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Abstract—Integration is a key step in utilizing advances in GaN
technologies and enabling efficient switched-mode power conver-
sion at very high frequencies (VHF). This paper addresses design
and implementation of monolithic GaN half-bridge power stages
with integrated gate drivers optimized for pulsewidth-modulated
(PWM) dc—dc converters operating at 100 MHz switching fre-
quency. Three gate-driver circuit topologies are considered for
integration with half-bridge power stages in a 0.15-pm depletion-
mode GaN-on-SiC process: an active pull-up driver, a bootstrapped
driver, and a novel modified active pull-up driver. An analytical
loss model is developed and used to optimize the monolithic GaN
chips, which are then used to construct 20 V, 5 W, 100 MHz syn-
chronous buck converter prototypes. With the bootstrapped and
the modified pull-up gate-driver circuits, power stage efficiencies
above 91% and total efficiencies close to 88% are demonstrated.
The modified active pull-up driver, which offers 80% reduction in
the driver area, is found to be the best-performing approach in the
depletion-mode GaN process. These results demonstrate feasibility
of high-efficiency VHF PWM dc—dc converters based on high levels
of integration in GaN processes.

Index Terms—Circuit optimization, gallium nitride power de-
vices, GaN integrated circuits, modeling, monolithic power con-
verters, switched-mode power converters, VHF amplifiers.

I. INTRODUCTION

ECENT advances in dc—dc converters operating at radio

frequencies (RF) have been enabled by advances in
device technologies, circuit configurations, and circuit design
techniques. In particular, wide bandgap (GaN, SiC) devices
and technologies are opening possibilities to efficiently operate
switched-mode power converters at very high frequencies
(VHF). These opportunities depend on advances in power-stage
circuits, gate-drive design techniques, as well as integration and
packaging steps. Some dc—dc converters, such as boost, SEPIC,
Cuk, class-E?, etc., use a source-grounded transistor, which
simplifies applications of RF-based circuit design techniques
[1]-[11]. Half-bridge power stages, however, are found in
many important power converter configurations, including syn-
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chronous buck converters and many other half-bridge and full-
bridge-based topologies. In the half-bridge stage, realization
of the high-side driver capable of supporting very high switch-
ing frequencies is particularly challenging. Using discrete
GaN devices and discrete gate-drive circuit design techniques,
high efficiency operation has been demonstrated at switching
frequencies in the 10-40 MHz range [12]. To support even
higher switching frequencies, it is necessary to consider power
stage and gate driver integration techniques, in order to mitigate
effects of parasitic capacitances and inductances, and losses
associate with level-shifting of the high-side control signal. A
200 MHz converter with integrated bootstrap driver using 0.25-
pm GaN high electron mobility transistors (HEMTs) has been
shown to have 73% overall efficiency in an envelope-tracking
application [13]. An integrated driver using resistive pull-up
technique in a 0.7-pum GaN process has been described in [14],
leading to 64% overall efficiency when the converter is used as
an envelope-tracking amplifier. Higher levels of integration are
also pursued by industry, such as monolithic half-bridge stages
[15] and devices with co-packaged gate drivers [16].

The objectives of this paper are to introduce and compare
several options for monolithic integration of gate drivers and
half-bridge power stages, and to present a loss-model-based de-
sign optimization approach for such monolithic GaN chips in
a 0.15-pm depletion-mode (normally on) GaN-on-SiC process
(Qorvo TQGaN15 [17]). The gate-drive options considered in-
clude an active pull-up driver, a bootstrapped driver, and a modi-
fied active pull-up driver [18], [19]. The modified active pull-up
driver is shown to offer efficiency and area advantages over the
active pull-up and the bootstrapped designs, respectively. Fur-
thermore, an analytical loss model is presented, allowing design
optimization of monolithic half-bridge stages with integrated
gate drivers. The monolithic GaN chips and the design opti-
mization approach are verified by experiments on 20 V, 5 W
synchronous buck converters operating at 100 MHz switching
frequency. Fig. 1 shows the converter diagram used for demon-
stration and experimental verification. The design using the in-
tegrated modified active pull-up driver is shown to have greater
than 91% peak power-stage efficiency.

This paper is organized as follows: Section II briefly
summarizes the GaN process and the device characteristics, and
introduces the operating principles of the active pull-up, boot-
strapped, and modified active pull-up driver circuits. Section III
presents the analytical loss model and the efficiency optimiza-
tion approach, with application details given for the monolithic
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Fig. 1. Synchronous buck converter based on the monolithic GaN half-bridge
chip with integrated gate drivers.

GaN power stage with the modified active pull-up drivers.
Experimental results are provided in Section IV, while
Section V concludes this paper.

II. MONOLITHIC GAN HALF-BRIDGE POWER STAGE WITH
INTEGRATED GATE DRIVERS

The monolithic half-bridge chip shown in Fig. 1 includes
two power switch devices Qus and Qs in the half-bridge con-
figuration, and the corresponding high-side and low-side gate
drivers, providing required gate-to-source voltages given the two
ground-referenced switch control input signals viy 1S, Vin, LS,
respectively. Since the switch-node voltage vy, is swinging be-
tween zero and the input dc voltage Vj,, the high-side driver must
provide effective level shifting between the control input vj, s
and the gate-to-source voltage vgs s of the high-side switch
Qus. This section describes several approaches to achieving
the required integrated gate-drive functions targeting operation
at very high switching frequencies. The process available for
integration is a 0.15-pum GaN-on-SiC process, with transistor
transition frequencies in excess of 80 GHz. The process has
been developed for power amplifiers and other RF monolithic
microwave integrated circuit applications [20], [21]. The SiC
substrate provides high thermal conductivity and high power
operation capability. Only n-type depletion mode (D-mode)
lateral transistors are available in the process, with a thresh-
old voltage Vi, of approximately Vi, =~ —3.5 V. The size of
the device with multiple unit cells is usually defined in terms
of the gate periphery W = NW,, where N is the number of
fingers, and W is the cell gate width. As an example, a sim-
ulated I-V curve for a W =12 x 100 um = 1.2-mm device
is given in Fig. 2. When operated as a switch, the gate-drive
voltages are 0 V for the switch ON-state and —5 V for the
switch OFF-state. Gate-to-source voltages as low as —10 V are
within the capabilities of the process. In general, the process-
dependent maximum gate-to-source voltage limitations must be
taken into account in the gate-driver circuit designs. While the
process breakdown voltage is 50 V, operating voltages up to
20 V are considered in the designs described in this paper. For
switch applications, the process parameters of interest include
the specific on resistance R, s, specific input and output ca-
pacitances Cig s and Cog 5, respectively, and the specific gate
charge @, s. These process parameters are listed in Table I.
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Fig. 2. Simulated /—V curve for a 12 x 100-xm device.

