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Abstract—This paper presents a capacitor-based multilevel
gate driver for GaN HEMTs. The proposed gate driver suppresses
false turn-on and reduces the reverse conduction loss with a single
voltage supply. It has a capacitor which operates as a negative
voltage supply to pull the gate terminal instantly to suppress false
turn-on and then the gate terminal goes back to 0 V to reduce
the reverse conduction loss with RC discharge. The proposed
and conventional gate drivers are implemented on a 48V-to-12V
synchronous buck converter. At 500 kHz and 24 W, efﬁciencies
of the proposed and conventional gate drivers are 93.6% and
86.7% respectively. With the proposed gate driver at 48 W, the
peak of ringing due to turning on of high-side switch is 0.45 V.
Index Terms—GaN HEMT, gate driver, multilevel driving, false
turn-on, reverse conduction loss, SR-buck converter

I. I NTRODUCTION
Recently, GaN HEMTs (Gallium Nitride High Electron
Mobility Transistors) are expected to improve the power
density of power conversion circuits because they are superior to conventional Si (Silicon) devices in terms of device
characteristics such as high-speed switching capability, high
breakdown, and low on-resistance [1] [2] [3]. In addition, the
lateral structure of GaN HEMTs enables monolithic integration that can improve switching characteristics [4]. Thanks
to these excellent characteristics, GaN HEMTs are suitable
for a lot of applications such as electric vehicles and drones
which have limited space for maunting circuits and need to
improve power efﬁciency. Moreover, GaN HEMTs without pn junctions between drain and source terminals are suitable for
applications with bridge-leg conﬁguration such as half-bridge
and full-bridge due to zero reverse recovery loss [5].
However, in circuits with bridge-leg conﬁgurations, false
turn-on occurs more frequently than Si devices due to large
switching noise caused by fast switching and their low threshold voltage Vth around 1-2 V [6] [7]. It leads to undesirable
results such as high power loss, circuit oscillation, and overheating. Furthermore, in the worst case, it may permanently
damage GaN HEMTs [8]. To suppress the false turn-on,
conventional methods, for example, the two-level gate driving
is used which applies a negative voltage to the gate terminal
during off-state [9]. However, an additional voltage source for
negative voltage is required, resulting in increaseing the circuit
size. In addition, GaN HEMTs without body diode have unique
reverse conduction characteristics, called diode-like behavior,

leading to increase the reverse conduction loss when GaN
HEMTs are driven by a negative voltage during deadtime [10].
The multilevel gate driving method, in which negative
voltage is applied just after turn-off to suppress the false turnon and 0 V is applied during deadtime to reduce reverse
conduction loss, is effective for GaN HEMTs. A three-level
gate driving method for GaN HEMTs is proposed in Fig.
1 [11]. The gate driver has a capacitor works as a negative
voltage supply and applies negative voltage just after turn-off
to suppress the false turn-on. Thus, the gate driver realizes
three-level gate driving without an additional voltage source.
After passing by the period when the false turn-on can occur,
the gate terminal is clamped to ground to reduce the reverse
conduction loss. The measurement results show the reducing
of reverse conduction loss and suppressing the false turn-on.
However, the gate driver has many switching semiconductor
devices and two control signals, resulting in complex controling. Another multilevel gate driving method is using speed-up
capacitor as shown in Fig. 2 [12] [13]. However, it is valid for
GaN HEMTs with p-n junction diode DP between gate and
source terminals, whose forward voltage VF must be around
3.5 V. In addition, the capacitor is directly connected to the
gate terminal of the GaN HEMT. Thus, the turn-on time is
increased in high frequency operation over 500kHz bacause
the capacitor can not be completely discharged during offstate.
In this paper, we propose a multilevel gate driver for GaN
HEMTs in circuit with bridge-leg conﬁgurations. It has a
capacitor which operates as a negative voltage supply to pull
the gate terminal instantly. Thus, it has no additional voltage
source. After that, the gate terminal goes back to 0 with RC
discharge to reduce the reverse conduction loss. It operates
with a few switching semiconductor devices and a single
control signal. Measurement results show that the proposed
gate driver suppresses false turn-on and improve the efﬁciency
of an SR-buck converter due to the reverse conduction loss
reduction.
This paper is organized as follows. We explain the issue
of GaN HEMTs, the false turn-on and reverse conduction
mechanism in section 2. Section 3 presents operation principre
of the proposed gate driver. Section 4 shows measurement
results and Section 5 concludes this work.
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Fig. 1. Capacitor-based three-level gate driver.
Fig. 3. False turn-on phenomenon at the low-side switch.

and Vth to improve the tolerance of the voltage oscillation
(the 2-level method). However, an additional voltage supply
to apply a negative voltage is required, resulting in increasing
the circuit size. In addition, GaN HEMTs have unique reverse
conduction characteristics, called diode-like behavior, leading
to increase the reverse conduction loss when GaN HEMTs are
driven by a negative voltage during deadtime.
B. Reverse conduction mechanism of GaN HEMTs
Fig. 2. Gate driver with a speed-up capacitor.

