IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

9503

An Integrated Driver With Bang-Bang Dead-Time
Control and Charge Sharing Bootstrap Circuit for
GaN Synchronous Buck Converter

Ching-Jan Chen

Abstract—This article proposes a high-frequency integrated gate
driver for gallium nitride (GaN) synchronous buck converter. The
proposed adaptive bang-bang dead-time control minimizes dead-
time at any load condition. Thus, it mitigates the excessive power
loss caused by GaN device reverse conduction in high-frequency ap-
plications. The proposed charge sharing bootstrap circuit ensures
sufficient gate overdrive voltage with reduced chip area. Fabricated
in a TSMC 0.25-pm BCD process, the driver integrated circuit
enabled GaN-based buck converter to operate at 10 MHz switching
frequency with minimal dead-time to as low as 0.4 ns under light
load and heavy load conditions. Compared with fixed dead-time
control, the proposed work improves around 5% efficiency under
heavy load condition. The fully integrated bootstrap circuit with
100 and 60 pF (HV) capacitor obtained the lower than 0.6 V driving
voltage drop with only 45 % capacitance and around half of the volt-
age drop compared with a conventional bootstrap circuit. Besides,
the proposed driver successfully tackled the parasitic ringing and
dead-time overcharging issues in the GaN converter.

Index Terms—Bang-bang control, bootstrap circuit, buck
converter, dead-time, driver, gallium nitride (GaN).

1. INTRODUCTION

ALLIUM nitride (GaN) synchronous buck converter fea-
G tures high efficiency and high power density than silicon
counterpart. GaN is a high electron mobility transistor with low
on-resistance, low parasitic capacitances, and high breakdown
voltage characteristics [1], [2]. Compared to silicon, a GaN
device allows more efficient power conversion at high switch-
ing frequency operation [3]—[5]. Thus, GaN is suitable for the
space-constrained and fast response required applications such
as fifth-generation (5G) telecom power and industrial power
supplies. Fig. 1 shows the circuit diagram of the widely used
synchronous rectifier buck converter, where high side switch
Qg and low side switch Qy, are discrete GaN devices.
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Fig. 1. GaN synchronous buck converter with fixed dead-time control.

Minimizing dead-time can improve the efficiency of a high-
frequency GaN synchronous converter. High-to-low dead-time
is the period between the falling edge of switching node voltage
V and the rising edge of low side switch Vg qr,. A fixed dead-
time control [6]-[10] is often used to avoid high side switch and
low side switch shoot-through or hard-switching. However, the
high-to-low dead-time would be larger when the load increase,
as shown in Fig. 1. It is because inductor current determines Vy
slew rate during high-to-low dead-time. The extended dead-time
at heavy load would cause additional reverse conduction loss,
especially severe for GaN power devices. GaN device does not
have a body diode. As shown in Fig. 2, the GaN device has a
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Fig. 2. Reverse current versus source drain voltage of GaN device EPC8009.
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Fig. 3. Conventional buck converter with bootstrap circuit (a) schematic
(b) relationship between gate-source voltage and on-resistance [11].
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Fig. 4. Gate driving issue with the off-chip capacitor.

larger reversed bias voltage drop than the Silicon device (typical
0.7 V), and the voltage drop increases as the output load increases
[11]. Thus, dead-time needs to be minimized especially for high-
frequency operation.

Besides, a GaN device with enough gate overdrive voltage is
important for achieving high efficiency. Since the GaN device
only has the n-type structure, a bootstrap circuit must provide
the suitable gate overdrive voltage for the high side switch.
The gate-source voltage Vg4 qu is related to the on-resistance
of the GaN device Qy, which is shown in Fig. 3. As Vg
increases, the on-resistance of the GaN device would be reduced.
Therefore, maintaining the suitable V4 value is one of the main
issues for GaN driver applications. A large bootstrap capacitor is
needed to get the lower voltage drop on the gate-source voltage.
A general method is choosing the off-chip capacitor since the
cost of the chip area would be decreased. Nevertheless, using
the off-chip capacitor would have a problem in high-frequency
applications, as shown in Fig. 4. The extra parasitic inductance
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of bonding wire and printed circuit board (PCB) due to the
off-chip capacitor would cause a larger voltage spike on V.
Therefore, the on-chip capacitor is required to avoid possible
gate breakdown of the enhancement-mode (E-mode) GaN de-
vice. Therefore, this work focused on the two issues of driving
E-mode GaN device, first, reverse conduction loss caused by the
high-to-low dead-time; and second, GaN gate voltage drop due
to the small on-chip bootstrap capacitor.