TABLE I
DEVICE SPECIFIC PARAMETERS

Ry s Cls.s Ci s Q5.
Simulated 2.1 Q-mm 0.4 pF/mm 1.5pF/mm 8.8 pC/mm
Measured 1.6 Q-mm - - -
'Ips = 100 mA
2Coss,s = ng,s + Cys,s-at Vpg = 20 V
3Ciss.s = ng(,s. + Cgs.s»al VDS =0V
Vps =20V
0
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Fig.3. Simulated gate-to-source voltage Vg as a function of the specific gate
charge @, s (gate charge in Coulombs per millimeter of gate periphery).

The simulated normalized (), ; versus Vgs curve is given in
Fig. 3. Based on the values shown in Table I, the device figure
of merit is FOM = R, ;@, s = 18.5 pVs, which is at least an
order of magnitude smaller compared to state-of-the-art silicon
MOSFETs with similar voltage rating, and about three times
smaller than some of the comparable GaN-on-Si devices, such
as EPC8008 (FOM = 56 pVs) [22].

This section presents and compares three gate-drive circuit
configurations: the active pull-up driver in Section II-A, the
bootstrapped driver in Section II-B, and the modified active pull-
up driver in Section II-C. A comparison is given in Section II-
D, which shows that the modified active pull-up driver offers
several advantages over the other circuits.

A. Active Pull-Up Driver

Fig. 4(a) shows the schematic of the monolithic GaN power
stage with the active pull-up drivers. This simplest gate-driver
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Fig. 4. Active pull-up driver with half-bridge power stage: (a) schematic; and
(b) chip layout, 2.4 x 2.3 mm.

configuration considered is used to introduce circuit design
techniques common to all GaN chip designs described in this pa-
per. The half-bridge power stage consists of the high-side switch
Qus and the low-side switch @Qrs. The chip layout is given in
Fig. 4(b). The pull-up voltage V;, for the high-side driver is
the same as the converter input voltage, V;; = Vi, =20 V. One
significant difference between GaN lateral devices and standard
vertical silicon MOSFETs is that the lateral GaN device does not
include an antiparallel body diode. Consider the synchronous
rectifier (device )rs) in the half-bridge power stage. When
the device is OFF, with the gate-to-source voltage at approxi-
mately Vs 1,5 = —5 V, reverse conduction can still occur, but
the drain voltage must drop to a relatively large negative value
of at least Vs 1.5 — Vin = —1.5 V. With current flowing from
source to drain of the synchronous rectifier, the drain voltage is
around —2 to —3 V. This reverse conduction may occur during
dead times in commutations between Qys and (rs. To reduce
the corresponding reverse conduction losses, Schottky diodes
Dys and Dy g are integrated across the half-bridge power switch
transistors Qus and Q) s, respectively, as shown in Fig. 4(a). A
Schottky diode can be obtained by shorting drain and source of
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Fig. 5. Simulated Ip—Vgg curve for a 4 x 25-pum device, with quadratic
equation curve fitting (—=3.5 V< Vgg < —1.5 V) over imposed. Vpg = 20 V.
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(a) Transistor with source degeneration resistor; and (b) equivalent

a transistor, and by using the exponential /-V characteristic of
the gate-to-source and the gate-to-drain Schottky junctions, or
by other process-specific means.

Given the process characteristics, the device parameters de-
pend on the device size W = N'W,,, which determines the on re-
sistance Ron = Ron, s /W, input capacitance C; = W Cigs s, out-
put capacitance C, = W Cy 5, and gate charge @), = WQ,, .
For a power switch device, the gate periphery W is a parameter
that affects the tradeoff between conduction losses and switch-
ing losses. The use of this parameter in the design optimization
process is described further in Section III.

Consider the high-side driver consisting of the input transistor
()2 loaded by an active pull-up circuit comprising ()1 and Ry, as
shownin Fig. 4(a). A simplified analysis is presented first for this
basic active pull-up structure. The same active pull-up circuit
design techniques are used in all integrated drivers reported
in this paper. The active pull-up circuit shown in Fig. 6(a),
takes advantage of the depletion-mode transistor characteristics.
When Vpg is large enough so that (); is in saturation region, it
behaves as a current source, as shown in Fig. 6(b). For a given
value of R;

Vos = —Ri - Ip (D

where Vs then determines the drain current based on the de-
vice Ip(Vgs) characteristic in saturation, which can be found
approximately as follows. For a GaN transistor with gate periph-
ery W =4 x 25 ym = 0.1 mm, the simulated drain current /p
versus gate-to-source voltage Vg curve is given in Fig. 5. The
portion of the curve where —3.5 V < Vg < —1.5 V is fitted
to the quadratic equation similar to the basic characteristic of a
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Fig. 7. Simulated Ip—Vpq curve for a 4 x 25-pm device, with different
values of R .

silicon MOSFET in saturation
Ip ~ K (Vs — Van)” )

with K = 14.6 mA/V? and Vi, = —3.5 V. For Vgg > —1.5 V,
the curve does not follow (2) very well, as a result of a self-
heating effect, which degrades the electrons saturation veloc-
ity, and therefore, reduces the current [23]. Nevertheless, for
—3.5V < Vs < —1.5V, which is most relevant for the pull-up
circuit design, the approximation (2) is adequate.

Combining (1) and (2) yields

Ip = K (=RyIp — Vip)? 3)
which can be solved for Ip

1 =2KRyVip — VI — 4K Vy

I
b 2K R?

4)

The source degeneration resistance I?; can be selected to set
the current limit for the active pull-up circuit, relatively inde-
pendently from variations in the device threshold voltage. For
instance, when R; is 100 €, Ip is 22.6 mA; when R; is 75 €,
Ip is 28.1 mA. Using detailed device models, the circuit in
Fig. 6(a) is simulated in AWR Microwave Office, for different
values of Ry, as shown in Fig. 7. The curves for 75 €2 and 100 2
in saturation region match the values obtained from (3).

Given the current source equivalent of the active pull-up struc-
ture shown in Fig. 6(b), the operation of the active pull-up driver
in Fig. 4 can be analyzed in more detail. In order to turn the high-
side switch Qus ON, )5 is turned OFF, and ), turns ON, pulling
the gate of Qys up to Vg = V. During (QQgs turn-ON transition,
Usw ramps up to Vi,. As a result, vys of Qus is maintained at
approximately 0 V. Recall that all devices are depletion-mode
n-type devices with approximately —3.5 V threshold voltage.
At g ms = 0V, the high-side power switch Qys is fully ON. A
simplified circuit diagram corresponding to the case when Qys
is in the ON-state is shown in Fig. 8(a), with R o, being the
ON-state resistance of )1. While the high-side switch is ON,
the low-side switch is OFF. This is accomplished by turning the
low-side gate-drive transistor ()4 ON, bringing the gate of Qs
to VGS,LS + IQ3RQ4.nn =-5V.

