of 31.14 dBm. Fig. 9 shows the dynamic load
line for the respective impedance points a)-d) marked in Fig. 8.

The contours and the dynamic load lines clearly illustrate how
the performance of the rectifier diminishes as the equivalent re-
actance presented to the input of the GaN HEMT fails to ap-
proximately resonate Cs + Cq. Impedance a) in Fig. 8 is the
optimum impedance that minimizes power dissipation by ap-
proximating an ideal diode, as shown in Fig. 9(a). When the
transistor is off and the voltage v4s swings positively, the tran-
sistor should block the voltage and operate on the I35 = 0 re-
gion along the Vj axis. To ensure this, vy swings deeper into
the pinch-off region as v4s increases. As v4s decreases toward 0
due to the resonant nature of the output network, vg increases
and approximates the operating (/-V) characteristics of an ideal
conducting diode near the I; axis in the third quadrant. As the
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Fig. 9. Simulated dynamic load line (red) corresponding to impedance points

a)—d) in Fig. 8. The blue line shows the I-V curves for the quiescent bias (V, =
—4V).

impedance gets farther away from the equivalent reactance nec-
essary to approximately resonate Cys + Cq, more power is dis-
sipated because the transistor momentarily conducts when the
switch should be off, as shown in Fig. 9(b)—~(d). The perfor-
mance degrades as the impedance resonates Cys and Cyg below
fs, as in Figs. 8(d) and 9(d). Thus, the impedance presented to
the gate should resonate at a slightly higher frequency than f,
as discussed in Section III-A and (11), as well as to account for
nonlinearities of Cys and Cyq.

For the simulated design, Cys is highly nonlinear with a pro-
file plotted in Fig. 10. Cyq also varies as a function of v, from
a minimum of ~ 0.17 pF at vgg = —10 V to a maximum of
~ 0.47 pF at vgg = 1 V. Using the maximum value of those
two capacitances and the equivalent inductor presented by the
optimum impedance, the resonant frequency f, is

1
fr -
274/(0.47 pF + 0.95 pF)(11.9 nH)

—1.22GHz (12)

which is only slightly larger than the switching frequency of
1.2 GHz. It is important to note that as the two nonlinear capac-
itances change with v, the presented impedance will always
resonate at a higher frequency than the switching frequency.

Fig. 11 shows the time-domain waveforms at the intrinsic
drain and at the intrinsic gate of the transistor for varying input
powers (4—34 dBm) when the gate impedance is at point a) in
Fig. 8. The waveforms show approximate class-E current and
voltage waveforms at the intrinsic drain minimizing current and
voltage overlap as well as the corresponding voltage and cur-
rent across the input capacitor Cys. The voltage vy simulated
in Fig. 11(a) approximates the sinusoidal voltage assumed in
(5). Fig. 12 shows the dynamic load lines for the corresponding
power levels of Fig. 11, which approximate behavior of an ideal
diode.

C. Class-E* DC-DC Converter With Self-Synchronous
Rectifier

In order to implement a self-synchronous rectifier in the
class-E? converter, a load—pull is performed at the gate port

4477

0.9
08
=

207t

(=

O 0.6
0.5}

0.4

03 ——— 1
109 8 -7 6-5-4-3-2-101 2
vgs(V)

Fig. 10. Simulated nonlinear capacitance Cls as a function of v, for the 8 x
75 pm GaN HEMT model [21] used in Section II.
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Fig. 11. Time-domain waveforms of class-E rectifier. Voltage and current
waveforms at: (a) intrinsic gate and (b) intinsic drain. Waveforms are shown
for input powers varying from 0 to 35 dBm in dB steps.

of the rectifier for maximum efficiency at an input voltage of
13, 17, and 27 V. The optimum impedance is not significantly
affected by the output voltage. The results for 17 V are plotted
in Fig. 13 with the optimum impedance found to be approxi-
mately 3.7 4+ j44.3 Q1 at the connector reference plane.

A length of transmission line and an 8-pF shunt capacitor to
ground are used to present this impedance to the transistor. The
equivalent input capacitance of the transistor is estimated using
a nonlinear model to be ~ 8.5 pF. Following the theory pre-
sented in this paper, the impedance that the matching network
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Fig. 12. Simulated dynamic load line (red) and /-V curves of quiescent bias
(blue) for class-E self-synchronous rectifier for an input power range of 0-35

dBm with Z, resonating equivalent input capacitance at 1.22 GHz. As expected,
the transistor minimizes power dissipation and approximates an ideal diode.

Max efticiency =65 %

Fig. 13. Impedance constellation and efficiency contours produced by a
load—pull performed at the gate port of the rectifier for maximum efficiency for
a dc output voltage of 17 V. The Smith chart is normalized to 50 €2.

of the rectifier presents to the input of the transistor should res-
onate the 8.5 pF a little bit above the switching frequency of
1.2 GHz. Fig. 14 plots an electromagnetic (EM) simulation of
this impedance and the impedance of an ideal 2.07-nH inductor
necesary to resonate the 8.5 pF at 1.2 GHz. Fig. 14 clearly shows
the impedance of the matching network follows that of the in-
ductor, supporting the theory.

