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High-Frequency Pulsed Laser Driver Using
Complementary GaN HEMTs

Ching-Yao Liu"”, Chun-Hsiung Lin
Chang-Ching Tu, Edward-Yi Chang

Abstract—This article attempts to disclose a high-efficiency laser
driver that controls laser sources for high-frequency light detection
and ranging (LiDAR) applications. The specific LIDAR requisites
encompass a 20-MHz laser repetition rate, a 10-ns pulse duration,
and an instantaneous power of 50 W. The power efficiency of a
LiDAR used in autonomous vehicles is critical, which shall yield
a total input power within 15 W. To enhance power efficiency,
a half-bridge pulse laser drive is proposed, featuring a depletion
mode gallium nitride (D-mode GaN) transistor on the high-side and
an enhancement mode (E-mode) GaN transistor on the low-side.
A high-side gate drive is also introduced and analyzed for the
D-mode GaN transistor, which can greatly minimize oscillation
during laser-pulse capacitor charging due to no body diode effect.
Key efficiency factors include the equivalent series resistance of
multilayer ceramic capacitor, high-side transistor switching loss,
and transistor resistive loss. A peak efficiency of 75% is found at
the compromise of all losses, which s verified in both theoretical and
experimental methods. The pulse laser drive operation is proven to
be stable in the experiments over a wide range of laser repetition
rates from 10 kHz to 20 MHz.

Index Terms—Gallium nitride (GaN) high electron mobility
transistor (HEMT), half-bridge, high frequency, high-side drive,
pulse laser driver.

I. INTRODUCTION

HORT pulse laser drivers have emerged as essential tools in
S various industrial applications, revolutionizing fields such
as light detection and ranging (LiDAR), three-dimensional (3-D)
mapping, additive manufacturing, and laser tomography. For
LiDAR applications, the use of short pulse lasers enables highly
accurate distance measurement and object detection, crucial
for ensuring the safety and efficiency of autonomous vehicles.
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Higher peak power allows for longer distance detection, whereas
a higher repetition rate contributes to the clarity of the captured
images. Typically, it relies on laser pulses with half maximum
pulsewidth ranging from 1 to 10 ns and peak powers exceeding
50 W, operating at frequencies of up to tens of MHz [1], [2], [3],
(4], [5].

The energy required to drive laser diodes can be stored us-
ing either inductors [6] or capacitors [7], [8], [9], [10], [11],
[12], [13]. However, the discharge of energy from capacitors
is typically favored due to the size and power density concern
[6]. Moreover, they come in various forms and can be broadly
categorized into two types: series and parallel configurations.
In series structures, the shorter pulsewidth was reported to have
an image with greater contrast [7], a LIDAR driver was studied
that allows wide input voltage with a boost converter [8], a gate
driver formed by gallium nitride (GaN) high electron mobility
transistors (HEMTs) was used in ns-pulse generator enabling
very short turn-ON/turn-OFF time [9]. In parallel structures, a
laser driver with sub-ns pulsewidth was reported [10], a ringing
clampdown circuit was used in the pulse laser driver [11], a
laser driver designed by four paralleled MOSFETs increased the
pulse repetition rate to higher than 1 MHz [12], a high-power
pulse laser driver is achieved by paralleling multiple pulse power
modules [13]. Both topologies utilize a charged capacitor to
drive the laser diode, requiring parasitic inductance as minimal
as possible to prevent peak current suppression and generation
of excessive pulsewidth [14].

Nevertheless, the conventional current limited resistor method
may increase the charging time constant, which affects the speed
at which the capacitor charges and discharges. In other words,
the resistor imposes a limitation on the maximum repetition rate
that can be achieved in the laser driver system. Furthermore,
the power efficiency is a critical factor in laser driver design,
particularly for achieving high-frequency operation. A syn-
chronous buck converter operating at frequencies of hundreds
of kilohertz is used to drive the laser diode in continuous mode.
Notably, the GaN HEMT can bring higher power efficiency
and power density than MOSFET does to the laser driver [15].
The pulse mode laser driver, achieved through the implementa-
tion of a buck converter without an output capacitor, has been
demonstrated with higher efficiency than the continuous current
mode [16]. The high-speed pulse generator based on half-bridge
topology is realized by using isolation technology. The ex-
perimental results show that output response using MOSFET is
degraded when switching frequency higher than I0 MHz [17]. A
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switched-capacitor sigma converter for LIDAR driving featuring
three level switched-capacitors to achieve short response time
and high-power efficiency that allows laser driver operating
at MHz frequency has been demonstrated in the previous re-
search [18].

Some literature have discussed methods for increasing the
repetition rate by employing a parallel switch configuration that
enables interactive turn-ON and turn-OFF operations. In addition,
they have focused on integrating the power transistor into the
gate driver integrated circuit to enhance overall performance
[19], [20]. Wide bandgap materials such as GaN are featured
with notable characteristics such as low on-state resistance and
high switching frequency [21]. Several studies have presented
that utilization of GaN HEMTs in laser driver offers superior
performance compared to traditional silicon switch [15], [21],
[22]. As amatter of fact, in power electronics applications, safety
considerations often dictate the use of E-mode transistors as
switches. Certain literature sources have highlighted an interest-
ing phenomenon observed in GaN HEMTs. Despite the absence
of a parasitic body diode in the GaN HEMT structure, it has been
revealed that reverse conduction can still occur when turn-OFF
[23]. The reverse conduction voltage, i.e., vgp, of depletion
mode (D-mode) GaN HEMTs is greater than that of cascode
devices due to the cascode devices containing a body diode in
the MOSFET [24]. Fortunately, D-mode GaN transistors typically
possess higher threshold voltages for reverse conduction, mak-
ing them particularly well-suited for specific applications such
as switching capacitor circuit or battery charging [25], [26].
The charge pump circuit is renowned for its ability to provide
a positive voltage clamp and generate negative voltages, mak-
ing it a widely utilized technique for gate injection transistors
[27]. Previous studies have further explored the applicability
of similar circuitry for driving D-mode GaN transistors [28],
[29]. Furthermore, a novel gate driver circuit was employed for
driving the high-side D-mode GaN HEMT without the use of
isolation technology or a bootstrap circuit [30].