To commutate the half-bridge switches, turning ()o on starts
a turn-OFF transition of QQys. The gate of Qys is pulled down
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Fig. 8.  Simplified diagram for the operation of active pull-up driver: (a) Qys
on, Qs OFF; and (b) Qs OFF, Qs ON. Dyg and Dy g are removed for
simplicity.

to Vs ms < 0, plus a voltage drop across Q2 (g1 Rg2,0n) and
Io1 Ry

Vg HS = VjssAHS + (Rl + RQ2,011) : IQl (5)

which is set to produce vy = —5 V by the choice of component
parameters and the bias voltage Vi, rs. When ()2 is ON, the ac-
tive pull-up transistor )1 together with the source-degeneration
resistor 2 act approximately as a constant current source /1.
As shown in (4), the value of I, can be adjusted by changing
the size of (), or the value of R;. A simplified circuit diagram
for these states of the switches is shown in Fig. 8(b). Once Qys
is turned OFF, the switch-node voltage vy, is pulled down by
the buck filter inductor current (not shown) toward approxi-
mately 0 V, allowing zero-voltage switching (ZVS) turn-ON of
Qs [24]. The ()15 turn-ON transition is initiated by turning the
low-side gate-drive transistor )4 OFF.

Fig. 8 can be used to make an approximate analysis of driver
losses. The values of the current sources I3 and I are de-
termined by the device sizes and R, and R, respectively. In
the optimized design, I3 = 13.2 mA and Ip; = 8.5 mA. For
a given duty cycle D, the static driver conduction loss is

Pd,cond = Pd,cond,HS + Pd.condlS
= (Vin = Visms) Ig1 (1 = D) + (Vs 1) Ig3 D. (6)

Numerical values for the driver losses based on the simple static
model are calculated and given in Table III for three duty cycles:
0.25, 0.5, and 0.75. In practice, there are additional switching
losses, dominated by losses due to current spikes during switch-
ing transients and by losses due to charging and discharging
of gate and other node capacitances, as discussed further in
Section III-A.

Dynamic performance of the gate drivers in terms of turn-
ON and turn-OFF times is determined by two options available
to connect the driver to the gate of the power device: at the
top or at the bottom of the source degeneration resistor. The
connection for the low-side driver is chosen at the bottom of
Ry, to speed up the turn-OFF time of the synchronous rectifier
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TABLE II
SUMMARY OF DEVICE S1ZES AND COMPONENT VALUES

Qus, Qs Dys, Dis Wi Waqo

Wos Wou R, R, D, C

Active
Bootstrapped
Modified

10 x 125 pm
20 x 200 pm
20 x 200 1m

10 x 120 pm
20 x 100 pm
20 x 100 pem

2 x 25 pm
4 x 25 pm
4 x 25 pm

4 x50 pm
4 x 25 pum
4 x50 pm

3000 125Q - -
175Q - 2% 25um 126 pF
1000 75Q - -

2x25um 450 um

4 x25pum 4 x50 um

TABLE III
COMPARISON OF ESTIMATED CONDUCTION LOSSES IN INTEGRATED GATE
DRIVERS AND POWER STAGE DEVICE SIZE

Estimated Py conda [mW]

D 0.25 0.5 0.75 W [mm]

195
123
171

152
125
157

109 1.25
126 4
143 4

Active
Bootstrapped!
Modified

! Assuming the same low-side driver as the modified active
pull-up.

QLs and improve the ZVS low-to-high transition. In this case,
fast turn-OFF of ()i s helps the resonant transition that consists
of charging of the switch-node capacitance from 0 V to Vj,. If
the gate of Qs were connected to the top of R,, the slower
turn-OFF of the negative current through Q) s would increase
switching losses and reduce the energy available to complete
the resonant transition. With the connection shown, the turn-ON
transition of ()1 is slower. This is acceptable because QJrs is
turned on at zero voltage during the brief time interval when the
freewheeling diode Dy g is conducting.

The high-side driver connection is to the top of R;, which
in this case ensures both fast turn-ON and fast (but not fastest
possible) turn-OFF. During the turn-on transition of Qys, current
flows through 7 only, instead of ()7 and R;, providing the
fastest possible turn-ON of QQus. During the turn-OFF transition
of Qus, current flows through R; and (). Given the external
voltage source Vi pg and the initial voltage of the gate of Qus
(V418 = Vi), the large initial voltage across I, provides a
large negative gate current and fast turn-OFF even though R;
is in the current path. If the gate of QQus were connected to
the bottom of Ry, the turn-OFF would be even faster but at the
expense of increased gate-drive losses and risks associated with
temporarily exposing gate-to-source of Qys to exceedingly high
negative voltage.

Compared to a simple resistive pull-up driver [14], an ad-
vantage of the active pull-up driver is that in the OFF-state of
the high-side switch Qys, the high-side driver current is limited
to the current source value I, while (); still provides a low
impedance gate-to-source circuit when the high-side switch is
in the ON-state. A disadvantage of the active pull-up driver is
that Iy, flows from V;; = V4,, which increases the conduction
losses during the OFF-state of the high-side switch Qys, and the
switching losses during transitions.

The gate-drive circuit design amounts to a tradeoff between
power consumption and speed. For instance, making R; smaller
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Fig. 9. Simulated waveforms of the active pull-up driver: D = 0.5, I, =
250 mA, fy = 100 MHz.

results in a faster falling edge in the driving signal of Qpys,
at the expense of larger I, and larger power dissipated on
@1 and R;. Conversely, a larger R results in reduced power
losses in the gate driver, but longer fall and rise times in the
gate voltage for the high-side power transistor QQgs. Driving
signals with longer rise/fall times result in higher switching
losses in the power stage. Table II gives the parameters found
to minimize the total power loss. With the device sizes and
component values shown in Table II, the circuit in Fig. 4(a)
is simulated in AWR Microwave Office using detailed device
models, with a current sink I, = 250 mA connected to vy,
which resembles a synchronous buck converter with a large filter
inductor. The gate driver bias voltages Vi, gs and V, 1,5 are set
to —8 and —5 V, respectively. They are provided by external very
low-power voltage sources. The simulated waveforms are shown
inFig. 9, including driver input voltages vi, ps and vj, 1,5, switch
node voltage vy, and the gate-to-source voltages of the power
stage transistors operating at 100 MHz switching frequency.
Note that the rise and fall times of v,s waveforms as well as the
switch-node voltage vy, are all within 1 ns.
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(b)

Fig. 10.  Bootstrapped driver with half-bridge power stage: (a) schematic; and
(b) chip layout, 2.4 x 2.3 mm.