II. I SSUE OF G A N HEMT S
A. False turn-on phenomenon of GaN HEMTs
Bridge-leg conﬁgurations are freuently used in many power
conversion circuits such as SR-buck converters and Totem
Pole PFC circuits. The false turn-on phenomenon is happend
in these circuits and it causes power loss and power device
failure.
For example, to implement GaN HEMTs to a half-bridge
circuit in an SR-buck converter, the false turn-on is caused
during off-state of the low-side switch by high positive dv/dt
on its drain terminal. Fig. 3 shows the mechanism of the false
turn-on phenomenon at the above example. When the low-side
switch is off-state and the high-side switch is turning on, high
positive dv/dt from the drain to source terminal of the lowside switch is generated. Then, Miller current imiller ﬂows to
the ground and the gate driver through the Miller capacitor
CGD . Then, the voltage oscillation at the gate terminal is
caused by the gate resistor RG and the Miller current to the
gate driver. If the voltage oscillation exceeds the threshold
voltage Vth , the low-side switch is turned on undesirebly [14].
This is the false turn-on phenomenon. The Vth of Si and SiC
(Silicon Carbide) devices are typically around 3-4 V. On the
other hand, that of GaN HEMTs is typically around 1-2 V.
Thus, GaN HEMTs are more likely to cause the false turn-on
than Si and SiC devices.
The conventional method to suppress the false turn-on is
to apply a negative voltage to the gate terminal during offstate, increasing the margin between off-state driving voltage

Another issue of GaN HEMTs is the increase in the reverse
conduction loss by the unique reverse conduction characteristics. GaN HEMTs have no body diode unlike Si and SiC
MOSFET, but operates as diode-like behavior in the reverse
conduction mode.
Fig. 4 shows an equivalent model of a GaN HEMT and
the mechanism of the reverse conduction. In the situation of
0 V of VGS , when current ﬂows from the source terminal, the
parastic capacitors CGD and CDS is charged. Then the channel
builds after the capacitor voltage VGD reachs Vth , current ﬂows
through. Therefore, the voltage drop between the source and
drain VSD is expressed as VSD = VGD = Vth . This is because
the GaN HEMT is symmetrical with respect to the gate.
In the situation of negative voltage of VGS , CGD is charged
through CGS . Thus, the voltage between the gate and source
VGS applied to CGS is added to the voltage drop. Therefore,
the voltage drop between the source and drain VSD is expressed as VSD = VGD − VGS = Vth − VGS .
As the result, the IV characteristics of the GaN HEMT
is expressed as in Fig. 5. Since Si MOSFETs have the body
diode, current ﬂows through it in the reverse conduction mode.
Thus, the voltage drop is its forward voltage VF . However, for
GaN HEMTs, more negative voltage is applied to the gate
terminal, more VSD is increased. Therefore, for GaN HEMTs,
the conventional method using negative voltage for the gate
to suppress the false turn-on causes an increase in the reverse
conduction loss.
III. P ROPOSED MULTILEVEL GATE DRIVER
Fig. 6 shows the proposed capacitor-based multilevel gate
driver for GaN HEMTs and Fig. 7 shows the waveform of
control signal for the proposed gate driver. It consists of two
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Fig. 6. Proposed multilevel gate driver.

Fig. 4. Reverse conduction and the equivalent model of GaN HEMT.
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Fig. 7. Control waveforms of the proposed gate driver.

Fig. 5. V-I curve of GaN HEMT [15].

N-channel Si MOSFETs (M2 , M3 ), a P-channel Si MOSFET
(M1 ), two diodes (D1 , D2 ), four resistors (R1 , R2 , R3 , R4 ),
and a capacitor (Csub ). The capacitor Csub works as a negative
voltage source during turn-off transient to suppress the false
turn-on. The proposed gate driver performs only with a single
voltage supply and a single control signal. Fig. 8 shows the
operation principle of the proposed gate driver described as
follows.
(a) Current ﬂows along the blue line to the gate terminal of
the GaN HEMT and then its input capacitance Ciss is
charged to turn on the GaN HEMT. Current ﬂows to the
ground through Csub , and energy is stored in Csub .
(b) Current ﬂows along the red line to the ground through
Csub , and the GaN HEMT turns off. Csub works as a
negative voltage supply. The GaN HEMT is driven by
a negative voltage and it suppresses the false turn-on.
(c) Current ﬂows along the green line from Csub to the
gate terminal and discharge Csub and charge Ciss . VGS
gradually goes back to 0 V with RC discharge and
reduce the reverse conduction loss during the dead time
just before turn-on.
The turn-off resistor R1 for GaN HEMT is recommended
about 1-2 Ω [16]. Therefore R1 set to 1 Ω. The turn-on
resistor for GaN HEMT is recommended about 10-20 Ω.
Therefore R2 set to 10 Ω. R3 is a gate resistor for N-channel
Si MOSFET. Csub works as a negative voltage source during
turn-off transient. Csub must be enough to discharge during