Literature for GaN-based converter with adaptive dead-time
control or charge sharing bootstrap is limited. The work in
[6]-[10] and [12] do not implement adaptive dead-time control.
The dead-time controls in [13]-[16] are applied to the monolithic
Si-based converter, which does not need to manage the ringing
in Vy and Vg waveforms. The adaptive control in [17] is not
illustrated clear, and the dead-time varies with loading from
0.9 ns to 3.9 ns for the load range between 0.1 and 1.2 A.
Thus, minimized dead-time is not achieved. In [18] and [19],
dead-time optimization based on switching model is proposed.
In [20], the charge sharing technique drives the on-chip NMOS
transistor output stage, which is not for discrete GaN half-bridge
switches.

This work proposes an adaptive dead-time control by bang-
bang control loop to reduce reverse conduction loss effectively.
The proposed control minimized the high-to-low dead-time by
locking switching node (V) and low side Vg qr, waveform.
Specific sensing for dead-time control is also designed to avoid
the voltage spike issue in high-frequency GaN converter. Com-
pared to [13], a pair of inverters are replaced by a comparator
to sense more accurate voltage because of a lower threshold
voltage of the GaN device. This work also proposes the charge
sharing bootstrap circuit to drive the discrete GaN device in
the synchronous converter and ensure sufficient gate overdrive
voltage with reduced chip area. Using the HV capacitor and
the input voltage, the GaN device would be turned ON with a
smaller Vgs voltage drop using a smaller on-chip capacitor area.
The proposed circuit also solved the overcharge issue on the
bootstrap capacitor during dead-time in GaN applications. The
implemented synchronous buck converter with 12 V input and
10 MHz switching frequency suits 5G telecom power [21]-[23],
and industrial power supplies for real-time microcontrollers
[24], [25]. Based on Fig. 2, the buck converter suffers more
dead-time loss as output current increases. That means the
proposed dead-time control can be applied to high output current
applications such as server power in the future.

II. SYSTEM OVERVIEW

The system architecture of the GaN-based synchronous buck
converter with the proposed gate driver is illustrated in Fig. 5.
The gate driver IC has two main blocks: bang-bang dead-time
control and the bootstrap circuit with charge sharing. The bang-
bang dead-time control gate driver, which includes comparator
sensing, delay time modulator, and dead-time generator, can
reduce the reverse conduction loss by minimizing the high-to-
low dead-time. Two enhancement-mode EPC8009 GaN FETs
Qmu and Qr, are employed as power switches. This GaN device
is chosen because it is the most suitable one in voltage level
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with a SPICE model for IC co-simulation. They are driven by
high side and low side gate drivers with gate signal Vgp and
Va1, respectively. The duty signal is provided externally. The
dead-time modulator generates high side driver and low side
driver control signals Vcyr and Vcy,. The level shifter is utilized
to transfer duty signals from the low voltage domain to the high
voltage bootstrap domain.

The bootstrap circuit with charge sharing capacitor generates
sufficiently high Vi, With reduced on-chip capacitor area for
high side gate driver. One low voltage bootstrap capacitor and
one high voltage bootstrap capacitor can share their charges by
a switch to avoid large bootstrap voltage drop during driving.
The bootstrap capacitor is designed fully on-chip to reduce the
gate-loop parasitic inductor, which may cause V, switching
spike.

III. PROPOSED GAN DRIVER WITH BANG-BANG
DEAD-TIME CONTROL

The block diagram of the proposed GaN driver with bang-
bang dead-time control is shown in Fig. 6. The dead-time
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Fig. 7. Operation waveform of dead time control.

control sub-blocks include comparators, dead-time detection,
bang-bang control, charge pump, and dead-time generator. Since
the dead-time from low-side power switch turn-OFF to high-side
power switch turn-ON does not change with loading [2]. The
proposed control only adjusts the high-to-low dead-time (from
high-side power switch turn-OFF to low-side power switch turn-
ON) to reduce control complexity. The proposed dead-time con-
trol can also be applied to minimize low-to-high dead-time by
adding another bang-bang control to the low-to-high dead-time
generator.

