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Abstract—The proposed GaN-based hybrid gate driver consists
of two types of inverters and achieves a low quiescent current (IQ)
of 23.2 µA with a fast-operating frequency of 25 MHz. At the
same time, the automatic precharge technique senses the voltage of
the bootstrapped capacitor and reduces the standby mode leakage
current (ILKG) from a few milliamps to 62 µA. Therefore, the
efficiency is greater than 92% at the entire output load. Finally,
the soft startup clamping technique limits the peak voltage from
2.51 kV to 620 V, reducing power consumption during soft-start and
preventing 650 V GaN devices from being damaged by high-voltage
stress. As a result, the LLC converter achieves a peak efficiency of
98.6% and complies with the 80 Plus Titanium and Energy Star
standards for power supply units.

Index Terms—Automatic precharge technique, LLC series
resonant converter, low-IQ gate driver, overvoltage protection
(OVP), power supply unit, self-bootstrapped low-IQ inverter, soft
start.

I. INTRODUCTION

W ITH the increasing awareness of environmental protec-
tion and the development of the green energy industry, it

is essential to improve the efficiency of electrical equipment such
as data centers, servers, and telecommunications. High-power
LLC series resonant converters (LLC-SRCs) are widely used
as front-end converters or power supply units in these devices
due to their soft switching characteristics over a wide output
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Fig. 1. (a) Two commercial standards of efficiency criteria. (b) Computational
IQ based on two standards.

load, including zero-voltage switching (ZVS) on the primary
side and zero-current switching on the secondary side [1], [2],
[3], [4], [5]. However, the large output parasitic capacitance
(COSS) of silicon-based power MOSFET results in a long dead
time and limits the switching frequency [6]. Therefore, the
size of passive components, such as resonant capacitors and
resonant inductors, must be large enough to provide a stable
output voltage, sacrificing power density and increasing cost.

Compared with silicon-based power MOSFETS, gallium nitride
(GaN) high electron mobility transistors have become a popular
choice for switching converters due to their small COSS, small
ON-resistance (RON), and no reverse recovery charge loss. At the
same time, high switching frequency and high-power density are
pursued [7]. Previous works [8], [9], [10], [11] implement the
LLC converter using discrete components. However, Yan and
Ma [12] highlighted that monolithic GaN-based solutions can
effectively minimize parasitic components, such as inductors
and resistors, in both the printed circuit board (PCB) and the
package, thereby mitigating electromagnetic interference. Ad-
ditionally, these solutions help reduce gate-driving propagation
delays. As a result, GaN-based solutions are highly suitable
for monolithic GaN-based drivers. Unfortunately, the lack of a
p-type transistor in the GaN process presents a design challenge.
Although the state-of-the-art [12], [13], [14], [15] uses resistors
to replace the pull-up function of PMOS, the quiescent current
(IQ) is inevitably large. As a result, the efficiency of the LLC
converter decreases, and it cannot meet Energy Star and 80 plus
titanium standards at light loads, as shown in Fig. 1(a).

According to the efficiency requirements of these two stan-
dards, the IQ on the primary side under light load needs to be less
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Fig. 2. Multiple leakage paths in [14] and [15].

Fig. 3. Multiple leakage paths in [16], [17], and [18].

Fig. 4. (a) Charging phase of the SLI. (b) Discharging phase of the SLI.

than 1.63 mA, as shown in Fig. 1(b). However, the traditional
GaN-based circuit designs [14], [15] and [16], [17], [18] in
Figs. 2 and 3, respectively, do not meet the requirements. The
reason is that once the input signal changes from low level to
high level, the pull-up resistor (RPH) in Fig. 2 will generate a
leakage current (ILKG), which equals to VDD/RPH and increases
IQ. Furthermore, other logic cells, such as NAND gates, also use
similar designs, so there are multiple leakage paths in different
logic cells, making the ILKG larger. The driver design in Fig. 3
uses depletion-mode GaN (DGaN) in series with a resistor to
reduce the ILKG from VDD/RPH to |Vth,DGaN|/RPH, but the
issue of multiple leakage paths remains unresolved. Although in-
creasing the resistance of RPH can reduce ILKG, it also increases
the die area size and reduces the power density. Furthermore,
increasing the resistance extends the delay of the driver during
the pull-high process. Therefore, the tradeoff between power
consumption and propagation delay is a challenge for the design
of GaN-based drivers.