In the analysis of power loss in MHz pulse laser drivers,
the GaN-based half-bridge circuits primarily consist of conduc-
tion loss and switching loss. As the frequency increases, the
switching loss becomes dominant. An analytical switching loss
model for synchronous buck converter was presented, which
offers a more accurate prediction of power loss for half-bridge
circuits [31]. In addition, the effect of equivalent series resistance
(ESR) in multilayer ceramic capacitor (MLCC) varies with the
operating frequency. The X7R MLCC utilizes the ferroelectric-
based Class Il dielectrics as ceramic materials, making it favored
in high power density power applications. A previous study
revealed the development of an ESR model for Class Il MLCC.
This model allows for the calculation of power loss associated
with ESR in these capacitors [32]. To better simulate the laser
diode phenomena such as vertical-cavity surface-emitting laser
(VCSEL), several previous literature sources are introduced in
this work [33]. The equivalent circuit may consist of the stray
inductance from the wire bond, the contact resistance from die
attach, and a resonant tank composed of RLC components [34].

The aim of this article is to improve the power efficiency of
the pulse laser driver for a repetition rate higher than 10 MHz.
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Fig. 1. Nanosecond pulse laser diode module using D-mode GaN HEMT.
(a) Equivalent circuit. (b) Key waveforms. (c) Conventional pulse laser module
on the AIN substrate.

Utilizing the D-mode GaN HEMT as high-side switches offers
a compelling alternative to the conventional resistor current lim-
iter approach. This paradigm shift introduces several advantages,
including improved performance and enhanced control capabili-
ties. By capitalizing on the distinctive attributes of D-mode GaN
HEMTs, which allows for a short charging time constant and
possesses higher threshold voltage effectively preventing reverse
conduction, laser driver designs can attain superior efficiency
and higher repetition rate. In this work, we have studied and
experimentally demonstrated that the utilization of a half-bridge
configuration in laser drivers yields higher efficiency compared
to conventional laser driver designs. The parameters of the
D-mode GaN device were measured and analyzed in our study.
In addition, a clamped charge pump circuit was employed to
drive the high-side D-mode GaN HEMT, eliminating the need
for isolation technology and bootstrap circuits.

II. CONVENTIONAL PULSE LASER DRIVER

According to different measure methods, there are two types
of time of flight (ToF) for LiDAR: direct ToF (dToF) and
indirect ToF (iToF). In dToF system, the distance is acquired
by calculating the time difference between an emitted and its
reflected laser pulse. It usually needs a high peak current and
short pulsewidth for a long-range LiDAR. While iToF is widely
used in various 3-D-sensing applications such as augmented
reality/virtual reality, gesture recognition, and robotics which
rely on high pulse repetition rate ranges from 10 to 200 MHz
and short pulsewidth [35], [36], [37], [38]. This article is focused
on discussing the pulse laser driver for iToF LiDAR.

A. Pulse Laser Driver Charging via Resistor

As shown in Fig. 1(a), the laser driver using the charge pump
D-mode GaN HEMT was both analyzed and verified in our
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TABLE I
COMPONENTS USED IN THE CONVENTIONAL LASER DRIVER

Symbol Description
Gate driver  TI, UCC27614
Ce 10 nF, X7R,
muRata GRM188R71H103KA01D
Dc Nexperia, BAS316
Ru 100 Q/1 kQ/10 kQ
CL 2 nF, X7R,
muRata GRM188R71H202KA01D
M NYCU, 20 mm D-mode GaN
Di NYCU, 940 nm, 2W VCSEL [33]
D ROHM RFO05VYM2SFHTR
Rc 0.5 Q, YAGEO PT0603FR-070R5L

previous work [4]. In this laser driver, we applied a duty cycle
0 = tyltyp = 0.5 on vgs i, where £, denotes the pulse period
time and 7, denotes the pulse time. The #,;, is the reciprocal
of laser repetition rate f. In Fig. 1(b), the 50% duty is the
D-mode transistor OFF-time, the laser-pulse generating capacitor
C, receives the electrical charges from the voltage source Vj,.
The capacitor charging loop also contains the resistor Ry, a
charging diode D, and a resistor R . The charging time constant
composed of Ry and C, limits the highest f. The charging diode
D prevents the laser diode Dy from reverse breakdown and
also allows Cy, to store more energy. The resistor R¢ is used
to suppress the unexpected resonant laser current it,p. The other
50% duty is the transistor ON-time, which allows the electrical
energy stored in Cy, to surge a resonant laser current from M,
to Dy,

The laser module depicted in Fig. 1(c) was fabricated on an
aluminum nitride (AIN) substrate with an 8 pm gold layer, en-
suring the lowest stray inductance and excellent thermal conduc-
tivity for all components. Table I lists the elements of the experi-
ment setup with AIN substrate in our previous research work [4].
The combination of gate driver UCC27614, 10 nF X7R MLCC,
and ultrafast recovery diode BAS316 were used to drive the
D-mode GaN HEMT. The D-mode GaN HEMT is an in-house
device fabricated at the Compound Semiconductor Laboratory,
National Yang-Ming Chiao-Tung University (NYCU), Taiwan.
The diode D is afast recovery diode RFOSVYM2SFHTR and the
resistance of Ry is with three different values 100 2, 1 k€2, and
10 k€2. The driver performance using each individual resistance
is compared with the proposed half-bridge laser driver (HBLD)
in the latter section.