A. Operation Principle of Dead-Time Control

The operation waveform is shown in Fig. 7. The waveform
shows the operation when dead-time control is enabled at light
load, and then a light-to-heavy load change happens. The ideal
high-to-low dead-time control shall let Vx falling edge be syn-
chronous with Vg 1, turn-ON timing, which means almost no
high-to-low dead-time. Since the power switch would turn-ON
when Vg reaches the threshold voltage (Vyy,), low side GaN
FET Vg q1, and voltage level Vy,, are fed to a comparator to
get real turn-ON timing. The switching node (Vx) is also fed to a
comparator. Two comparator outputs (Vi oyt and LG our)are
fed into the dead-time detection block to generate compensation
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signals (UP and DN). If V falling edge is before V4 g1, turn-ON
timing, UP signal would be high during the dead-time. On the
contrary, if Vx falling edge is after V4 1, turn-ON timing, DN
signal would be high in the overlap region. Equation (1) shows
the key logic equation of the dead-time detection block.

DN = LG_OUT : VX_OUT : DUty_inv
UP = LG our - Vx our - Duty iny

ey

When Vx_OUT, LG_OUT, and Duty_inv are high, the
high-to-low dead-time occurs. In contrast, when Vx_OUT and
LG_OUT are low and Duty_inv is high, the high-to-low overlap
region occurs. UP and DN signals would be sent to the charge
pump to control the voltage of C, (V). Then, the delay genera-
tor would vary the dead-time based on V¢ to minimize DN and
UP pulse widths. However, an issue is that DN and UP signals
would compensate the V¢ slowly because of the small pulse
widths of UP and DN. In order to get a fast loop response,
bang-bang control is used to extend UP and DN signals to
be UP_out and DN_out. Hence, V¢ would adjust faster with
bang-bang control, as shown in Fig. 7. The side effect is that
V¢ will have a ripple at steady-state, which causes a dead-time
variation range at steady-state, as will be shown in Figs. 14
and 26.

The voltage-controlled dead-time generator adjusts delay
according to V. Fig. 8 shows the circuit implementation of
voltage-controlled delay line Tgelay in the dead-time generator.
Fig. 9 shows the relationship between controlled voltage V¢
and delay time of the voltage-controlled delay line in Fig. 8.
When V¢ is high, the resistance of Mpj3 is large, which means
the RC time constant can be approximated as the product of
Mp; on-resistance and parasitic capacitor of the VA node. When
V¢ is low, the resistance of Mpgs is small, which means the
RC time constant can be approximated as the product of Mp;
on-resistance, parasitic capacitor of the V node, and Cq4. Thus,
the delay would be increased.

B. Signal Sensing for Dead-Time Control in High-Frequency
GaN Converter

Signal sensing for dead-time control in high-frequency GaN
converter is critical because of high voltage spikes and ringing.
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Fig. 9. Controlled voltage versus delay of the voltage-controlled delay line in
Fig. 8.

Fig. 10.  Block diagram of signal sensing and equivalent circuit of power stage.

Fig. 10 shows the block diagram of signal sensing and the
equivalent circuit of the power stage considering the parasitic
inductances of PCB and IC wire bonding. As shown in the
simulation result in Fig. 11, it would have an obvious voltage
ringing on Vy during switching transition, which may cause
false identification of dead-time. Therefore, A SR latch is added
after the comparator output Vcown. It successfully clamped the
comparator output after sensing Vy falling edge, as shown in
Fig. 11.

Moreover, the Kelvin sensing method is used to get a cleaner
LG gense waveform. A large voltage spike appears on LG sensing
signal since a large and high-slew-rate driving current I, would
pass through the parasitic inductance of IC bonding. Instead,
LG sense waveform is cleaner because of the very lower di/dt
of Igense ON the sensing path. As shown in Fig. 12, the voltage
spike in LG signal does not appear in LG gepse, and a correct
dead-time can be sensed.
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C. Simulation Result

This part shows the Spectre simulation result of the proposed
10 MHz 12 V input to 5 V output synchronous buck converter
using EPC8009 GaN device with a loading range from 0.2 to
1 A. In Fig. 13, the voltage of Cp (Vc) would start to track the
load from 0 V during start-up. Fig. 14 shows that the minimum
high-to-low dead-time is 0.302 ns at light load condition. Fig. 15
shows that the minimum high-to-low dead-time is 0.212 ns
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at heavy load condition. Thus, minimum dead-time can be
achieved under the entire load range. Besides, it is shown that V¢
would be lower at light load condition since it requires a larger
delay time between Vx go-low and Vg g1, go-high.