B. Bootstrapped Driver

As discussed in Section II-A, the active pull-up driver for
the high-side switch is supplied from the input voltage, Vg =
Vin- To avoid the power dissipation associated with the need to
supply the driver from the input voltage, a bootstrap scheme is
considered in this section. The schematic and the chip layout
of the bootstrapped driver integrated along with the half-bridge
power stage are shown in Fig. 10. Diode D; and bootstrap
capacitor C7, which are integrated on the same chip, allow a
significant reduction in the required gate-driver supply voltage
Vad-

As in the active pull-up driver, the high-side switch Qys
ON/OFF-state is decided by the state of the driver transistor Q5.
When @), is ON, Qys is OFF and vice versa. Simplified circuit
diagrams corresponding to the two states of the switches are
shown in Fig. 12. Consider the case when () is ON, Qys is OFF,
and Qrs is ON so that v, =~ 0. As described in Section II-A,
@1, together with the source degeneration resistor R, behaves
as a current source I, and Vg =~ 1 V is selected such that the
bootstrap capacitor voltage Vi1 =~ 0V, as shown in Fig. 12(a).
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Fig. 11. Simulated waveforms of the bootstrapped driver: D = 0.5, I, =
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(a) (b)

Fig. 12. Simplified circuit diagrams illustrating operation of bootstrapped
driver in two states of the switches: (a) Qus OFF, Qs ON, and (b) Qgs ON,
QLs OFF. The antiparallel diodes Dys and Dy g are not shown, for simplicity.

Consider next a transition to the state when Q)rs is OFF and
Qus is ON. After the low-side switch Q)i is turned OFF, Qo
can be turned OFF to initiate turn-ON of the high-side switch
Qus. Assuming hard switching operation, with ()2 OFF, I
charges the gate capacitance of QQus, which turns ON and, as
a result, the switch node voltage vy, increases. As the voltage
across ()1 drops, and current through @1 drops, ()1 becomes
fully ON, with small on-resistance R o, connecting Vo =~ 0
across the gate-to-source terminals of (Qys, thus completing the
turn-ON transition of the high-side switch. In ZVS operation, the
timing of the events is different, as vy, increases to V;, before
(- is turned OFF, but the gate driver operation is otherwise very
similar. With vy, = Vj,, diode D; is reverse biased, preventing
discharge of (.

The static conduction power loss for the bootstrapped driver
can be found as

Picond = Picond_ns + Pi,cond_Ls
= (Vaa — Visus) Io1 (1 — D) 4+ (=Vis1s) Igs D (7)

assuming the same low-side driver as in Fig. 13(a) is also imple-
mented, for a fair comparison. Since V4 is much lower, the best
design utilizes a larger I, current to produce faster transitions
and to reduce switching losses in the power stage. In this case,
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(b)

Fig. 13.  Modified active pull-up driver with half-bridge power stage: (a)
schematic; and (b) chip microphotograph, 2.4 x 2.3 mm.

11 is 13.5mA, compared to 8.5 mA in the active pull-up driver.
Device sizes and component values for the bootstrapped driver
are given in Table II. Numerical values for the static losses, for
different duty cycles, are given in Table III. The increased driv-
ing speed enables the use of larger power stage devices (Qus
and @rs) and allows higher output power, compared to the case
with the active pull-up driver. This circuit is simulated using
the same configuration described before for 7, = 500 mA, with
waveforms presented in Fig. 11. The gate driver bias voltages
Vs, ug of —8 V is provided by an external voltage source.

A clear advantage of the bootstrapped driver is that it op-
erates from reduced V4, which implies reduced static power
losses compared to the active pull-up driver. This, in turn, allows
a design with a larger bias current targeting faster transitions,
and allowing use of larger power-stage devices. As a result, the
overall efficiency and output power capability can be improved.
Another advantage of the bootstrapped driver is that it allows
positive gate-to-source voltages for the high-side switch. This
provides additional design flexibility, and the ability to use the
driver with enhancement-mode devices. A disadvantage of the
bootstrapped driver is the need for a relatively large capacitor
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QHS

OFF

Qrs

Fig. 14.  Simplified diagram for the operation of modified active pull-up driver:
(a) Qus ON, Q1 s OFF; and (b) Qg OFF, Q1 s ON. Dyg and Dy g are removed
for simplicity.

C'1, which must hold the required voltage during the time when
Qus is ON. An on-chip capacitor is implemented for minimal
parasitic inductance. However, an external bootstrap capacitor
may still be required, especially when switching at lower fre-
quencies. Because of the area taken by C7, and because of a
chip-size limitation, the circuit design in Fig. 10 does not in-
clude a low-side driver.

C. Modified Active Pull-Up Driver

To address disadvantages of the active pull-up and the boot-
strapped drivers, a novel modified active pull-up driver circuit
has been constructed, as shown in Fig. 13. Instead of using an
external voltage source V4, the high-side driver (drain of Q)
is simply connected to the switching node wvg,. This configu-
ration significantly reduces the driver power consumption by
taking advantage of the fact that the switching node voltage vy,
becomes approximately zero when Qys is OFF and Q) s is ON.

Fig. 14 shows simplified circuit diagrams illustrating opera-
tion of the modified active pull-up driver in the two switch states.
The operating principle for the high-side driver is as follows:
the gate-to-source voltage vy ns of Qus is equal to the source-
to-drain voltage of ) . In order to turn the high-side switch Qys
on, () is OFF, and ), is ON, which is represented by small on-
resistance g1 on in Fig. 14(a), and vg ps is approximately 0 V.
As a result, the depletion-mode high-side switch Qys is fully
ON. When @) is turned ON, the gate of Qys is pulled down to
Vis,iis < 0V, plus voltage drops across Q2 (Ig1Rg2,0n) and
1o Ry

Vg HS = Vvss,HS + (Rl + RQQ,on) ' IQI (8)

which is designed to be —5 V by the choice of I, R, and
Rg2.0n. as shown in Fig. 14(b). Once Qys is turned OFF, the
switch-node voltage vy is pulled down by the buck filter in-
ductor current (not shown) toward approximately 0 V, allowing
zero-voltage switching (ZVS) turn-ON of ()i s after a brief dead
time. The ()1 s turn-ON transition is initiated by turning the low-
side gate-drive transistor ()4 OFF. The dead time is selected to
minimize the time diode D g is conducting.
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Fig. 15. Simulation of the modified active pull-up driver: D = 0.5, I, =
500 mA, f; = 100 MHz.