To address the above issues, the self-bootstrapped low-IQ
inverter (SLI) in Fig. 4 replaces the resistor with a capacitor

Fig. 5. Issues in low-IQ gate driver cascaded by the SLI.

Fig. 6. Timing diagram of the low-IQ gate driver under different modes.

to reduce ILKG. The well-charged bootstrapped capacitor Cboot

keeps MDH in the subthreshold region, so MDH consumes a
small amount of ILKG. The VPWM changes from high level
to low level to initiate the charging phase. Therefore, MDH

starts to charge Cboot until the voltage across Cboot is equal
to |Vth, DGaN|, and then MDH is in the subthreshold region, as
shown in Fig. 4(a). In the other phase, VOUT is pulled to zero
by MEL when VPWM changes from low level to high level, so
Cboot generates a negative voltage to turn OFF MDH, as shown
in Fig. 4(b). In both cases, ILKG is almost zero since MDH is
almost always turned OFF. The output voltage level can rise
to |Vth, DGaN| + Vth, EGaN when the input signal VPWM is
low, through the diode Dbias, and drop to zero when the VPWM

changes in the opposite direction. This constitutes the basic
functionality of an inverter with low-IQ characteristics.

Two SLIs are cascaded to implement a low IQ gate driver,
as shown in Fig. 5, which can meet the efficiency requirements
of normal operating mode. However, when the LLC converter
switches to standby mode at light loads, the VPWM operates at a
lower frequency [19]. The low-level VPWM lasts for a long time,
causing the bootstrapped capacitor Cboot2 of the second-level
SLI to not charge for a long time. In addition, ILKG of the MDH2

gate ILKG, gate will also discharge Cboot2, reducing Vcboot2.
Therefore, the pull-up switch MDH2 gradually turns ON, and the
shoot-through current is then dissipated from MDH2 to MEL2

until the standby mode ends. ILKG is greater than 1 mA, which
is not able to meet both standards.

Once normal operating mode is initiated, it takes multiple
cycles to restore Vcboot2 to |Vth, DGaN|, as shown in Fig. 6.
In addition, although the charged Cboot2 ensures that MDH2 is
turned OFF to avoid ILKG, it also means that the low IQ gate
driver cannot provide a strong driving current to quickly turn
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Fig. 7. Issue of LLC converter during startup.

Fig. 8. Equivalent circuits during startup.

Fig. 9. Timing diagram of the LLC-SRC during startup.

ON the GaN power switches, thus limiting the operating range
of the switching frequency. In addition to the small driving
current, the maximum voltage level is equal only to |Vth, DGaN|
+ Vth, EGaN, which is not able to fully turn ON GaN power
switches, inducing additional conduction loss. A new topology
for GaN-based gate drivers is needed that can properly turn
ON GaN power switches and consume less IQ compared to
existing technologies. Therefore, the LLC converter can operate
efficiently in different modes.

In addition to poor efficiency in standby mode, LLC converters
also face high-voltage stress issues during startup. In Fig. 7,
since the output voltage VOUT of the LLC converter has not
yet been established, the voltage across the transformer and the
magnetizing inductor LM is zero [20]. Therefore, the equivalent
circuit consists only of the resonant inductor LR and the resonant
capacitor CR connected in series. Once the LLC converter oper-
ates at the oscillation frequency FO, it experiences high voltage
stress on CR, as shown in Fig. 8. In Fig. 9, the maximum and
minimum voltages 2.51 kV and -2.14 kV damage the 650 V GaN
power switches and primary-side passive components due to the
oscillation between CR and LR. In addition, a large amount of
current is dissipated and converted into heat, which wastes a lot
of power and reduces the reliability of the LLC converter.