IV. PROPOSED GAN DRIVER IC WITH CHARGE SHARING
BOOTSTRAP CAPACITOR

A. Concept

The proposed charge sharing bootstrap circuit concept is to
use the HV capacitor Cpot2 in Fig. 5 to store more energy with
high voltage (12 V input voltage, Vix). Thus, bootstrap voltage
drop during driving is reduced, and lower on-resistance can be
achieved. When the duty is OFF (Qy is OFF, Qr, is ON), VpRy,
which provides 5 V gate overdrive voltage for power switch Qy,
and Viy are charging Cp0t and Cpoot2, respectively. When the
duty is on (Qg is ON, Qp, is OFF), the charges of Cy,ot and
Choot2 are shared to supply the driver charging current. In order
to deliver the energy from HV capacitor Cy,ot2 to bootstrap
capacitor Cp o1, a switch SW is needed to control the timing for
charging. In addition, a diode Dy is used to break the current
path from Vy,0t2 to Vin when Vx voltage level shifts up to V.

The relationship between Cy,46, Choot2, and Qg, the equiva-
lent gate charge displacement during power switch turn-ON, is
expressed in the following:

Qg = Choot - Vdip + Choot2 - Vdip2~ ()

where Cp,oot and Cpoot2 are S V bootstrap capacitor and 12 V
bootstrap capacitor, respectively. Vgqi, represents the voltage
drop of Cy0¢ from the initial fully charged voltage when duty is
OFF to the end value before duty is ON. In the same manner, V gip2
represents the voltage drop of Choot2- Vboot and Vopeot2 are
the end value of voltage cross Cpoot and Cpeot2, respectively,
before duty is on. It is necessary to know that the initial voltage
Vboot2 18 larger than the initial voltage of Vpeot because the
input voltage Vi is larger than the driver voltage Vpgry. During
duty on, Cyt2 Would share the charge with Cy,q¢, and the final
value of Vapoot and Vepoote Would be the same. Hence, the
voltage drop of Cpoot2 (Vdip2) can be rewritten as follows:

Vdip2 - VCbootQ - (VCboot - Vdip) . (3)

By substituting (3) into (2), (2) can be rewritten as follows:

Qg = CVboot . Vdip + CVboot2 . [VCboot2 - (VCboot - Vdip)] .
4)
By (2) and (4), the final voltage drops of Cy,0¢ (Vaip) can be
expressed as follows:

Qg - Cboot2 . (VCbootZ - VC’boot)

4
Oboot CbO(N 2

. 5)

From (4), it can be seen that the bootstrap voltage drop of the
proposed bootstrap circuit would be lower than the conventional
bootstrap circuit when V cpoot2 18 higher than Vpoot. Besides,
the voltage drop can also be predicted and designed based on
this equation.
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B. Circuit Implementation and Operation

The operation principle of the bootstrap circuit with charge
sharing will be introduced in the following. When the duty is
low (the low-side switch is turned ON and the high-side switch
is turned OFF), the operation diagram is shown in Fig. 16. At
this period, the Vx is pulled down to around ground voltage.
Hence, Cy0t Would be charged through the charging path (M
and D4 ) by the supply voltage Vpry. Choot2 Would be charged
through the diode (Dg) by the supply voltage Vin. Choots Would
be charged through the charge path (M and D¢) by the supply
voltage Vpry. HV NMOS implements the switch Mgw1 and
Mgwe between V04 and the positive terminal of HV MOSCAP
since the maximum drain-source voltage would be larger than
5V.