The wavelength of the D, used in both previous work and this
work is 940 nm, which is the near infrared (NIR) light range, the
current i;,p can only be converted from the NIR light detector
to verify the energy efficiency. The laser diode Dy, is a VCSEL
with the capability of 2 W output optical power for both the
previous and the present work were fabricated in the Institute of
Electro-Optical Engineering, NYCU [33].

The capacitor charging time constant 7¢p,,g, the laser diode
emission time #1,p, and peak laser diode current i;p are ex-
pressed as follows [22]:

Tchrg = RyCyr (D
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lp = T/ CLLstray (2)

: Vin = V)

itp = —————. 3)
Ron,ML + (}uLly

The current from the power supply mainly comprises the
charging current /171 into the Cy,, and simultaneously induces
conduction loss current /> through the GaN HEMT

Iy, =CrLVinf “
Vi
I = .
H2 = R 5

The laser driver efficiency is determined by two resistive
losses on the charging resistor Ry, R, and the ON-resistance
Ron 1, of the GaN HEMT. The resistor R is used to stabilize
the charging and typically Ry >> R ¢, therefore the resistor R¢
is ignored from the calculation. The energy efficiency n under
one cycle can then be expressed as follows:

_ Eip
Ery + Eeng + By + Erp + Fesr

Eip =t,Pp

Ui

IDVINES tPIEDRorl,ML

Ery = OéTchrgfngRH

Eeneg = tPIIQJ,Q(RH + Ron ML)

Egsg = (017 1 + ftplip) Resg. (6)

B. ESR of MLCC

Erp is the energy delivered to the laser diode, Eyiy, is the
energy loss on the M during its turn-ON time, Ery is the
energy loss of the charging current /f7,; on resistor Ry, Echrg
is the charging power loss, and Egsg is the ESR loss of Cr.
ir,p denotes the laser current only for the instantaneous power
P1.p =iLpVvLD, Whichis calculated during the laser ON-time. The
resistor Ry is needed in the low-side GaN HEMT OFF-time to
charge the capacitor, which is preferred to be as small as possible
to expedite the capacitor Cy, charging and therefore reduce the
Tchrg- RESR denotes the equivalent series resistance, which may
be modeled for different frequencies in a form as follows:

RESR,O + KESR,Of S f < fresonam

7
Resr,1 + Kesg,1f else ™

Rgsr =
where fiesonant 18 the self-resonant frequency of MLCC. In
this work, the Cr, is a X7R MLCC GRM188R71H202KA01D
from muRata. Its parameters are extracted (Rgsgr,o = 2.7,
KESR,O = 73.6E77, RESR,l = 0.1, KESR,l = 5E78) from curve
fitting.

C. Charging Resistor

In order to increase cope with the required high laser repetition
rate f, the Ry can be derived as follows:
1-9

RH:aC'Lf’ ®)
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Fig.2. Ry needed to satisfy the charging time with Cr, = 2 nF (blue line) and
the equivalent control duty (orange line).

That is, the higher the laser repetition rate is, the lower the
resistance Ry has to be in order to reappear the voltage Vi, in
capacitor Cr,. It typically needs a 4 time-constants to reach 98%,
i.e., « = 4. However, in the opposite situation, R needs to be
large to reduce the conduction loss during the low-side GaN
HEMT ON-time. In practice the Ry >> R,y m1, and iLD2Ron7ML
<< E1p, (6) can be written as follows:

n= bl . ©)
(2131 R + 055 ) + ft, A

It is observed from (9) that the efficiency dropped along with
the increasing duty when there is no more laser current. For the
optimum design case, we substitute (4) and (8) into (9) to yield
the optimum efficiency as follows:

dPp
%) FCLV2+6Pp

(10)

= (2(175)

@

The pulse time #1,p is a function of the Cr, and Lg,ay of the

circuit, which is considered a fixed value. Thus, the duty ratio

is proportional to the repetition rate f. It is observed from (10)

that the efficiency dropped along with the increasing frequency.

Fig. 2 presents the optimal value of Ry, corresponding to the

laser repetition rate in the blue line, which is derived in (8). The

orange line illustrates that for a fixed ¢, the control duty linearly
increases with the frequency.

D. D-Mode GaN HENT

There are different GaN metal-insulator-semiconductor
(MIS)-HEMT structures served for the D-mode and E-mode
proposes individually. In the D-mode devices, the trenched
gate recessed in the SiN layer forms the field plate structure
to improve the gate-source turn-ON/turn-OFF voltage [39]. The
E-mode device is typically recessed into the AlGaN layer to
allow the dielectric layer, such as the ferroelectric charge storage
gate layer, to be closer to the 2-D electron gas (2-D EG) [40].

In this study, the GaN transistor utilized is fabricated with
the MIS-HEMT structure as shown in Fig. 3. The device has a
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Fig. 3. Device cross-section of NYCU D-mode GaN HEMT.
TABLE II
PARAMETERS OF D-MODE GAN HEMT
. . VDS
Symbol Description Unit 0V 600V
Coss Output capacitance pF 31 17
Ciss Input capacitance pF 46 31
Crss Feedback capacitance pF 23 8
VGS,on Gate turn-on voltage A\ —4
—4 at 1 kHz
VGS,off Gate turn-off voltage \'% 7 at 1 Mz
— Maximum gate to source v 10 to —30
voltage
Ron On-state resistance m{) 900
Vap Breakdown voltage A% 600
iD,cont. Continuous drain current A 3

total gate width of 20 mm and a current density of 500 mA/mm,
which is featured at the trench gate and the field plate. The trench
gate is formed by recessing silicon nitride (SiN) insulator for
gate metal to approach the 2-D EG channel after the insulation
layer process, which can increase the threshold of gate-source
turn-ON/turn-OFF voltage from —12 to around —7 V for reducing
the switching delay time. The field plate is fabricated to decrease
the electrical field in the vicinity of the gate so that the device is
more reliable during the high-frequency switching.