In this case, current I is supplied from the switching node,
which is around 0 V, much lower compared to Vg5 = Vi, in
the active pull-up driver. As in the case of the bootstrapped
circuit, reduced driver losses allow overall improved efficiency
and higher output power capabilities. Table II gives the sizes of
transistors used in this circuit. The static conduction power loss
in the modified active pull-up driver is

Pd,cond - Prl,cond,HS + Pd,condLS
= (—Visus)Ig1 (1 — D)+ (—Visns) LosD. (9)

For this driver, I is 23.3 mA and I3 is 25.6 mA. The esti-
mated static driver conduction losses, for different duty cycles
are included in Table III. Simulated waveforms illustrating oper-
ation of the modified active pull-up driver are shown in Fig. 15.
Similar to the active pull-up driver, external voltage sources pro-
vide the gate driver bias voltages Vi gs and Vi, 15 of =8 V
and —5 V, respectively.

D. Comparison of Integrated Gate Drivers

Table II summarizes the device sizes and component values
used in the three presented designs of monolithic GaN power
stages chips with integrated gate drivers. All chip sizes are con-
strained to be the same (2.4 mm x 2.3 mm). Based on the design
optimization approach described in detail in the next section, the
device sizes and the parameter values are selected to minimize
the total power loss, including gate-driver losses, for a given set
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of operating conditions: Vi, = 20V, f; = 100 MHz, D = 0.5,
output power P, = 5 W for the chip with bootstrapped driver
and modified active pull-up driver, and P, = 2.5 W for the chip
with active pull-up driver. Because of the increased gate-driver
power consumption, the active pull-up driver uses the smallest
bias currents, i.e., the largest Ry and Rs. As a result, the active
pull-up driver sourcing capabilities and the resulting switching
speeds are the lowest. To achieve the best compromise between
switching and conduction losses, the power devices in the chip
with the active pull-up drivers are the smallest in size, i.e., have
the smallest gate periphery W. The bootstrapped driver employs
arelatively large bootstrap capacitor, which is why no space was
available on the chip to include the low-side driver.

Based on (6), (7), and (9), Table III compares the estimated
conduction losses in the three integrated gate drivers. Note that
the power-stage device size W is the smallest on the chip with
the active pull-up drivers. Although the active pull-up driver is
designed to have the lowest bias current, it still has the largest
driver loss at D = 0.25. The modified active pull-up driver es-
timated conduction losses are slightly higher than in the boot-
strapped driver because the modified active pull-up drivers al-
low the largest bias currents, and therefore, the fastest switching
speeds. Compared to the bootstrapped driver, additional advan-
tages of the modified active pull-up driver are that there are no
needs for the additional auxiliary supply voltage V;; and a large
bootstrap capacitor. As a result, the chip area for the high-side
driver is reduced by 80%. Therefore, the modified active pull-up
driver design is simpler, requires a smaller footprint, and allows
operation over wide range of frequencies without the need for
an external bootstrap capacitor.

III. LoSS MODELING AND DESIGN OPTIMIZATION

As noted in Section II, the device sizes and the parameters in
monolithic GaN power stages with integrated gate drivers can
be selected to minimize total losses for given operating con-
ditions. This section presents details of the loss modeling and
optimization process, which extends the approach presented in
[12] by inclusion of gate-driver losses, and more detailed power-
stage loss models. The optimum design makes the best trade-
off between switching and conduction losses, which depends
on the selected gate-driver configuration. Details are presented
for the monolithic GaN chip design using the modified active
pull-up driver. Similar loss models and the design optimization
approach apply to the chips with the other integrated gate-driver
configurations presented in Section II.

A. Loss Model

The loss mechanisms taken into account in the loss model are
as follows:
1) power stage conduction loss P,:
a) conduction loss due to ON-resistance: P, Ron;
b) reverse conduction loss P ;v .
2) power stage switching loss P;:
a) turn-ON loss P oy, in cases of hard switching or
partial ZVS;
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b) turn-OFF loss P ¢, taking into account non-zero
current at turn-OFF,;
total power stage devices loss Py, = P, + Pi.
3) inductor loss P, including dc and ac loss, P, 4. and
Pr ac, respectively.
4) integrated gate driver loss Py:
a) static conduction loss Py cond;
b) switching loss Py gy .
The total loss is then given by

The loss model details are presented next.
1) Power Stage Conduction Losses: Conduction loss due to
ON-resistance can be found as

an

1
Pc,R,on = (If + 3A22L> Ron,d

where R, q is the effective dynamic ON-resistance [25], I, is the
average output current, and Aiy, is the inductor current ripple.
The reverse conduction loss can be expressed as

1 1
Pc,rev = §VFIpAtdfs + §VF|IU‘Atdf5 + VFIpton,lsfs (12)

where V- is the reverse voltage drop (Schottky diode forward
voltage drop); I, and I, are the inductor peak and valley current,
respectively, fs is the switching frequency, and ¢,y 5 is the rise
time of the vy, waveform produced by the low-side driver. The
first two terms are related to the limited dead-time resolution
At,, which necessitates a minimum reverse conduction time.
On average, the dead-time quantization error is 1/2 - At,;. The
last term is associated with the turn-ON speed of the low-side
power device (Jrs, assuming the rise time of the low side driver
is ton,ls-

2) Power Stage Switching Losses: The turn-ON switching
loss is considered to be determined solely by charging or dis-
charging of the equivalent switching node capacitance Ciy,
which is the sum of the two output capacitances Cys of the
transistors, the diode capacitances and the additional capaci-
tance introduced by the chip package and the printed circuit
board (PCB) traces [12]. Since the switch-node voltage high-to-
low transition is always a ZVS transition, only the low-to-high
transition is considered, including three cases.

1) Complete ZVS transition
Ps,on =0 (13)

which is subject to the following three ZVS conditions:

J, <0 (14)

VJ:2+D? > 1-D (15)

try = aL < td#max (16)
Wo

with 4 ,.x being the maximum allowed dead time, set to
10% of the switching period, and where .J, is the normal-
ized inductor valley current at the start of the resonant tran-
sition, J, = I,n/L/Csy/Vin. wo = 1/v/LC is the resonant

frequency in radians.
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Fig. 16.
sentation.

(a) Example waveform for partial ZVS; and (b) its state plane repre-

2) Hard switching

1
P@,on - icswvlz fs (17)
where C, is the total equivalent switching node capacitance.
3) Partial ZVS

Ps,on = %Csw(vinmresy.fs
myes being the fraction of voltage remaining in Cy,, when the
resonant transition ends.