When duty is high (the low-side switch is turned OFF and the
high-side switch is turned ON), the operation diagram is shown
in Fig. 17. During this period, Vx is pulled up to the input
voltage Vin. Cpoot2 Would supply the energy to Vg directly
through the fast path (Mgw=). If Vgg is increased to around
Voot minus M gwo threshold, Mgyyo will turn-OFF and avoid
Qmu gate overstress. Besides, the high-level of LSF_OUT (the
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Operation waveform of bootstrap circuit with charge sharing during

output of level shifter) with the help of Vcp00t3 Would turn-ON
Mgw1. Therefore, Cpoot2 shares the charge with Cy,0. Finally,
the charge from Cp0t and Cpeo2 Would be delivered to V.

Figs. 18 and 19 express the operation and waveforms of boot-
strap circuit with charge sharing during dead-time, respectively.
Vgs,qu is the gate-source voltage of high side GaN device Q.
Ves,qr is the gate-source voltage of low side GaN device Q..
Vioots represents the gate voltage of Mgw . During dead-time,
Vx would go down to around —2 V. This may cause Cj, 0t and
Choots to overcharge to 7 V and break down MOSFETS in the
driver IC [9], [10]. Therefore, My and Mc are designed to be
turned OFF by Pgate and Pgayc2, respectively, during dead-time
to mitigate Cpot and Cpoots Overcharging issues. However, it
would have a floating node in the drain of M and Mc. To
solve this problem, Mp and Mg, are added to provide a low-level
voltage to this node. From Fig. 19, it is obvious that V1,00t and
Vboots Would be overcharged if My and M turn-ON during
dead-time. With Py, and Pgagen to turn-OFF Mz and Mc, Croot
and Cy,,0t3 Would not be charged during dead-time.
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TABLE I
CIRCUIT PARAMETERS OF BOOTSTRAP CIRCUIT

Parameters Values
Max voltage drop of Choorx (Vcboor2-Vcboot) A%
Min voltage dl'Op of Cboolz (VCboolZ'VCbool) 65V
Max gate charge Qgmax) 450 pC
Min gate charge Qg(min) 370 pC
Bootstrap capacitor (Cpoor) 100 pF

Vaip (min) (V)
—
Vaip (max) (V)
c—

- 10

610" ox107! 12410 1.5x107%°

Chootz2 (F)

Fig. 20. Minimum and maximum voltage drop of Cpot versus Cpoot2-

C. Design Consideration

The design of Cpeote value is related to the voltage drop
of the bootstrap capacitor, Vqip. Vaip affects Qu gate-source
voltage, which is important since it affects the power switch’s
on-resistance. In a real case, Qg would have a process variation.
Besides, Vboot2 Would also vary since there is a charge path
during dead-time. Since the switching node voltage (V) would
vary with the output load, V cpeot2 Would also vary. Considering
the variation from Vcpoot2 and Qg to (5), the maximum and
minimum voltage drops of Cp.ot can be expressed as (6) and
(7), respectively.

Qg(max) — Choot2 - (VCbootQ(min) - VCboot)

Ve ip(max) — .
dip( ) Cboot + Cboot2 (6)

Vi L Qg(min) — Choot2 - (VCbootZ(max) - VCboot) .
#p(min) Cboot + CbootQ (7)

Based on the circuit parameters shown in Table I and (6),
(7), the minimum and maximum voltage drop of Cj0t versus
Choot2 can be drawn as Fig. 20. The y-axis is the voltage drop
of the Cpoot. The x-axis is the capacitance of Cy,oot2. Finally,
the Cpoot2 is selected as 60 pF since the average value of the
voltage drop from Cy,c is almost equal to zero.

D. Simulation Result

Fig. 21 shows the simulation result of the bootstrap circuit
with charge sharing. When duty is OFF (the low-side switch is
ON and the high-side switch is OFF), Vpoot and Voot would
be charged to 4.58 V and 10.9 V, respectively. Based on (7), the
minimum voltage drop of Cy,04 is calculated as —0.058 V. Thus,
the calculated Vg4 qu during duty on, which is the difference
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Fig. 21.  Simulation result of the bootstrap circuit with charge sharing.
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Fig.22.  Chip layout.

voltage of Vg and Vy, is 4.58 + 0.058 = 4.63 V. As shown
in Fig. 12, the simulated Vg qm is 4.61 V, which is close to the
theoretical value of 4.63 V.