This article proposes a monolithic GaN solution that reduces
the overall system leakage current ILKG while also providing
overvoltage protection to safely turn ON the LLC converter
during startup. The design objective is to meet the requirements
of both commercial standards under a similar output level in [8],
[9], [10], and [11], especially at light loads. The rest of this article
is organized as follows. Section II presents the architecture of
the proposed monolithic GaN solution. Section III shows the
detailed circuit implementation, including the proposed GaN-
based gate driver and the proposed three-phase soft startup
clamping technique. Section IV presents measurement results
and comparison tables demonstrating that the efficiency im-
provements of the proposed circuits are achieved by minimizing
power losses rather than increasing the output power rating.
Additionally, recent work from top-tier solid-state conferences
[21], [22], [23] and commercial product [24] is included to
strengthen the credibility of the comparison. Finally, Section V
concludes this article.

II. LLC SERIES RESONANT CONVERTER

A. LLC-SRC Topology

Fig. 10 shows the architecture of the proposed LLC converter.
The high-efficiency GaN-based LLC converter consists of the
proposed hybrid gate driver (HGD) to rapidly turn ON the
650 V GaN power switches, MPH and MPL, respectively, while
keeping the IQ lower than 1.63 mA to meet the efficiency re-
quirements [25]. In addition, the proposed automatic precharge
technique (APC) keeps the bootstrapped capacitor well charged
to avoid a large ILKG, improving efficiency under standby mode.
Furthermore, the proposed three-phase soft startup clamping
technique (SSC) prevents the LLC converter from being dam-
aged by high voltage stress during the startup period, improving
the reliability of the LLC converter. The monolithic GaN-based
solution with the proposed circuits on the primary side is used
to minimize the parasitic effect, whereas silicon-based control
with synchronous half-bridge rectifiers is used on the secondary
side to replace the diodes. Therefore, the efficiency will not be
degraded by the forward bias voltage [26], [27], [28]. Finally, the
optical coupler is used to send accurate feedback signals back
to the primary side to modulate the switching frequency of the
LLC converter.

B. Hybrid Gate Driver With Automatic Precharge Technique

In Fig. 11, the HGD consists of two cascaded inverters with
different characteristics, where the first stage is a modified SLI
and the second stage is a fast inverter (FI). Compared to SLI,
the modified SLI can maintain low IQ operation for a long
time, while FI achieves rail-to-rail output voltage swing and
has strong current drive capability to fully turn ON the GaN
power switch. The APC technique automatically charges the
bootstrapped capacitor of the FI by sensing the voltage of the
bottom plate of the capacitor, VDET2. Since the FI directly drives
the GaN power switch, the bootstrapped capacitor needs to be
fully charged to avoid generating a large ILKG in the FI, causing
the GaN power switch to turn ON abnormally.
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Fig. 10. Architecture of the proposed low-IQ LLC series resonant converter.

Fig. 11. Topology of the proposed HGD and APC technique.

Fig. 12. Timing diagram of precharging process under standby mode.

The entire precharging process in standby mode is shown
in Fig. 12. Since VPWM remains low level for a long period,
the bootstrapped capacitor of the FI is discharged due to the
ILKG, gate. Therefore, VDET2 gradually increases from negative
to zero voltage. Once VDET2 exceeds the threshold voltage
Vth, DGaN, Vcharged will be pulled low and compared with the

Fig. 13. Operating point of the LLC converter in Phase I, Phase II, and Phase
III.

Fig. 14. Low-side sensing circuit.