An example waveform and the state-plane diagram corre-
sponding to a partial ZVS transition are shown in Fig. 16. In
this case, the ZVS condition (15) is not satisfied, and m,.s can
be written as

(18)

Myes = 1 — D — £/ J2 + D? (19)

for D < 0.5. When the ZVS condition (16) is not satisfied, mqg
becomes

Myes = 1 — D — +/J2 + D?

—1 D td,max
+COS [T — COS —
JE + D? \/LCSW

The turn-OFF loss, due to finite switching speed and nonzero
power switch current at turn-OFF can be estimated as
Pyog = Tpnstonte | Ligpf ey
24Cy 24Cy 2 0P

where ¢z and ¢y are the current turn-OFF times for the high-
side Qus and the low-side Qs switches, respectively, and L,
is the total parasitic inductance in series with the half-bridge
switches due to chip package and PCB traces. Compared to [26],
where more accurate and more complex models are presented
to address parasitic inductances, a relatively simple model that
accounts for energy stored in the parasitic inductances is em-
ployed here. As gate-driver integration greatly mitigates the
effects of parasitic inductances, the simple model is found to be
sufficiently accurate and suitable for design optimization. Ex-
pression (21) assumes that the device channel current transitions
to zero as a linear function of time during ¢z (or ¢z ), while the
total device current remains constant and equal to I, gg (or I,,).

(20)

2
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Fig. 17. Assumed voltage and current waveforms of ()3 for low-side driver
switching loss estimation.

In particular, in the modified active pull-up driver, during turn-
OFF transition, the peak driver current /4 i also flows through
the power stage high-side device. As a result, the peak current
in the power stage high-side device is given by

Iyus = I, + 14 pk.- (22)

3) Inductor Losses: The average power loss in the inductor
is found using Fourier series expansion:

1 ( Vi sin(nmD)
2 \ fsL

where R, is the effective resistance at frequency f;,, calculated
based on the inductor QQ-factor versus frequency plot provided
by the inductor manufacturer, and D is the duty cycle. Consid-
ering the (Q-factor versus frequency curves of high-Q air-core
inductors [27], [28], it is sufficient to include the first five har-
monics in (23). Given the empirical nature of the equivalent
resistance R,,, (23) accounts for all ac losses, including skin
and proximity effects.

4) Driver Losses: The static conduction loss for the modi-
fied active pull-up driver is given by (9) in Section II-C. Consider
first switching losses Py s 1,5 in the low side driver. The power
loss for charging and discharging the gate of the power stage
device (1 s can be expressed as

Pyqrs = Cas s Vg2 fs

where Cys 1,5 is the charge-equivalent gate-to-source capaci-
tance of (s, and V, is the gate-drive voltage swing (5 V). It
can be seen from Fig. 13(a) that the driver transistor (), is hard
switching, and the loss associated with its equivalent output
capacitor is

Pp =1I2Ryp qc + Z

n=1

n2m?

2
) R, (23)

(24)

Pi.gs = Casa(—Vis18)2 fs.

Referring to Fig. 13(a), the low-side driver transistor Q3 is
operating in either saturation or linear region, and the switching
loss associated with (03 switching is given by

(25)

1
Piqs= Cu3(IgsR2) fs + Cdsﬁ?)‘/ngs + 2. EIQS‘/gtO.fs
—_— Y . ,

Cds loss transition loss

Cgs loss
(26)

where the last portion of the loss is calculated based on the
waveforms shown in Fig. 17.
Finally, the total low-side driver loss is

Pi1s = Pycondrs + Paqus + Paqa + Pigs.  (27)
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The high-side driver loss can be found following similar rea-
soning. The loss due to the high-side power device Qus gate
charge is

Py qus = Cgs s Vgg fs-

where Cys 115 is the charge equivalent gate-to-source capacitance
of Qus. The switching losses of (J; and @; can be written as

Piq2 = Caso(Viaa — Visus)? fs (29)

(28)

1
Pior=CeiloiB1)*fs + Casi Vi fs + 2la1Vyto fo - 30)
SN——— N——— N ,

Cgs loss transition loss

C'ds loss

Referring to Fig. 13(a), note that (); goes into complete OFF-
state when @)y is turned ON, due to the current spike of dis-
charging the gate of Qus. Therefore, the transition loss in (30)
is one half of the corresponding loss component in (26).

The total loss for the high-side driver is

Pyus = Pyconans + Pyqus + Piqg2 +Pigi- (31

B. Efficiency Optimization

The design optimization problem is to find the design param-
eters expressed in vector form as

X =[Wo1 Wga Wos Woi R RW] (32

so that the total loss F; is minimized for a given set of operating

conditions. Wg through Wy, are gate peripheries for transis-

tors ()1 through 4, respectively, and W is the gate periphery

for both the high-side and the low-side power stage devices.
The driver loss is directly a function of X

P, = Py(X). (33)

However, the power stage loss P, is a function of timing
parameters and I; i, lumped together into vector Y

Y = [tonrs tor tom Lipk- (34)

In order to setup the optimization problem, a relation between
X and Y needs to be established, i.e., it is necessary to find
Y = f(X) so that the total loss can be found in terms of the

design parameters
Py = Py(X) + B (f(X)) = P(X). (35)

The function f(X) is approximated using RC' time constants

ton,ns = 2(R2 + Ro3,0n)(Cysns + Cas,04) (36)
tor = 2RQ4.0n(Cos s + Cas,04) (37)
tor = (Ri + Rg2,0n)(Cosuis + Cas,01) (38)

2Qui s 2(C Ca01)V, 2V,

Tipe = Qoriis _ 2(Cyns + Cas@)Vy 2Vy 39
’ tom tor Ry

The factor of 2 approximates the rise time (10-90%) in an RC
circuit as ?, ~ 2.27 for the low-side driver timing 7o, 15 and
tor, . For the high-side driver ¢y, however, 1 - 7 is used because
the initial voltage across the high-side driver before QQys turns
OFF is much higher (Vi, — Vis ng), as shown in Fig. 13(a).
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Fig. 18.  Optimum driver parameters for maximum total efficiency with Vin =
20V, R =20, and L = 47 nH: (a) Ry and Ry; and (b) Wg 1, Wga, Wo3,
and Wgy.

As one of the main benefits of on-chip integration, the par-
asitic inductances between the gate drivers and the power de-
vices are negligibly small. The lengths of on-chip interconnects,
which can be viewed as microstrip transmission lines, are very
small, between 0.1 and 1 mm. The resulting parasitic induc-
tances are in the order of 0.1-0.3 nH from 100 MHz to 1 GHz.
Simulations of circuit performance with parasitic inductances
included in the gate drive path verify that the effects can be
safely neglected even in the VHF range of operation.