off-state in order to sufﬁciently reduce conduction loss during
dead time just bedore turn-on. In addition, since the negative
voltage for GaN HEMTs during off-state in order to suppress
the false turn-on recommended about −3 V, Csub sets to nF or
more. R4 is related to the charge time of Csub . If R4 is small,
turn-on time may increase. On the contrary, if R4 is large,
the negative voltage may become small. Therefore, R4 needs
to be set considerating turn-on time and the negative voltage.
The proposed gate driver operates at multilevel gate voltages
(VDD , negative voltages at turn-off transient, and 0 V during
off-state) without any additional voltage source thanks to Csub .
Therefore, the proposed gate driver is tolerant to the ringing
causing the false turn-on and reduces the reverse conduction
loss of GaN HEMTs with a small circuit area.
The speed-up capacitor gate driver, the conventional
method, is used as a gate driver for GaN HEMTs to apply
the negative gate voltage. The speed-up capacitor is directly
connected to the gate terminal and the GaN HEMT is turned
off by the negative voltage using the energy charged in the
capacitor during on-state. However, the turn-on time depends
on the operation frequency. If the off-state time is short
(less than 5 µs), the switching time of turn-on is increased
because the capacitor connected to the gate terminal can not
be completely discharged during off-state. It leads to increase
the switching loss. In addition, the speed-up capacitor is valid
only for the GaN HEMT with the diode between the gate
and source terminals. On the other hands, in the proposed
gate driver, off-state time does not affect turn-on switching
whether it has completely discharged or not because Csub
is not directly connected to the gate terminal. The proposed
gate driver is suitable for power conversion circuits at high
frequency. In addition, it is valid for GaN HEMTs without
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Fig. 9. Resistor load type measurement circuit.
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Fig. 10. Switching waveforms of the proposed gate driver at 1 MHz.
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In this section, measurement results are shown when the
proposed gate driver is applicated to a resistor-load type
measurement circuit and an SR-buck converter.
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IV. M EASUREMENT RESULTS

A. Resistor-load type measurement circuit
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Fig. 11. Measurement results of VGS at turn-off.
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The resistor-load type mesurement circuit for the proposed
and conventional (the 2-level method) gate driver is shown in
Fig. 9.
The capacitor Csub is a 22 nF ceramic capacitor and the
resistor R1 is 1 Ω and R2 is 10 Ω and R3 is 4.7 Ω and R4 is
22 Ω. The diodes D1 and D2 are schottky barrier diodes. The
GaN HEMT used as the device under test is GS66504B (GaN
Systems). The isolated gate driver IC to drive the transistors
on the proposed gate driver is Si8275GB (Silicon Labs). The
control signal is generated by Analog Discovery2 (Digilent
Inc.). The oscilloscope used for the experiment is DPO7054C
(Tektronix). We measure VGS and VDS and evaluate switching
time to compare switching characteristics of the proposed
gate driver with those of the conventional one and measure
switching frequency dependency of the proposed one.
Fig. 10 shows switching waveforms of the proposed gate
driver at 100 V of Vin , 24.9 Ω of Rload , 1MHz operation
frequency and 50% of duty rate. From the results, it is
conﬁrmed that it is driven by the negative voltage of about
−2 V at turn-off and after then goes back to 0 V. Therefore,
from the measurement results, the proposed gate driver can
operate at the multilevel gate voltage with a single voltage
supply and a single control signal.
Figs. 11 and 12 show the measurement waveforms of the
VGS and VDS implimented with the proposed gate driver and
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Fig. 12. Measurement results of VGS at turn-on.

the conventional one. The measurement conditions are same
as described above. Evaluation results are shown in Table I.
In order to compare under the same conditions, turn-off time
of the conventional gate driver evaluates at −3 V of off-state
voltage and turn-on time of that evaluates at 0 V of off-state
voltage. The Ton of the proposed gate driver is 1.6% faster
than that of the conventional one. It shows the turn-on time
is almost equivalent due to the same turn-on path. The Toﬀ

TABLE I
E VALUATION RESULTS OF SWITCHING TIME .