Fig. 15. Simulation result of the Monte Carlo.

reference voltage VREF. The proposed high-gain comparator
(HGC) quickly responds to changes in Vcharge, triggering the
one-shot signal VPRE. Consequently, the output VOUT1 of the
modified SLI temporarily drops low, allowing the bootstrapped
capacitor in the FI to be charged by the constant current source
IC2, as illustrated in Fig. 16. At the same time, the negative
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Fig. 16. Operation of the HGD when VPWM is high.

voltage generator (NVG) turns OFF the pull-up switch of the FI
to prevent the VG from becoming a high voltage level. When
VPRE goes low again, the precharge process ends. At the end
of the standby mode, the APC is no longer needed. Therefore,
the output signal VEN of the PWM detector changes from high
level to low level, and most of the circuits in the APC are turned
OFF to further reduce IQ.

C. Three-Phase Soft Startup

According to the operation of the LLC converter [29] and
the voltage gain of the LLC converter (1)–(3), the switching
frequency must be modulated to avoid high voltage stress

MG =
f2
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n − 1)2 + f2
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In Fig. 13, since the gain of the LLC converter MG is inversely
proportional to the second power of the normalize frequency, fn,
fn increases much higher than 1 rapidly to lower MG in phase I.
Phase I is defined as the period during which the LLC converter
transitions from zero power to when the voltage VCR across the
resonant capacitor reaches its peak value. During this phase,
the proposed SSC technique rapidly increases the switching
frequency to reduce the gain (MG) of the LLC converter.

Therefore, the voltage stress is reduced to less than 650 V, and
the VOUT of the LLC converter can gradually build up. When
the startup process changes to phase II, fn slowly returns to 1.
Phase II is defined as the period during which the LLC converter
continues the soft-start process until the SSC ceases modulating
the switching frequency. Since VOUT is larger than 0 V, the
equivalent circuits in Fig. 8 no longer exist. The components on
the primary side can operate safely without being damaged by
high-voltage stress. At the end of Phase II, the LLC converter is
almost in a steady state.

Phase III is defined as the stage where the LLC converter
starts regulating the output voltage by modulating the switch-
ing frequency, with the SSC technique no longer influencing
the switching frequency. In the last phase, the LLC converter
operates in a steady state, and the proposed SSC technique will
automatically turn OFF. Therefore, IQ can be further reduced
without affecting steady-state operation.

D. Zero-Voltage Switching

To enhance the efficiency of the LLC converter, achieving
ZVS is essential to minimize additional switching losses. A
GaN-based sensing circuit plays a critical role in this process
by providing rapid voltage sensing at VSW. For ZVS to be
achieved for the high-side switch (MPH), the VIN and VSW

voltages are scaled down and compared by the HGC. When VSW

exceeds VIN, the HGC output changes, prompting the HGD to
turn ON MPH immediately. However, detecting 0 V for n-type
GaN transistors is more challenging than detecting a positive
voltage level. To address this, the NVG is incorporated into
the low-side sensing circuit, as shown in Fig. 14. The HGC
ensures that the comparison result (VZVS) responds quickly
to input changes, while the NVG extends the common-mode
range of the input differential pairs, enabling accurate detection
of 0 V. Additionally, a voltage divider is used to introduce an
offset, allowing VZVS to switch high earlier, compensating for
delays introduced by the controller and the HGD. In Fig. 15,
the simulation result of the Monte Carlo shows that the average
delay is less than 1 ns. As a result, MPH and MPL can be turned
ON when VDS is close to 0 V, ensuring efficient ZVS operation.

III. CIRCUIT IMPLEMENTATION

A. Modified SLI and the FI

This section presents the detailed implementation and opera-
tion of the proposed HGD with the characteristics of low IQ and
strong driving capability during the normal operation. In Fig. 16,
when the VPWM changes from low to high, MEL1 pulls the top
terminal of Cboot1 to zero. Consequently, the VDET1 becomes
a negative voltage. Thus, VOUT1 is pulled low by turning OFF

MDH3 and turning ON MEL4. IC2, which is generated by the
constant current source, composed of MDH4 and RH2, charges
Cboot2 to VDD-Vth, EGaN when MEL5 and MEL7 are turned
OFF by VOUT1. Since VDET2 is equal to Vth, EGaN, MEL6 is
also turned OFF due to zero gate voltage. Finally, the gate of
MDH7 can be rapidly pulled high by another constant current
source, composed of MDH5 and RH3. Therefore, MDH7 is able
to provide a strong driving current to turn ON the GaN power
switch immediately.