The design optimization problem can now be solved nu-
merically using a nonlinear constrained optimization method.
A constraint for the minimum transistor gate periphery is
Whin = 0.1 mm. The operating points considered assume input
voltage Vi, = 20 V, switching frequency f; = 100 MHz, and a
fixed load resistance R = 20 2 in Fig. 1. A 47-nH inductor is
selected such that the low-to-high ZVS transition takes 7.5% of
the switching period when D = 0.5 and Py, = 2.5 W. The non-
linear constrained optimization problem is solved over a range
of duty cycles D resulting in a range of Pyy.

Fig. 18 shows how the optimum driver parameters vary over
the considered range of output power. The optimum driver pa-
rameter values for three duty cycles 0.25, 0.5, and 0.75 (corre-
sponding to P, of approximately 1.2, 5, and 11 W, respectively)
are given in Table I'V.

In order to gain more insight into the significance of each
design parameter, another set of plots are obtained by varying
only one parameter at a time, while keeping the other parameters
at the optimum values obtained for D = 0.5. The resulting driver
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TABLE IV
OPTIMUM AND ACTUAL USED DEVICE S1ZES AND COMPONENT VALUES

R 1 Rz VVQ 1 H/Q 2 I/VQ 3 VVQ 4 w

[©@ @ [(mm] [mm] [mm] [mm] [mm]
D =0.25 174 98 0.10 0.23 0.11 0.25 2.0
D =05 65 80 0.10 0.42 0.14 0.39 3.6
D =0.75 32 75 0.10 0.49 0.15 0.52 53
Actual 100 75 0.1 0.2 0.1 0.2 4
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Fig. 19. Driver loss, power stage loss, and total loss when varying one param-

eter at a time and keeping other parameters the same as the optimum values at
D = 0.5:(a) Ry and (b) Rs.

loss, power stage loss, and total loss are given in Figs. 19 and 20.
The fact that the loss curves are relatively flat implies that the
optimum design is not very sensitive with respect to individual
parameter values or, equivalently, uncertainties in loss models.
For example, from Fig. 19, it can be seen that the total loss does
not change much for any R; and Ry in the range of 50-100 (2.
From Fig. 20(a), it follows that the minimum size for ¢}y is
preferred to minimize the total loss. In addition, the acceptable
sizes for () and ()4 are any values greater than approximately
0.2 mm. The optimum power stage device size W is in the range
of 2.5-4 mm, as shown in Fig. 20(e). These conclusions are
consistent with understanding of how various parameters affect
operation of the driver. Fig. 19 shows that larger R; and R»
result in lower driver static current, and therefore, lower driver
power consumption; however, the power stage loss increases
due to increased switching losses associated with longer rise/fall
times. From the driver schematic in Fig. 13(a), it is clear that
larger Wq1, W2, Wgs, and W4 provide lower ON-resistances
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Fig. 21.
for each switching frequency.

TABLE V
LosS MODEL PARAMETERS

Rona Vp Ciw ton,Ls tor tor to

08Q 09V 11.6pF  Ins  300ps 500ps 200 ps

and faster transitions, but result in larger device capacitance and
higher driver switching losses.

The actual values used in the final chip design using the
modified active pull-up driver are given in Table IV based on
the optimum parameter values found for D = 0.5, with further
adjustments made based on the aforementioned considerations
to simplify layout and to fit the layout into the available chip
area. The corresponding loss model parameters are summarized
in Table V.

(a) Optimum power stage device size; (b) maximum power stage, and total efficiency including integrated driver loss; and (c) selected inductor value

C. Efficiency Performance as a Function of Switching
Frequency

The design optimization approach has further been applied
to examine the achievable efficiency as a function of switching
frequency. Fig. 21 shows the optimum power device size and
the corresponding peak total efficiency of the converter with the
modified active pull-up driver, for D = 0.5 and Py, = 5 W over
the frequency range of 40-200 MHz. For each frequency, the
chip parameters are optimized, and the inductor is selected such
that the low-to-high ZVS transition is 7.5% of the switching pe-
riod at Py, = 2.5 W. The inductance as a function of frequency
is shown in Fig. 21(c). In the results shown, inductor losses
are excluded. A dip in the curves can be seen around 75 MHz,
which is due to partial ZVS operation at frequencies greater than
75 MHz.

At 40 MHz switching frequency, the model predicts 93%
power-stage efficiency and 90% total efficiency at 5 W output
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Fig. 22.  Synchronous buck converter prototype with the GaN chip using the
modified active pull-up driver.
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Fig. 23.  (a) Measured control signals at the input stage: vin,gs and vip,L.s at
vin = 0V, fsw = 100 MHz, and the sketched gate-to-source voltages vgs 11s
and vgs 1s; and (b) switching node voltage with ZVS, vgw, at vin = 20 V,
Vout = 14V, Poyt = 2.2 W, fsw = 100 MHz, with the same sketched gate-to-
source voltages vgs 1s and vgg 1s-

power. At 100 MHz, the predicted power-stage efficiency is 89%
and the total efficiency is 86%. At 200 MHz, the efficiencies drop
to 85% and 81% for the power-stage and the total, respectively.

IV. EXPERIMENTAL RESULTS

The converter chips, fabricated and packaged using 20-pin
4 x 4 mm QFN packages, are used to build three 20 V, 5 W
synchronous buck converters operating at 100 MHz switch-
ing frequency. Pulsewidth-modulated (PWM) control signals
with 125 ps duty-cycle resolution are generated using an Altera
Stratix IV FPGA. The control signals are transmitted through
level shifter matching networks to obtain the desired voltage
swings for the integrated converter chips. Filter components ca-
pable of operating at high frequencies are selected: low-ESR
decoupling and output filtering capacitors (American Technical
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Fig.24.  Switching node voltage with partial ZVS, vsw, at vin = 20 V, vout =
14V, Pout = 2.7 W, fsw = 100 MHz.

(b)

Fig. 25. (a) Switching node voltage with ZVS, vgy, at vip = 20 V, voy =
10V, Pout = 2 W, fsw = 100 MHz; and (b) switching node voltage with hard-
switching (no ZVS), vgw, at vip = 20 'V, voy = 10 V, Poyy = 3.8 W, fow =
100 MHz.

Ceramics), and high-@ air-core inductors (1812SM series from
Coilcraft).

Four-layer PCBs are designed to minimize the switching node
parasitic capacitance and trace inductances, similar to the de-
signs described in [12]. Fig. 22 shows a prototype with the
modified active pull-up driver. The other two prototypes are
similar.