V. EXPERIMENTAL VERIFICATION

The proposed gate driver IC is designed and fabricated using
TSMC 0.25 pm HV Bipolar-CMOS-DMOS process. Fig. 22
shows the chip layout. The total chip area is 1.5 mm? with
0.2 nF fully integrated bootstrap capacitor to reduce the gate
loop parasitic inductance. The 0.2 nF fully integrated bootstrap
capacitor is combined by 100 pF Cypot (MIM cap and MOS
cap), 60 pF Cpoot2 (HV MOS cap), and 40 pF Cpoots (MIM
cap and MOS cap). Fig. 23 shows the experimental board. Two
enhanced mode GaN devices EPC8009 are used as the power
switches of buck converter; the inductance is 10 xH; the output
capacitance is 10 pF. Table II shows the critical parameters of
the experimental converter and driver IC.
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Fig. 23.  Photo of the experimental board.

TABLE II
CIRCUIT PARAMETERS OF THE EXPERIMENTAL CONVERTER AND DRIVER IC

Parameters Values
On resistance of driver 10Q
Maximum EPC8009 Ciss 52 pF
Maximum EPC8009 Coss 28 pF
On resistance of EPC8009 90 mQ
Input voltage Vin 12V
Output voltage Vo 5V
Loading current I, 0.2~0.65 A
Maximum switching frequency 10 MHz
Maximum output power 325W
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Fig. 24.  Measured switching waveforms of buck converter with conventional
fixed dead-time control (a) at light load and (b) at heavy load.
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Fig. 25.  Measured switching waveforms of the buck converter with the pro-
posed dead-time control at light-load and heavy-load condition (a) minimum
dead-time at light-load, (b) maximum dead-time at light-load, (c) minimum
dead-time at heavy-load, and (d) maximum dead-time at heavy-load.

Fig. 24 shows the measured switching waveforms of 10 MHz
buck converter with conventional fixed dead-time control under
light load condition (0.2 A) and heavy load condition (0.65 A),
respectively. Vg is the output of the high side gate driver, and
VL is the output of the low side gate driver. V is the voltage of
the switching node between the high and low side GaN devices.
From Fig. 24, the falling time of Vy is 9 ns under light load
and 2.6 ns under heavy load. As the load increases, the falling
time of V would be reduced, as illustrated in Fig. 1. Besides,
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Fig. 26. Measured dead-time control settling behavior.

0.65A

our

Fig. 27.  Simulation result of output load transient from 0.65 to 0.2 A.

the dead-time is 1.8 ns at light load condition and 9.2 ns at
heavy load condition. Thus, as the output load increases, the
conventional fixed dead-time control exhibits larger dead-time
and related loss.

Fig. 25 shows the measurement results of the buck converter
with the proposed bang-bang dead-time control at light-load and
heavy-load condition. Fig. 25(a) and (b) show that the bang-bang
dead-time is 400 ps to 1.4 ns at light load condition. Fig. 25(c)
and (d) show that the bang-bang dead-time is 400 ps to 1.4 ns
at heavy load condition. The dead-times are measured from the
time when the falling edge of Vy passes through zero volt to
the time when the rising edge of LG passes through V. With
the proposed control, the dead-time of the buck converter can
be locked with a minimum 400 ps dead-time at various load
conditions as predicted in the simulations.

Fig. 26 shows the measurement result of dead-time control
settling behavior. V.’ is the control voltage of the delay generator
(V) passing through a unit gain buffer for measurement. When
the bang-bang locked loop is turned ON, V. would rise to
compensate the delay. V.’ would follow the rise of V. after
the voltage exceeds the input common-mode range of unit gain
buffer. Thus, the settling speed of V. can be calculated as 0.941 V
per microsecond from Fig. 26. Besides, it can be seen that V¢
has aripple at steady-state due to band-band control. This causes
a dead-time variation range at steady-state as shown in Fig. 25.