The presence of a field plate, a widely utilized technology
in power transistors, allows for exceptional power densities in
GaN HEMTs by incorporating a metallization layer above the
passivation layer [30]. It modifies the certain electric properties
of GaN transistor, such as the distribution of the electric field
near the drain-edge of the gate and the breakdown voltage.

Our previous version of the 120 mm D-mode GaN HEMT is
integrated from the discrete D-mode using the TO220 package
which causes a six times larger parasitic capacitance than that
measured from the bare die [29]. The current version of the
20 mm D-Mode GaN HEMT is encapsulated in a dual flat
no-lead package, which effectively minimizes stray inductance.
The parasitic capacitances and other characteristics are listed in
Table II. The laser repetition rate f is determined by the input
capacitance (Cjss) and output capacitance (C,gs), Which plays a
critical role in this process. The D-mode GaN HEMT is with the
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Fig. 4. D-mode GaN HEMT test of turn-ON and turn-OFF voltage, (a) with
the source floating from the ground, (b) with the drain floating from the ground,
and their results under the switching frequency of (¢) 1 kHz and (d) 1 MHz.

absolute maximum voltage Vs max of 10 to =30V, which also
needs the gate drive circuit to be carefully designed.

However, because the field plate extended the electrical fields,
the device will turn ON when either vgg or vgp is higher than
the similar turn-ON voltages vas on according to the experiment
as shown in Fig. 4. When vgg is 0 V during the turn-OFF period,
the reverse conduction can occur when the drain-source voltage
iS —Vv@s,on» Which is equivalent to a body diode with a threshold
voltage of vgg on =7 V.

To evaluate the influence of the field plate, two switching
tests were performed, as illustrated in Fig. 4(a) and (b). In the
two switching tests, we flipped drain and source connections to
the voltage source and ground respectively when both drain and
source terminals were connected to individual 10 2 resistors.
The 12 V voltage source is used to float the source to 6 V as
shown in Fig. 4(a) and float the drain to 6 V as shown in Fig. 4(b),
the gate voltage V is connected to a triangle wave with an
amplitude of 410 to —10 V.

The experimental results are shown in Fig. 4(c) and (d) with
different switching frequencies. The blue traces are results corre-
sponding to the test in Fig. 4(a) and the orange traces correspond
to the test in Fig. 4(b). According to the experimental results, the
gate-source voltage plays a crucial role in determining the turn-
ON and turn-OFF behavior, which is influenced by the switching
frequency. At the frequency of 1 kHz, the D-mode GaN HEMT
exhibits turn-ON voltage vgs on and turn-OFF voltage vas off
both at —4 V. However, at higher frequency exceeding 1 MHz,
the turn-ON and turn-OFF voltages differ from each other. The
experiments reveal that the traces of the turn-ON process remain
consistent with the behavior observed at lower frequencies, with
vGs,on = —4 V. Conversely, during turn-OFF, a different trace
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Fig. 5. Charge pump D-mode GaN HEMT circuit.
is observed, vgs o = —7 V. Overall, the experiment indicates

that the reverse recovery charge process during the turn-OFF time
leads to an overshoot voltage between drain and source [30].

To conclude, there is an inherent difference known as the
hysteresis between the turn-ON and turn-OFF voltage, which can
be also observed from the transconductance curve. The hys-
teresis phenomenon is presented in switching frequency higher
than 10 kHz, which may be a result of the stray inductance
and parasitic capacitances yielding different impedances via
high switching frequencies. The other research interpreted the
hysteresis phenomenon as the trap-assisted tunneling in the
AlGaN layer [41].

E. Gate Drive for D-Mode GaN HEMT

The charge pump circuit is one of the common methods
to drive the D-Mode GaN HEMT [25]. In Fig. 5, the gate
terminal, denoted as v, is connected to the output of a gate
drive IC. Initially, the charge pump capacitor C¢ accumulates
no charge, which presents zero voltage and the D-mode GaN
HEMT remains ON-state. This phenomenon can pose challenges
for certain circuit designs, such as flyback converters [28],
where it is necessary for the transistor to initially turn OFF in
order to prevent the inductors from being overcharged. In other
applications such as the synchronous buck converter [30] or the
half-bridge configuration-based laser driver, the circuit has no
response initially. In this work, we integrated the C¢ = 10 nF
and an ultrafast recovery diode BAS316 to form a charge pump
gate drive circuit.

During the first turn-ON, the charge pump capacitor C¢ accu-
mulates charges and subsequently maintains a voltage state of
vee = Vg, where Vs represents the output from the gate driver
IC. This behavior is facilitated by the presence of the diode D¢,
which exhibits a forward voltage V. The charge pump circuit
results in an output to the gate source of the D-mode GaN HEMT
as shown in Table III.

According to Table III, once the C¢ is charged, that is
voce = Vg, the charge pump D-mode GaN HEMT goes into
an OFF-state. When v = Vi yields the gate-source voltage
vGs,caN = Vp that turns ON the D-mode GaN, and vg = 0
yields a negative voltage vgs,gan = —V that turns off the
D-mode GaN. However, the charge pump D-mode GaN HEMT
turns OFF only after the first complete cycle. The charge pump
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TABLE III
FUNCTIONALITY OF THE CHARGE PUMP CIRCUIT

vee
0 Ve
0 VGS,GaN = 0 vGs,GaN = — Ve
e Switch oN Switch OFF
Ve VGS,GaN = 0 VGS,GaN = Vi
Switch oN Switch oN

driving circuit can only be used in the application where the
drain terminal is not directly connecting the power source such
that it will not overcurrent in the initial stage of circuit response
[28].

In summary, the D-mode GaN HEMT device has no body
diode, which can be observed from Fig. 3 that the reverse
conduction occurs when vps = vgs — vap instead of —0.7 V for
other devices with body diode. In addition, the charge pump gate
driver shall be carefully used in different topologies and have a
special focus on the charge pump capacitance selection, which
has a minimum bound of tenfold as the gate-source parasitic
capacitance of the D-mode GaN HEMT.