Fig. 23 shows the control pulses vi, HS, Vin,1.s and the switch-
ing node voltage vy, at D = 0.75, 2.2 W output power and
100 MHz switching frequency, where the gate-to-source wave-
forms vesns and g 15 are sketched to help verify ZVS op-
eration according to the timing obtained by simulations. The
waveforms are well-behaved with noticeable ZVS transitions
observed in Fig. 23(b). At 2.7 W output power, partial ZVS
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(¢c) fs = 10 MHz, 538-nH inductor.

occurs, as shown by the switching node voltage waveform in
Fig. 24. At the beginning of the rising edge, a resonant transition
with lower slope is observed first, followed by a hard-switching
transition and larger ringing. Fig. 25 shows additional switching
node voltage waveforms at D = 0.5. A resonant ZVS transition
can be observed at the rising edge in Fig. 25(a). When soft-
switching is completely lost, larger ringing can be observed in
the switching node voltage, as shown in Fig. 25(b). This ringing
is due to a resonance between bonding wire inductances and
on-chip and off-chip capacitances at the switching node and the
supply node. On the chip die, however, the ringing amplitude
is limited by the integrated antiparallel Schottky diodes and

likely smaller in amplitude compared to the ringing observed
externally using a scope probe. No adverse effects have been
observed in the operation of the gate driver circuitry due to hard
switching.

Efficiency is measured at 100 MHz switching frequency, and
20 V input voltage, at several duty cycles (0.25, 0.5, 0.75), and
output power levels, up to 7 W. The output filter includes a
47 nH inductor, which allows ZVS within a range of operat-
ing conditions (up to about 3 W at D = 0.75), when proper
dead times are applied in the control signals. Fig. 26 shows
the measured efficiencies for the three prototypes. Power-stage
efficiencies are shown as bold dotted lines; total efficiencies,
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Fig. 29. Buck converter measured versus calculated power stage efficiency at 20 V and f; = 100 MHz, with: (a) 39-nH inductor and (b) 27-nH inductor.

including on-chip gate driver losses, are shown using thinner
solid lines. For all three power stages, efficiencies peak above
90%. The active pull-up driver has the lowest power-stage effi-
ciency, as shown in Fig. 26(a), due to the higher on-resistance
of the smaller power-stage devices, selected as a compromise
against the driver power losses. The converter with the modified
active pull-up driver has the highest power-stage efficiency over
a wide range, as shown in Fig. 26(c). In terms of total efficiency,
including gate driver losses, the bootstrapped driver performs
the best, as shown in Fig. 26(b), but this is because this chip
does not include the low-side gate driver.

Voltage conversion ratio plots are given in Fig. 27, where duty
cycle D corresponds to the FPGA command value. As a result
of losses, ZVS, and other timing imperfections, the actual con-
version ratio p = Vi / Vi, tends to drop when the load current is
increased. The prototype with the modified active pull-up driver
exhibits the most favorable characteristics: flat conversion ratio
curves with © =~ D over the widest range of currents. This sim-
plifies control and signal predistortion, especially in envelope
tracking applications [12], [19].

In order to verify the power stage loss model, the converter
performance is measured at three different switching frequen-
cies (100, 40, and 10 MHz), and at several duty cycles (0.25,
0.5, and 0.75) over a range of output power levels. The out-
put filter includes a 47 nH (or 90 nH, or 538 nH) inductor for
100 MHz (or 40 MHz, or 10 MHz), respectively. In addition,
the converter is measured at 100 MHz switching frequency with
two other inductors: 39 nH and 27 nH, for further verification.
In Figs. 28 and 29, the measured power stage efficiencies are
shown as markers, whereas lines represent the loss model pre-
dicted efficiencies. A good agreement can be observed between
the experiments and the analytical model.

A loss budget for the converter operating at 100 MHz switch-
ing frequency, 0.75 duty cycle with 47-nH inductor is shown in
Fig. 30, for two output power levels in order to compare ZVS and
hard-switching operation. The loss model attempts to include all
major loss mechanisms but is still simple enough to allow design
optimization. Up to about 11% of loss is not accounted for by
the loss model. Discrepancies between the model and the mea-
sured results can be ascribed to (a) approximations employed
and modeling errors, and (b) second-order loss mechanisms.

Not modeled
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Fig. 30. Power stage loss break-down at 20 V, D = 0.75 and f; = 100 MHz
with 47 nH inductor: (a) Poyt = 2.3 W, ZVS; and (b) Poyt = 5 W, hard switch-
ing. Values below 1% are not shown.
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TABLE VI
PREDICTED VERSUS MEASURED DRIVER LOSS FOR MODIFIED ACTIVE
PULL-UP DRIVER

D 0.25 0.5 0.75

Estimated P; [mW] 204 194 184
Measured P; [mW] 206 192 180

The unmodeled effects include the temperature dependence of
on-resistance and losses associated with capacitor ESRs. For the
ZVS case, conduction loss, including reverse conduction, dom-
inates, as shown in Fig. 30(a). For the hard switching case, both
conduction loss and switching loss are significant, as shown in
Fig. 30(b). Finally, good agreement between the estimated total
driver loss (including switching loss) and the measured data can
be observed in Table VI.

V. CONCLUSION

Integration is a key step in utilizing advances in GaN tech-
nologies and enabling efficient switched-mode power conver-
sion at VHE. This paper addresses integration of gate driver
circuits with half-bridge power stages in a depletion-mode GaN-
on-SiC process, targeting VHF PWM dc—dc converters. Three
gate driver circuit topologies are considered and compared: an
active pull-up driver, a bootstrapped driver, and a novel modified
active pull-up driver. Circuit operation and design tradeoffs are
described for the three gate drivers. An analytical loss model
is developed and used to optimize the monolithic GaN chips,
which are then used to construct 20 V, 5 W, 100 MHz syn-
chronous buck converter prototypes. The converter prototypes
are tested at various duty cycles and output power levels. The
loss model and the design optimization results are verified by
experimental results. Power stage efficiencies peak around 91%
for the chips with the bootstrapped and the modified active pull-
up integrated drivers. The modified active pull-up driver is found
to be the best suited for the depletion-mode process. It requires
the smallest area (80% reduced gate-driver area compared to the
bootstrapped driver), and results in the power-stage efficiency
above 90% over a wide range of operating points. The mono-
lithic GaN chip with the modified active pull-up driver shows
the best performance in terms of voltage conversion ratio, total
efficiency, and overall simplicity.

The results presented in this paper demonstrate feasibility
of high-efficiency VHF PWM dc—dc converters based on high
levels of integration in a GaN process, and the use of air-core
inductors. Directions open for future work include scaling to
higher power and voltage levels, as well as design and im-
plementation of controller chips to support PWM switching at
VHE.
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