A prototype of a self-synchronous converter is shown in
Fig. 15. The converter is characterized following the previously
described procedure without the need of a second RF driver for
the rectifier. Fig. 16 shows the efficiency and output power as a
function of output voltage for 13, 17, and 27 V. The results are
improved compared to those of Fig. 5. The converter is the most
efficient at 13-V input voltage and at lower output voltages in
general, achieving an efficiency above 70% for output voltages
ranging from 11 to 17 V, with a maximum efficiency of 75%
and 4.6 W compared to the 72% efficiency of the converter
from Section II. The improvement can be attributed to a shift
in the value of the passive components used in the resonator,
specifically the inductors that have a =5% tolerance.
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Ideal inductor= 2.07nH
f=12GHz
X=j15.6

EM simulation
f=12GHz
X=j15.12Q L.;=2.0nH

Fig. 14. Comparison between the impedance presented by the rectifier’s input
matching network EM simulated (brown) and the ideal 2.07-nH inductor (blue)
required to resonate the 8.5-pF input capacitance of the T2G6001528 transistor
model. The figure shows the impedance of the matching network closely follows
the impedance of the ideal inductor around the switching frequency.

Fig. 15. Photograph of class-E? converter with the rectifier operating self-syn-
chronously. The RF port at the gate of the rectifier is removed and the input
matching network is modified to present the optimum impedance to the recti-
fier. The size of the circuit board is 5.6 cm X 6 cm.

16
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Pbcout (W)

Vocout (V)

Fig. 16. Measured self-synchronous class-E? converter efficiency (red) and
output power (blue) as a function of output voltage for input voltages of 13, 17,
and 27 V.
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Fig. 17. Circuit schematic for self-oscillating self-synchronous class-E£? dc—dc
converter.
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Fig. 18. Photograph of oscillating self-synchronous class-E? dc—dc converter.

IV. OSCILLATING SELF-SYNCHRONOUS OPERATION OF
CLASS-E? CONVERTER

Turning the PA of the converter into a free-running power
oscillator becomes a logical highly desirable step toward a
self-driving microwave frequency resonant dc—dc converter,
as in Fig. 1(c), eliminating the RF input. A similar MOSFET
2-MHz converter was published in [22] using a class-E os-
cillator design procedure introduced in [23]. The converter
achieved 78.9% under 1.55-W output power using a feedback
inductor to force the oscillation of the class-E inverter. In [10],
a sub-watt 4.6-GHz class-E oscillator was demonstrated with a
diode rectifier. In this section, we demonstrate the architecture
of Fig. 1(c) in a class-E? GaN dc—dc converter operating around
900 MHz.

In Fig. 17, the circuit schematic for the implemented
oscillating self-synchronous class-E* converter, based on
the CGH35030F packaged GaN HEMT from Cree Inc., is
presented. The change to a higher power device and lower
frequency allows for higher output power and efficiency and
demonstrates feasibility of the approach. The design procedure
is very similar to the one described in Section I and is described
in [9]. In order to interconnect the inverting and rectifying
devices, an inductor L; and two capacitors C; are employed.
Harmonic terminations at f, and f3 are achieved as previously
discussed through the self-resonance of L, while the choice
of C; allows for reactance adjustment at the fundamental.
An open-circuit stub (TLs}, a high-value capacitor to ground
(Cin), and a length of transmission line (TL;) are combined
in order to synthesize the required gate impedance condition at
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the fundamental to operate the rectifier self-synchronously. The
simplified theoretical analysis from Section III can be applied to
the class-E oscillating inverter with some modifications. Substi-
tuting the current source in Fig. 7 by In¢ (1 — asin{w,t+ ¢)) to
account for the dc current supplied to the inverter, (4) becomes

Ty
Co:tws [a cos(wst+ ) +wst—acos(d)],
Ve (£) = 0<t< (13)
0, E <t<Ts
2
while (8) becomes
0(t) = Ca| 2 inw.t + )}
2 — 1| —F~ s — AWg SIN{Wg
isg A wow ws — aw, sin(w
+Vow, cos(wst) | + CosVows cos(wst).  (14)

The remaining equations remain unchanged. However,
solving for a and ¢ results in 1.862° and —32.48°, respec-
tively. These correspond to the time-reversed waveforms of
the class-E rectifier as in [13]. Since (11) remains unchanged,
the conclusions obtained from Section III apply to the class-E
oscillator as well. Hence, the impedance presented to the gate
of the transistor should correspond to an equivalent reac-
tance capable of resonating Cys + Cq at a frequency slightly
above the switching frequency to ensure the desired class-E
soft-switching operation. For that reason, a gate matching
network mirroring that of the self-synchronous rectifier was
implemented in Fig. 17. A photograph of the oscillating
self-synchronous converter is shown in Fig. 18. The oscil-
lator gate biasing voltage is used to initiate the oscillation by
increasing the voltage above pinch-off. Once the oscillation
starts, the voltage is lowered to a value approximately equal
to that of the self-synchronous rectifier, where the maximum
efficiency can be obtained [24].