III. PROPOSED HBLD

By employing the GaN HEMT in place of the resistor Ry,
the circuit exhibits a dual functionality. During the ON-time, the
My effectively operates as a low-resistance equivalent to Rp.
However, during the OFF-time, it functions as a current-blocking
device, preventing the flow of current generated from V;,,. The
reverse recovery current of the My can cause the Cy, to discharge
and therefore itis considered as a switching loss. On the contrary,
the reverse recovery current of the low-side switch can charge
up the capacitor Cy, and therefore the switching loss can be
ignored.

A. D-Mode GaN HEMT High-Side Drive With Clamped
Charge Pump

According to (6), a challenge encountered in the conventional
laser driver that the significant decrease in power efficiency as
the laser repetition rate increases in MHz applications. This
decrease is primarily attributed to resistive losses in a fixed Ry,
presenting a limitation to achieving optimal power efficiency at
higher repetition rates.

In order to facilitate rapid charging of Cy,, a small resistance
Ry is chosen. However, this selection introduces power loss
along the path from the power source Vi, through the resistor
Ry, and subsequently to the transistor M. In this article, we
replace the resistor with a D-mode GaN HEMT transistor M g,
which becomes a large resistance synchronously with the laser
ON-time as shown in Fig. 6.

The substitution of the resistor with a transistor can be seen
as the implementation of a high-side switch, which necessitates
the incorporation of a high-side driver. Currently, there is no
such a high-side gate driver applicable to high-frequency up to
20 MHz and simultaneously with the high current capability
from the shelf. Therefore, the clamped charge pump circuit is
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Fig. 6. D-mode GaN HEMT with clamped charge pump driver.

utilized in the D-mode GaN HEMT drive, which is also applied
in the synchronous buck dc—dc converter in our previous work
[30], has been proved to be valuable once in this work. The
Zener diode Dy works as a one-side diode and the other side
biased voltage source, which clamps the voltage v, signal from
the original [0 V, —V] range to the desired [Vz, V; — V]
range. The extra V; yield by the Zener diode is useful to charge
the Cr, when the high-side transistor turns ON. An extra Kelvin
source from the M, is also needed to connect with the anode
of the Zener diode to avoid the stray inductance effect. This is
a derivative design from the charge pump D-mode GaN drive,
which keeps on turn-ON state until the first switching cycle. It
needs to provide a complete cycle on the low-side charge pump
GaN HEMT before power up to prevent the shooting through
between two transistors. A delay circuit is used to power up
two transistors in a predefined sequence when two charge pump
D-mode devices are used in series.

In this study, we have integrated two GaN devices into
a half-bridge configuration, aiming to enhance the efficiency
specifically for high repetition rate and nanosecond pulse laser
applications. GaN transistors in a half-bridge circuit are featured
in its simplicity and the capability of high-frequency operation.
In high-frequency applications, the reduction of stray inductance
is crucial to achieving optimal performance. Therefore, our top
priority during the design and implementation phase was to
ensure a compact circuit design, which addresses the critical task
of minimizing stray inductance. To address safety concerns in
the half-bridge structure, a normally-OFF GaN device is utilized
as the low-side switch.

We rewrite (6) into a form only considering the switch loss
each cycle Egy, vu on the high-side switch as follows:

_ Eip
Eyvn + Emi + Erp + Egw mu + Ersr

n

Eip =1t,FPp
B =ty Ron ML

Eyvn = OéTchrgI%I,1Ron,MH
1
ESW,MH - ngl,maxVEn (tR + tF)

Egsg = (01% 1 + ftplip) Resg. (11)
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During the laser ON-time, the laser-pulse generating capacitor
C1, goes into two power losses including the ON-state resistance
loss in the M, and the power loss in the laser diode as follows:

1 2 2
icLVEn = tp(ILDRon,ML + PLD)-

In practice, we can choose Ronmu >> Ronmr and
ILDZROH,ML << Ppp. In order to restore the capacitor voltage
back into the target voltage V;,, the maximum time constant
from the high-side switch to C, is limited to as follows:

1
< —.
Ron muCr, < 7

12)

13)

Therefore, the maximum efficiency when ignoring the switch-
ing loss each cycle Eqy vu on the high-side switch, the ESR
effect, and the resistive loss on the low-side switch ON-resistance
Ron M1 18 50% when the laser drive is under the highest repetition
rate, which is limited by the ON-resistance of the high-side switch
Ron,vu and the Cp, as stated in (13). Knowing that the Cy,
which is also a function of 7,,, shall minimize R,y va in order to
obtain 50% efficiency at a higher repetition rate than 20 MHz.
However, reducing the resistance R, vp can simultaneously
degrade the efficiency for the switching loss Eg, vim, which is
an increasing function of the parasitic capacitance, proportional
to device gate width. The switching loss Egy, v in (11)is critical
to the efficiency of the half-bridge circuit [31]. t5 and 7 denote
the rise time and fall time of the high-side transistor switching
respectively. During the implementation of this research, the
switching loss of 160 nJ is comparable to the capacitor energy
C1,Vin2/2, which is 400 nJ with C;, =2 nF and Vi, =20 V. In
our study, the low-side switch has a small ON-state resistance
such that C,Viy?/2 >> t,I1.n*Ron ML, (11) can then be written
as follows:

10LV2
1OLVEQ +4fCLRonMu + p)
+((CLVin)* f + tpI2) Resr

n= (14)

where p denotes the switching loss factor. The ESR can seriously
degrade the efficiency of the laser circuit under a low repetition
rate. In our study, the term (C, Vin)zf is in the nanoscale while
tpiLD2 is in the microscale, hence we can ignore it. The term
4fCLRon Mu 1s ignored due to Ron vuCr << 1/f, and (14) is
finally simplified into a form as follows:

1
14+p+0(Resr,0+Kesr,0/f)
1

6 f < fresonant

14+p+4fCL Ron,Mmua+0(REsr,1+KESR,1[) else
(15)
i (Unit : mho) (16)
g = niv : mno) .
3CLVa

Equation (15) shows an achievement that the higher repetition
rate accompanies higher efficiency when f < fiesonant. For the
high repetition rate pulse laser driver, the efficiency shall simul-
taneously concern the high-side switch loss and the ESR, which
is a monotonically decreasing function of the laser repetition
rate f.
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Fig. 7. Mechanism of clamped charge pump gate drive. (a) Turn-ON.
(b) Turn-OFF.