The other case is shown in Fig. 17. When the VPWM changes
from high to low level, Cboot1 is charged by another constant cur-
rent source IC1, composed of MDH1 and RH1. Therefore, MDH3

is turned ON and then pulls high VOUT1, while VG quickly drops
to zero by MEL7. Meanwhile, since a large amount of charges
have been stored in Cboot2 in the last phase, MDH7 dissipates
zero current by a large negative voltage (-VDD+Vth, EGaN)
applied to its gate through MEL6. Although the gate of MDH7
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Fig. 17. Operation of the HGD when VPWM is low.

TABLE I
COMPARISON OF DIFFERENT GATE DRIVERS

dissipates ILKG, gate and discharges Cboot2, MDH7 remains OFF

due to the well-charged Cboot2. Furthermore, except for IC1, 2,
there is only one leakage path formed by MDH1 and RH1 when
VPWM is high, while MDH4 and RH2 form another leakage path
when VPWM is low in the proposed HGD at the same time, so
the multiple leakage path in the traditional GaN-based driver
design is well solved by reducing the number of leakage paths
to one regardless of the state of VPWM.

When the LLC converter switches to standby mode, the APC
wakes up and starts to detect VDET2. Once VPRE is activated,
MEL2 and MEL3 are immediately turned ON, forcing VOUT1 to
temporarily be low level. In addition, VNEG becomes a negative
voltage to turn OFF MDH6, so VG remains a low voltage without
triggering the GaN power switch. Since MEL5 and MEL7 are
also turned OFF, Cboot2 can be charged by IC2 until VPRE

becomes low again. In both operation modes, Cboot1 and Cboot2

are always charged to avoid the malfunction of the HGD.
The IQ, which includes ILKG and IC1, 2 of the HGD is reduced

to 23.2 μA thanks to the modified SLI, while it can also operate
at 25 MHz due to the FI. Table I shows a detailed comparison
by measuring test keys of different topologies. Compared to
other topologies, the proposed HGD achieves the lowest power
consumption while reaching the fastest switching frequency,
which is able to meet the requirements of both standards and
is suitable for the application of LLC converter.

B. PWM Detector and High Gain Comparator

The comparator in the APC technique needs to respond
rapidly to restore charge to Cboot2 immediately, or ILKG starts

Fig. 18. Implementation of proposed PWM detector.

to increase and abnormally turn ON the GaN power switch,
reducing the efficiency of the LLC converter under light load.
Furthermore, since Cboot1 and Cboot2 are periodically charged
in normal operation mode, the circuits of the APC technique are
idle while still consuming extra power. Therefore, the proposed
PWM detector can decide whether to turn ON or OFF the entire
APC technique according to the mode of the LLC converter. The
topology of the proposed PWM detector is shown in Fig. 18.
Since Isource is larger than Isink, the top plate voltage VSEN of
CSEN increases rapidly as ME2 is activated by fast-switching
frequency VPWM. When VSEN exceeds the threshold voltage
Vth,EGAN, the enable signal VEN becomes low to disable the
HGC. Instead, once VPWM remains low for a period of time in
standby mode, CSEN is discharged by ISINK and VSEN decreases
gradually. Once VSEN becomes lower than Vth, EGaN, VEN goes
high to turn ON ME1. Therefore, the CSEN is discharged rapidly
to initiate the HGC. Furthermore, ME1 forms the hysteresis
control to prevent the HGC from being accidentally turned OFF

in standby mode, or the APC fails and the ILKG increases.
In addition to the HGC, other control logic cells in the APC

technique, such as delay cells and inverters, are also controlled
by the VEN, which changes according to the operation of the LLC
converter. Furthermore, although the architecture of the NVG is
the same as the FI while excluding the output stages MDH6,
MDH7, and MEL7, as shown in Fig. 19, the power consumption
of the NVG is negligible since it only operates when VPRE

is triggered. Therefore, most parts of the APC technique are
turned OFF except for the PWM detector and the proposed
process-independent reference voltage generator (RVG), which
reduces the extra power consumption by the idle circuits in the
APC technique during the normal operation mode of the LLC
converter.