Fig. 27 shows the simulation result of output load transient
from 0.65 to 0.2 A within 1 us. It can be seen that Vg qr, 1S
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Fig. 28.  Measurement result of charge sharing bootstrap circuit performance

(a) at light load (b) at heavy load.
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Fig. 29. Measured efficiencies of the buck converter with the proposed and
conventional controls.

lower than the threshold voltage when V falls to zero during
load transient period. Thus, no shoot-through or hard-switching
happens during load transient. This is because the slope of Vx
falling edge is related to the inductor current value, which does
not change as severe as input voltage or load current change.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

3.67% 420% 610,

19.35%

/

2.42%

A

Conduction Loss GaN HEMT Conduction Loss GaN HEMT

= Conduction Loss (DCR+AWG WIRE) = Conduction Loss (DCR+AWG WIRE)

= Inductor Loss
= Swiching Loss GaN HEMT * Swiching Loss GaN HEMT
= Dead Time Loss = Dead Time Loss

(@ (b)

= Inductor Loss

Fig. 30. Loss breakdown without dead-time control and charge sharing tech-
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Fig.31. Loss breakdown with dead-time control and charge sharing technique
(a) at light load (b) at heavy load.

Thus, the dead-time adjustment does not need to be as fast as
load transient speed to avoid shoot-through.

Fig. 28 shows the measured charge sharing bootstrap circuit
performance of the 10 MHz buck converter. The experimental
result shows that the high side gate-source voltage is 4.365 V
both under light and heavy load conditions. The measured gate-
source voltage has a 0.245 V deviation from simulation, which
may be due to the inaccurate model of diode voltage drop in the
bootstrap circuit.

Fig. 29 shows the measured efficiencies of the buck converter
with the proposed and conventional controls. For the conven-
tional control without charge sharing bootstrap circuit, 450 pF
Choot s designed. With 450 pC Qg and 450 pF Cy,¢, it would
have 1 V voltage drop on the Cy,,0¢. By adding charge sharing
bootstrap circuit, the gate-source voltage of the high side power
switch can be increased to 4.365 V with 100 pF Cyoor (MIM
cap and MOS cap), 60 pF Cyoot2 (HV MOS cap), and 40 pF
Choots (MIM cap and MOS cap). In addition, the efficiency of
conventional control with the charge sharing bootstrap circuit
can improve 1.5% because of the higher gate-source voltage
of GaN device Q. Compared with fixed dead-time control, the
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TABLE III
COMPARISON TABLE
EPC
Design ANO15 ISSC[E]2015 ISS?1C7§016 This work
[26]
Poyver GaN GaN GaN GaN
switch
Input Qv 5-20V 3-40V 12V

voltage
Switching 10 MHz 20 MHz 1030 10 MHz
frequency MHz
Bootst.rap External On-chip On-chip On-chip
capacitor
Bootstrap Zener Zener Diode Active Active
protection Diode bootstrap bootstrap
Dead-time 8 ns 32ns 09-37ns | 04—-14ns

Max
dead-time - - - 1.36 ps
settling time

Adaptive Without Without With With
dead-time
Bootstrap
capacitor Without Without Without With
reduction

proposed work with dead-time control and charge sharing circuit
improves 5% efficiency under 0.65 A condition.

Fig. 30 expresses the loss breakdowns of GaN-based buck
converter without dead-time control and charge sharing under
light load and heavy load, respectively. Compared between light
load and heavy load conditions, it is obvious that conduction
loss and dead-time loss would increase as the output load
increases. After including the dead-time control and charge
sharing bootstrap technique, the loss breakdowns of GaN-based
buck converter under light load and heavy load are shown in
Fig. 31. Compared with Fig. 30, the conduction loss distribution
of GaN HEMT at heavy load would be decreased from 19% to
10% due to the charge sharing bootstrap technique. Besides, the
dead-time loss distribution at heavy load would be reduced from
22.31% to 5% because of dead-time control.

VI. CONCLUSION

This work proposes a gate driver IC for GaN-based syn-
chronous buck converter with bang-bang dead-time control and
charge sharing bootstrap circuit. The 12 V input to 5 V output
buck converter operates at 10 MHz switching frequency with
a loading range from 0.2 A to 0.65 A. The fully integrated
bootstrap circuit with 100 and 60 pF (HV) capacitor obtained
the expected lower than 0.6 V driving voltage drop with only
45% capacitance and around half of the voltage drop compared
with a conventional bootstrap circuit. In Table III, compared
with other’s work, the smallest minimal dead-time of 0.4 ns and
adaptive minimized dead-time control under various loadings
can be achieved. The maximum settling time is 1.36 us. Finally,
the peak efficiency can achieve 89.9% under 0.65 A condition,
which is 5% higher than conventional fixed dead-time control
without a charge sharing circuit.
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