C. Half-Bridge Synchronization Control

The dead time control between the high side and low side
of the half-bridge is critical to the power efficiency but not
vital to the reliability of the circuit. In Fig. 7, as indicated in
(3), higher the input voltage V;, higher the instantaneous laser
power output. However, the higher the input voltage, higher the
reverse recovery current when turning OFF both the laser driver
and charging driver. In order to properly turn OFF lower arm
switch for the D-mode GaN HEMT, the gate voltage source must
follow Vi, > |Vin| where Vi, represents the threshold voltage of
D-mode GaN HEMT. The control signals of both switches are
expressed as follows:

0<t<oT
T <t<T

o VG?
UGS,ML = 0
b

R {O, 0<t<doT (17)
K Vin, 0T <t<T

As shown in Fig. 7(a), during the high-side turn-ON,
va Mu = Vin from (17), the capacitor C ¢ is charged from the gate
drive power supply until reaching the reverse breakdown voltage
of Zener diode V. Hence, the highest voltage the capacitor C¢
could be is V;,—V,. As shown in Fig. 7(b), during the high-side
turn-OFF v v = 0, the charges in capacitor C ¢ is blocked from
flowing away by the diode in series. Equalizing the application
gate-source voltage of the clamped charge pump driver circuit,
we may set Vz; = Vi,/2. As shown in Fig. 7(a), during the
charging time of capacitor C,, the vpg wr, rises from O to V;,,, and
the v v falls simultaneously from V;,/2 to —V;,,/2. When the
voltage of Cy, reaches V;,/2—Vyy,, the high-side switch vgs mu
< Vin will turn OFF and there will be no more charging into
the Cr. When V; = V;,/2, we obtain the gate-source voltage
vas,mu for the upper arm stated as follows:

VGS,MH = UG,MH — UDS,ML — UcC- (18)

The ideal waveforms of the proposed HBLD are shown in
Fig. 8, which can be thought of as a design guide for the circuit
designer. The gate drive IC output v to the clamped charge
pump driver shown in the blue solid line is switching between 0
and Vi,. As a result, the laser-pulse generating capacitor Cy, is
charged to the voltage vcr, shown in the green line through the
high-side switch controlled by vgs, ma shown in the blue dashed
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Fig.9. (a) Equivalent circuit of clamped charge pump gate drive. (b) Response

of the proposed laser driver.

line. The high-side switch My and low-side switch M, turn ON
alternatively in a synchronous manner. When the low-side switch
turns ON, the C7, is discharged, which simultaneously brings the
laser diode a conducting current i,p.

D. Dynamic Response

The gate-source voltage vgs v of the upper arm is a function
of voe stored in the capacitor of the clamped charge pump
driver as shown in Fig. 9(a). The critical problem that occurred
in the laser driver circuit design for high repetition rate with
nanosecond pulse duration is confronting the dynamic response
due to the stray inductance of the circuit board wiring and
parasitic capacitance of the GaN HEMT. In the view of the
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gate-source voltage vgs ma, we break down the cycle of pulse
laser generation into four major phases as shown in Fig. 9(b)
providing the assumption that all charge pump capacitors for
the gate drive are properly charged.

The gate signal and R parameter design mainly concerned
with the following requirements. The first requirement is to
prevent the vas vy from swinging over its lower limit vas max.
During the ON-state, the vas vy is determined by vpg v, and
the function max(Vz, vpg,mr,) can cause a change in current
that induces the vgs,mn to surge. The range of voltage surge is
determined by the stray inductance and parasitic capacitance of
the circuit board. The second need is using dead time control to
increase the power efficiency. The Ciss of M and the Cogs of M1,
switch cause the switching delay, we use the dead time control to
prevent the half-bridge shooting through. The dead time control
between the high-side and low-side switches is a key factor,
without the dead time control, it may cause the vgs v surge
over the vgs max due to the reverse charges released from the
Coss of M L-

1) Phase I: Charging Transient Response: When the M is
turning ON from its OFF-state, i.e., Vg Mu = Vin and vgs,mr, = 0,
ver, rises from its lowest voltage state to a high voltage state.
The charging path goes through My, Cr, Lstray, D, and R¢ as
shown in Fig. 6. During this phase, the resonant frequency f;
and damping ratio &; are expressed as follows:

1
Wy =
LstrayCL
51 _ RC + Ron,MH C(L (19)

2 Lstray )

For instance, the stray inductance Loy = 1 nH and Cp, =
2 nF, the resonant frequency f; is 112 MHz or the half period
time is about 5 ns. The parasitic capacitor Cpg takes a similar
waveform as the current i does. In order to achieve a 20-MHz
repetition rate, the pulse period time 7;,;, has to be confined to 50
ns and a short transient time of capacitor charging contributes
as a dominant factor to the achievement. The transient response
terminates when the gate to source voltage vgs vp i below the
turn-ON voltage Viy,. The resistance R ¢ is added to the charging
path when the GaN HEMT is with a small ON-resistance for
increasing the damping ratio, which may not be needed when
the GaN HEMT is with a large ON-resistance. The reason for
the large ON-resistance is mainly due to the reduction of GaN
HEMT device cost. However, it can decrease the laser lighting
efficiency and prolong the Cy, charging time.