Fig. 20 shows the implementation of the proposed HGC.
Designing a GaN-based single-ended amplifier without a P-type
semiconductor is also a challenge. Therefore, the HGC adopts a
DGaN with a cascaded EGaN to form a PMOS-emulated current
mirror to ensure that the gain of the HGC can reach 42 dB.
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Fig. 19. Implementation of NVG.

Fig. 20. Implementation of proposed HGC.

Fig. 21. Timing diagram of the HGC under different modes.

Since the voltage swing of VGAIN is large, the HGC can operate
instantly according to the change in Vcharge.

Fig. 21 shows the entire comparison process of the HGC.
When Vcharge is lower than the reference signal VREF, the bias
current at the left-hand side of the PMOS emulated current
mirror becomes larger than the bias current at the right-hand
side. Therefore, the gate node VGN of ME8 is pulled low due to
the larger bias current. On the contrary, the source node VSN of

Fig. 22. Variation of the threshold voltage under different corner.

ME8 changes in opposite directions due to the smaller bias
current. As a result, the drain node VGAIN can change rapidly
due to the PMOS-emulated current mirror. The HGC guarantees
fast operation of the APC technique to keep Cboot2 charged,
allowing IQ to remain lower than 62 μA under standby mode
while maintaining the strong driving capability of the HGD
under normal operation mode.

C. Process-Independent Reference Voltage Generator

To ensure that the APC technique is triggered correctly across
different process corners, it is essential to keep the variation of
VREF small. If VREF drops too low in one corner, the APC
may not activate, preventing Cboot2 from charging immediately,
which can cause the DGaN transistor in the FI to conduct the cur-
rent prematurely. On the other hand, if VREF is too high in other
corners, the APC may stay constantly ON, resulting in Cboot1

in the modified SLI remaining uncharged until the system exits
standby mode. In both cases, once the bootstrapped capacitors
have no charge, the high ILKG will reduce the efficiency of the
LLC converter.

The GaN process is known for its significant corner variations,
making it challenging to design an ON-chip RVG. However, as
referenced in [30], the variation of threshold voltage Vth, EGaN

of EGaN transistors exhibits an opposite trend to that of DGaN
transistors across different process corners, as illustrated in
Fig. 22. Additionally, the variation in Vth, EGaN is approxi-
mately twice that of |Vth, DGaN|, as shown in

ΔVth, EGaN � −2ΔVth, DGaN . (4)

To address this, the proposed process-independent RVG, as
depicted in Fig. 23, utilizes a cascade of two DGaN transistors
and one EGaN transistor to generate the reference voltage VREF,
as described in

VREF = Vth, EGaN + 2 |Vth, DGaN | . (5)

Finally, this configuration effectively reduces the variation of
VREF to 70 mV across different process corners, ensuring the
reliable operation of the APC technique.

D. Soft Startup Clamping Technique

Optimal trajectory control (OTC) is a widely used method
in the industry to address start-up challenges. OTC leverages
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Fig. 23. Proposed process-independent RVG.

the mathematical model of the LLC converter to design an
optimal trajectory for voltage and current, enabling a smooth
and controlled transition by dynamically adjusting the switching
frequency. However, implementing OTC requires a microcon-
troller unit (MCU) [31] to manage the transition from zero power
to steady-state operation, which increases IQ and occupies addi-
tional PCB space. Furthermore, OTC also relies on both voltage
and current sensing, adding to the overall design complexity.