Toﬀ [ns]
Ton [ns]
Trise [ns]
Tfall [ns]

Tfall[ns]

7

Conventional
9.90
9.60
7.31
6.69

100kHz
250kHz

6.5

Proposed
8.58 (−13%)
9.45 (−1.6%)
5.81 (−20%)
6.15 (−8.1%)

500kHz
1MHz

Fig. 14. Simpliﬁed synchronous buck converter schematic.
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Fig. 13. Evaluation results of the falling time.

of the proposed gate driver is 13.3% faster than that of the
conventional one. It is because the more gate current ﬂows due
to the capacitor Csub . Therefore, switching characteristics of
the proposed gate driver is superior to those of the conventional
one.
Fig. 13 shows the switching frequency dependency of the
Tfall of the proposed gate driver. From the measurement
results, the Tfall is almost constant even if the switching
frequency is increased. It is because the capacitor Csub is not
directly connected to the gate terminal of the GaN HEMT.
Therefore, the proposed gate driver is more effective than the
speed-up capacitor one in terms of capability to operate at
high frequency around 1MHz.

Fig. 15. Photo of the measurement SR buckconverter.

TABLE II
E VALUATION RESULTS OF EFFICIENCY

B. 48V-to-12V SR-buck converter

Proposed
0.520
49.7
2.01
12.0
25.8
24.1
93.6%

95

Efficiency[%]

Fig. 14 shows a schematic of the synchronous rectiﬁer buck
converter with gate drivers. We compare the conversion efﬁciency of the proposed gate driver with that of the conventional
one to evaluate the reduction of the reverse conduction loss and
verify the suppression of the false turn-on. The gate driver for
the high-side switch is a conventional one with only two levels,
and the gate driver for the low-side switch can be replaced the
conventional and proposed gate drivers. The speciﬁcations are
48 V of the input voltage Vin , 12 V of the output voltage
Vout , and 1 A, 2 A, and 4 A of the output current Iout (12 W,
24 W, and 48 W). The photograph of the SR-buck converter
implimented on the print circuit board is shown in Fig. 15.
Figs. 17 and 18 show the measurement waveforms when
the proposed gate driver and the conventional one are used
respectively. Table II shows measurement results at the operating frequency of 500 kHz, the dead time of 50 ns, and the
output power of 24 W. The efﬁciency of the conventional gate
driver is 86.7%, while the proposed gate driver is 93.6%. The
conversion efﬁciency is improved by 6.9% to use the proposed
gate driver. This is because the reverse conduction loss during
dead time is reduced by the multilevel gate drive.
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Fig. 16. Measurement results of efﬁciency.

Fig. 16 shows the conversion efﬁciency according to the
output current. The efﬁciency of the proposed gate driver are
all higher than that of the conventional one.
Figs. 19 and 20 show the measurement waveforms of magniﬁed VG using the proposed and conventional gate drivers.
With the proposed gate driver, at the output power of 48 W,
the peak of ringing of VGS due to turning on of the high-side
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Fig. 17. Measurement waveforms of the SR-Buck converter using the
proposed gate driver.
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Fig. 18. Measurement waveforms of the SR-Buck converter using the
conventional gate driver.
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Fig. 19. Magniﬁed VG using the proposed gate driver.
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Fig. 20. Magniﬁed VG using the conventional gate driver.

switch is 0.45 V, below 1.7 V of the typical threshold voltage
Vth . From the result, it is proved that the proposed gate driver
suppresses the false turn-on.
Therefore the proposed gate driver is capable of the multilevel gate voltage operation with a single voltage supply and
a single control signal and achieves high efﬁciency in an SRbuck converter composed of GaN HEMTs.

In this paper, we propose the capacitor-based multilevel gate
driver for GaN HEMTs in a half-bridge circuit in order to
suppress the false turn-on and reduce the reverse conduction
loss. The proposed gate driver has the capacitor works as a
negative voltage source at turn-off and gradually goes back
to 0 V during off-state with RC discharge. At 24 W output
power and 500 kHz operation frequency, the efﬁciencies of
the SR-buck converter implimented with the proposed and
conventional gate drivers are 93.6% and 86.7%, respectively.
At 48 W output power, with the proposed gate driver, the
peak of the voltage oscillation during deadtime just after turnoff is 0.45 V, below the threshold voltage of GaN HEMTs.
The experimental results demonstrate that the proposed gate
driver works at the multilevel gate level operation with a single
voltage supply and control signal.
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