2) Phase II: Steady State Response: When the high-side
switch is turned ON for a while the current flow iy through the
drain to the source channel of the GaN HEMT is stopped, while
instead, the voltage resonance takes place between the LC tank
consisting of the parasitic inductor Lgtray, Cr, and the Cpg of
high-side GaN HEMT as shown in Fig. 6. In case that C;, >>
Cps, the charges in the C, will remain while the oscillation goes
on between the parasitic inductor Loy and Cps. The oscillation
is governed by the resonant frequency fo and damping ratio &5
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as follows:
1

vV leray CVDS

Rc | Cps
o= — .
2 Lstray

As a matter of fact, the charges inside of capacitor Cr, will
cause the capacitor voltage vcy, get higher than Vj,,. The good
effect of vor, >> Vi, after charging is the laser current will
be higher than the previous derivation in (3), while the bad
effect is that the extra voltage vor,—Vi, will make the voltage
vpg negative, which brings vgg vy to its lower limit when the
high-side switch My turns OFF again. The remedy is to add a
bootstrap capacitor Cgg on the side of the high-side GaN HEMT
to cope with the C. Thus, we can obtain the steady state value
of vcr, be the same voltage level as V;,,. We can simultaneously
increase the resistance R for instance 0.5 2 due to which a
higher damping ratio will lower the oscillation.

3) Phase III: Dead Time: When the high-side switch is turn-
ing OFF from its ON-state, the vg vmu goes from V¢ into —Vg,
between the voltage change, there is a Miller plateau period of
the gate drive IC that the voltage vgs v stays around Vi, for
a while. The Miller plateau due to the presence of the clamped
charge pump driver is rather significant, which drains out the
parasitic charges from the high-side gate drive IC as shown in
Fig. 9(a). The current draining process goes through the Cygg
of the gate driver IC, the high-side charge pump capacitor C¢,
D¢, and the Zener diode. The forward bias resistance of the
diode together with the reverse bias resistance of the Zener
diode forms the discharging resistance to the C,ss of the gate
driver IC. The positive charges in the Coss of the gate driver
IC are used to charge the Cc. The Miller plateau time for
turning OFF the high-side switch M 7 is much longer than that for
tuning ON the same switch due to the charge pump capacitor C¢
being positively charged, which is around several nanoseconds
as shown in Fig. 9(b). The dead time shall be made smaller
than the Miller plateau time so that the reference voltage v mu
only goes from V¢ to 0 V instead of —V ¢, such that the gate to
source voltage vgs vy can be higher than the minimum voltage
limit. At the dead time control period, the capacitor voltage vcr,
holds at its high voltage and drops when the lower side switch
turns ON. Instead of having the lower side switch M, remain
in its OFF-state before the high-side switch My completes its
turn-OFF to prevent the shooting through power loss, the dead
time control is designed to overlap both high-side turn-ON time
and low-side turn-ON time. The dead time is recommended to
be 2-3 ns.

4) Phase 1V: Cp, Discharging Time: As shown in Fig. 6,
during the Cy, discharging time, the current flows through the
laser diode, the stray inductor Lgg;ay, the capacitor Cr, and the
low-side switch M. The LC oscillation can help the surge of
the laser current, the laser emission time and driving current are
the same with (2) and (3). To further shorten the pulse duration
to obtain higher laser power, we will need to reduce the stray
inductance by making the circuit as compact an integrated circuit
as possible. When the current i;,p flows reversely, the current

21 fo =

(20)
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flows through D and the resistor R ¢ yields the other path to help
the suppression of later redundant oscillation. The redundant
oscillation can cause an unwanted second laser pulse. In this
phase, for instance, the L,y = 1 nH, Cpg =9 pF,and R = 0.5
, the damping ratio is about 0.02.

In summary, the conventional laser drivers such as those
mentioned and compared in [4] are all charging the laser-pulse
generating capacitor through a resistor. The resistance of the
resistor is preferably high in the power efficiency concern, in
the contrary, it is preferred to be low due to the high repetition
rate requiring small charging time. The D-mode GaN HEMT
is used in this article to replace the resistor to handle the
capacitor charging. The D-mode GaN HEMT featured at the low
reverse recovery current that prevents the laser-pulse generating
capacitor from voltage oscillation needs a special focus on the
synchronous switching that prevents the shooting through.

IV. SIMULATION AND EXPERIMENT

The simulation is performed using the OrCAD PSPICE soft-
ware with the same parameter used in the experiment. The com-
mercially available E-mode device GS61004B and the NYCU
20 mm D-mode GaN HEMTS are used to simulate the operation
of HBLD. The VCSEL model shown inside of the dashed box
is provided in previous research, which includes package stray
inductance, contact resistance, and an RLC resonant tank [4].

The simulation schematic is shown in Fig. 10(a). The induc-
tance L, and L are the stray inductance and the laser bonding.
The resistor Rs with 0.1 € is also used to simulate the resistance
due to the bonding and contact, which is not on the circuit
as a component. Consequently, the overall laser driver can be
considered as normally OFF from the beginning. Due to the
threshold voltage of M, is 1.7 V, we set up a 5-V dc power
to the gate driver of M. As for My, it is supplied with 20 V
dc for enabling the clamped charge pump driver. We set a 4
ns dead time for the period of My turn-OFF and 1 ns for the
period of turn-ON. The shorter dead time between M turn-ON
and M, turn-OFF allows to avoid the voltage drop of v¢r,, which
results from the redistribution among C,, parasitic capacitances
of M and M. However, the short dead time is easy to cause a
shoot-through problem, which needs careful control.