Another method involves using PWM control [32]. This ap-
proach sets a switching frequency equal to the resonant fre-
quency at the beginning of the startup process. Then, the duty
will gradually increase from the minimum value to the duty
cycle of 0.5 to achieve a soft start. Finally, the PWM control will
switch back to the PFM control for the rest of the start-up and
steady-state operation. PWM control involves the use of two con-
trol strategies, increasing the design complexity and becoming
difficult to integrate on the chip. In addition, the PWM control
circuit becomes idle once the start-up process ends, which may
increase the IQ. This method can also be implemented by the
MCU, but the issues are the same as using OTC. In contrast,
the proposed SSC technique offers significant advantages. It
operates only during the start-up period and automatically turns
OFF in steady-state operation, reducing IQ. Additionally, the SSC
technique requires only the voltage of the resonant capacitor for
sensing, greatly simplifying circuit implementation. Finally, the
SSC technique is fully integrated into the chip, eliminating the
need for additional PCB area.

In Fig. 24, the proposed three-phase SSC technique samples
the voltage VCR of the resonant capacitor during the soft startup
period of the LLC converter. Since the rated voltage of the GaN
process is 12 V, the high-rated voltage component DGaN Mclamp

is used to block the high voltage from the VCR. The VCR is
scaled by the resistors Rscale1, 2 and sampled by the capacitor
Csample. The sample voltage Vsample is then compared with the
high-threshold Vth, H, and low-threshold Vth, L, to determine
the end of the first and second startup phases. In addition,
Vsample is converted to Isample by the GaN-based operational
transconductance amplifier, and Isample is added to the feedback
current to modulate the switching frequency. Therefore, MG can
be temporarily reduced to prevent VCR from being greater than

Fig. 24. Topology of the proposed SSC technique.

Fig. 25. Timing diagram of the three-phase SSC technique.

2 kV or lower than -2 kV. In phase I, the Vsmaple increases rapidly
until the VCR reaches its maximum, which is around 600 V, and
the Vsample becomes higher than Vth, H simultaneously. As a
result, the output signal VCOMP1 of the comparator Comp1 in-
creases, activating both ME3 and Comp2. Next, phase II begins,
and the SSC technique stops sampling VCR by turning OFF ME1

and ME2. Furthermore, the small discharging current, which is
generated by MD1 and C1, slowly pulls the Vsample low, and
so does the Isample. Therefore, the LLC converter can gradually
startup without being damaged by high-voltage stress. Once the
Vsample becomes lower than the Vth, L, which also means that
the LLC converter almost turns to the steady state, VCOMP2

becomes low level to turn OFF ME4. As a result, the feedback
current is not affected by Isample and is capable of regulating the
output voltage. In addition, the low-level VCOMP2 also disables
the error amplifier (EA) and Comp1, so the entire SSC technique
is turned OFF to reduce IQ.

Due to the proposed SSC technique, the maximum and min-
imum values are 620 V and -239 V, respectively, as shown in
Fig. 25. The entire SSC technique is turned OFF once VCOMP1

becomes high and VCOMP2 becomes low. Table II shows the
summary of the IQ under different modes to show the low power
consumption of the proposed HGD, APC, and SSC.
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TABLE II
SUMMARY OF IQ UNDER DIFFERENT MODES

Fig. 26. Chip micrograph of the primary-side GaN-based chip.

Fig. 27. (a) Prototype. (b) Measurement setup.

TABLE III
DEVICE PARAMETERS AND SPECIFICATIONS

IV. MEASUREMENT RESULTS

The low-IQ LLC series resonant converter of the primary side
is fabricated in 0.5 μm GaN process with 2650 × 1403 μm2, as
shown in Fig. 26. In Fig. 27, the prototype and the measurement
setup are shown with the device parameters and specifications
shown in Table III . To show the low quiescent current of the
proposed HGD, the measurement results of the test key with
23.2 μA is shown in Fig. 28. Fig. 29 shows the double pulse
testing to verify the driving ability of the proposed HGD. Due

TABLE IV
COMPARISON OF IQ WITH THE COMMERCIAL LLC CONVERTERS

Fig. 28. Measured IQ of the proposed HGD.