The converter is characterized in a modified setup of the one
shown in Fig. 4; the main difference is the absence of any RF
input source. The electronic load providing a constant dc output
voltage is changed to a passive 50-2 load due to lower fre-
quency oscillations produced by the electronic load. The recti-
fier was biased in pinch off =~ —4.0 V, while the bias of the os-
cillator was increased until an oscillation is produced at around
—3 V. Fig. 19 shows efficiency and dc output power for input
voltages of 28, 22, and 17 V, as a function of output voltage.
The oscillating self-synchronous converter can only operate as
a buck converter since the oscillations subside when the output
voltage becomes higher than the input voltage, and hence, more
attention was given to higher input voltages. The converter is
79% efficient at an input voltage of 28 V and an output power
of 12.8 W. As expected, output power is directly proportional
to input voltage, but efficiency is maintained above 70% for an
input voltage range of 11-28 V.

Output voltage control can be accomplished by frequency
modulation (FM) through the oscillator’s gate biasing voltage,
due to the input capacitance Cys variation with v, in a GaN
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Fig. 19. Measured performance of oscillating self-synchronous class-E* dc—dc

converter. Converter efficiency (red) and output power (blue) plotted as a func-
tion of output voltage for input voltages of 17, 22, and 28 V.
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Fig. 20. Measured performance of Viu; control through V,; for oscillating
self-synchronous converter. Input voltage is 28 V while output voltage is ad-
justed to 12, 17, and 22 V.

HEMT, as shown in Section III. This dependence can be ex-
ploited to control the output voltage of the converter for varying
loads. When V,; = —3 V, the frequency of oscillation starts
around 920 MHz, and increases as the voltage decreases. At
Vg1 = —6.4 'V, the oscillation disappears, reaching a frequency
of 1040 MHz. The FM control is possible thanks to the detuning
of the resonant interconnecting network, as is typical of class E*
converters. Fig. 20 shows efficiency and output power as a func-
tion of Rpc when the output voltage is controlled through V to
be 22, 17, and 12 V. FM presents a viable alternative for open
or closed loop output voltage control, however, performance of
the converter degrades at higher loads and lower voltages.
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TABLE 11
ESTIMATED LOSSES BASED ON SIMULATION

Total inverter transistor losses 49.0 %
OFF-ON tranistion 9.4 %
ON-OFF transition 10.4 %
Conduction losses 29.2 %

Total rectifier transistor losses 39.7 %
OFF-ON transition 11.3%
ON-OFF transition 0.8 %
Conduction losses 27.6 %

Total passive components losses 8.4 %
Resonator 2.7 %

Inverter bias-T 3.1%
Rectifier bias-T 2.6 %

Other losses 3.8%

V. DISCUSSION AND CONCLUSION

In this paper, a series of microwave dc—dc converters that
operate around 1 GHz switching frequency with efficiencies
greater than 70% at greater than 5-W output power have been
demonstrated. A loss budget for the oscillating self-synchronous
converter has been given in Table II. The losses were estimated
from simulations since it is difficult to measure the separate
sub-circuits at gigahertz frequencies. The simulations were per-
formed for Vpcin = 28 V, Vbcour = 25V, a dc load of 24 (2,
and an operating frequency of 950 MHz. The converter was 80%
efficient and the losses were distributed, as shown in Table II.

The biggest contributor to the dissipated power is the tran-
sistor’s Ron resistance for both the PA and the rectifier. Most
ofthe losses in the passive elements came from power dissipated
in the inductors. Estimated losses for the 1.2-GHz class-E? con-
verter from Fig. 15 showed a similar distribution.

For the first time, an in-depth theoretical analysis of the opera-
tion of class-E self-synchronous transistor rectifiers has been de-
rived. The idealized theoretical analysis has been validated with
harmonic-balance simulations using an improved GaN HEMT
nonlinear model. The procedure to design a self-synchronous
rectifier by resonating the equivalent input capacitance slightly
above the switching frequency provides the designer with a
useful starting point for the design of a microwave dc—dc con-
verter and self-synchronous rectifiers. The analysis has been
validated for transistor rectifiers other than class-E, with some
examples shown for a class-B circuit in [16] and a class F !
circuit in [15]. Finally, the analysis has been extended to the
design of a oscillating self-synchronous class-E? dc—dc con-
verter. A oscillating self-synchronous Buck converter with no
RF inputs has been demonstrated and characterized. The con-
verter maintains an efficiency above 70% for input voltages of
11-28 V across a load of 50 €2.
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