Fig. 29. Double pulse testing of the proposed HGD.

Fig. 30. Measured VCR with the proposed SSC technique during startup.

to the FI, the maximum operating frequency is up to 25 MHz.
During soft startup, the measurement results of the maximum
and minimum values of VCR without clamping technique are
2.51 kV and -2.14 kV, as shown in Fig. 30. In contrast, the
proposed SSC technique limits the peak value in both positive
and negative voltages, 620 V and -239 V, respectively, so the
large power dissipation during startup is reduced. The LLC
converter functions efficiently with the proposed HGD under
heavy load (Iload = 5 A), with an input voltage of 380 V and an
output voltage of 24 V, as shown in Fig. 31.

Fig. 32 shows the root-mean-square (rms) IQ of the proposed
LLC converter, including the primary side and the secondary
side. The measured rms IQ is reduced to 3.26 mA under 10%
Iload; therefore, the efficiency can reach 92.3%, which is higher
than the standard of Energy Star. Table IV presents a comparison
of the IQ with commercial LLC converters. The IQ of the
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TABLE V
COMPARISON TABLE WITH STATE-OF-THE-ARTS

Fig. 31. Measured waveform under heavy load.

Fig. 32. Measured IQ under different output loadings when VIN = 380 V and
VO = 24 V.

Fig. 33. Power loss of the proposed LLC converter.

TEA2017AAT/2 and SSC3S927 are 8 mA and 10 mA, respec-
tively, while the proposed LLC converter achieves a significantly
lower maximum IQ of 4.8 mA.

Fig. 34. Efficiency under different output loadings.

The analysis of various power losses is illustrated in Fig. 33.
Thanks to the low-IQ characteristic of the proposed LLC con-
verter, the quiescent power loss becomes negligible across the
entire output load range. Fig. 34 shows the efficiency of the
proposed LLC converter, when VIN = 380 V and VOUT =
24 V, the proposed APC technique improves the efficiency by
9.5% in standby mode. Therefore, the efficiency is higher than
92% under the whole output load, which can meet the efficiency
requirement of both commercial standards.

Table V shows a detailed comparison of the proposed and
prior art. This work proposes a 380 V to 24 V LLC-SRC using
the proposed HGD with APC. Thanks to the HGD and the APC,
the efficiency is able to reach 98.6% (Iload = 2.5 A), which is
the highest compared to the prior art. The proposed design is the
only work that also focuses on the startup process. Therefore, the
reliability of the LLC converter is improved by the GaN-based
SSC technique. Due to the monolithic GaN on the primary side,
the switching frequency of the LLC converter is 1 MHz, which
reduces the size of the passive components. The sizes of the LM,
LR, and CR are 58 μH, 16.5 μH, and 1.45 nF, respectively.

V. CONCLUSION

This article presents a resonant LLC converter that steps down
380 V to 24 V, achieving a peak efficiency of 98.6%, compliant
with both Energy Star and 80 Plus Titanium standards. The pro-
posed HGD delivers strong drive capability while maintaining
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a low quiescent current IQ of just 23.2 μA, making it ideal
for monolithic GaN-based LLC converters that require high
efficiency. To prevent shoot-through, an APC circuit rapidly
charges the HGD’s bootstrap capacitor. A process-independent
RVG ensures only 70 mV variation across corners and tem-
peratures, enabling precise APC activation in standby mode.
Additionally, the PWM detector activates the APC only when
needed, further lowering IQ and boosting standby efficiency by
9.5%. For reliable startup, the proposed SSC circuit limits the
voltage swing of the VCR to suppress oscillation-induced power
loss. The SSC is automatically disabled after startup to avoid
unnecessary power consumption and maintain low IQ.
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