The simulation results are shown in Fig. 10(b), which include
the gate-source voltage of My, gate-ground voltage of My,
current of VCSEL, voltage of C,, drain-source voltage of M,
and gate-source voltage of M. It is found the voltage of Cy, in
red line during phase I is not ringing due to the high R, M =
0.9 2, which shows the overdamped case, and thus the voltage
ripple of vy, during phase II is also reduced. The gate-source
voltage of the M presented in the purple line is not lower than
Vas max during phase IV due to the existence of Cp,, which
prevents the down-surge of the gate-source voltage. The laser
current it,p, represented by the blue line, exhibits a peak value
of 11 A, forming a peak instantaneous power of 40 W when
VLD = 4 V.

In addition, an ultrafast recovery diode D, was incorporated
between the gate and source of the My as illustrated in Fig. 11.
Due to the Schottky gate structure of M, the D, prevents from
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TABLE IV

COMPONENTS USED IN HBLD

Symbol Description
My NYCU, 20 mm D-mode GaN
M GaN systems, GS61004B
Gate driver  TI, UCC27614/LMG1020
c 10 nF, X7R,
‘ muRata GRM188R71H103KA01D
D, Dg Nexperia, BAS316
Cos 470 pF, X7R,
muRata GRM188R71H471KA01D
o 2 nF, X7R,
muRata GRM188R71H202KA01D
D ROHM RFO5VYM2SFHTR
Rc 0.5 Q, YAGEO PT0603FR-070R5L
Dy NYCU, 940 nm, 2 W VCSEL [33]
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(a) Experimental setup. (b) HBLD board.
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leakage current of the gate to the channel. To balance the voltage
charged into Cy,, a capacitor Cgg was introduced. Theoretically,
a fully charged Cr, should have a voltage equal to Vi,—Vp.
However, in practice, the voltage may redistribute among the
Cr, the Cogs of My and M. Table IV lists the components used
for HBLD in this work.

The experimental setup is shown in Fig. 12(a) and the laser
driver board is shown in Fig. 12(b). The printed circuit board
(PCB) consists of the gate drivers UCC27614 and LMG1020, the
VCSEL, the E-mode GaN HEMT GS61004B, and the NYCU
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D-mode GaN HEMT. In the middle area of the circuit board
are signal I/O and test points. The current flowing through the
laser driver is measured by paralleling five 0402, 0.5 €2 resistors
R,,, each with a parasitic inductance smaller than 1 nH [14].
Therefore, the influences on the main power loop can be ignored.
The parameter of Cy, is with 0603, X7R, 2 nF MLCC, and the
940 nm VCSEL from NYCU [33].

A two-channel arbitrary waveform generator Tektronix
AFG31102 controls the input signals, which allows us to ad-
just the dead time resolution of 1 ns between the high-side
arm and the low-side arm. In practice, the dead time control
may be an issue in the implementation using the digital signal
processing such as STM32, which allows the highest dead
time resolution of 6 ns. When a narrower pulse is needed, the
high-speed pulsewidth modulator IC such as AD9560 may be
useful to resolve this dead time control issue. A power supply
BK PPS3210 is used to provide the logic and laser power. All
of the waveforms are observed from the oscilloscope Tektronix
MSO04104C, which is equipped with a bandwidth of 1 GHz.
The photodetector (PD) THORLABS DETO8CL/M with wide
spectral response is utilized to observe the laser diode pulse. The
peak current is obtained by converting the voltage taken from
the 0.1 ) resistor to the actual peak current 15 A as shown in
Fig. 13(a) purple trace.

Fig. 13(a) also shows the experiment result of vpg nir, with the
cyan trace, the vgs m1, with the blue trace, the PD voltage vpp
with the green trace. Fig. 13(b) shows the experimental result of
v, mu With the cyan trace, vgs mr, with the blue trace, vps wmr,
with the purple trace, and vi,p with the green trace. Fig. 13(c)
shows the calculation of vcr, with the orange line and the vas va
with the gray line from the experimental result.

By measuring vcy, in Fig. 13(c), the charging time constant
Tchrg 18 5 ns, which is longer than the analytical time 1.8 ns.
The cause of the longer charging time may be due to the Miller
Plateau effect of the M7 and the Lg,ay, on PCB. The maximum
ver 1s 14.5 'V, which matches the expectation when the forward
voltage of D is concerned.

The major difference between the simulation and the experi-
ment is the initialization of capacitor charging. In the simulation,
we cannot model precisely the rising and falling time of the
transistor. Therefore, the C;, may be charged with a voltage much
lower than V;,, which reduces the laser instantaneous power.
The initial voltage of C, determines the voltage locked inside
of the charge pump capacitor of the high-side gate drive. The
remedy is that we initially turn OFF the low-side transistor for
>1 ms and switch the high-side D-mode GaN HEMT ON and
OFF until the charge pump gate drive is fully functioning to yield
the laser-pulse generating capacitor Cr, with a desired voltage.

Fig. 14 presents the experimental results obtained from both
the conventional laser driver and the proposed HBLD with
0 = 0.5. In order to demonstrate the influence of charging time
constant and resistor power loss as the frequency increases, the
conventional laser driver was measured using three different
resistances of Ry. By decreasing the resistance, the capacitor
charging time is reduced, which allows higher laser repetition
rates. However, this comes at the cost of increased heat loss from
the resistor. The conventional laser driver in Fig. 1(c) exhibits a
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Fig. 13.  Experimental data. (a) Laser current and PD waveform. (b) Laser-

pulse generating capacitor voltage and gate signals. (c¢) Calculated vy, and
vas,MH from experimental results.

peak power efficiency of approximately 10% at frequencies of
10 kHz, 100 kHz, and 2 MHz, corresponding to resistor values
of 10 k€2, 1 k€2, and 100 2, respectively. In contrast, replacing
the resistor Ry with a D-mode GaN HEMT not only reduces
the charging time of Cy, but also eliminates the occurrence of
shooting-through loss.

In Fig. 14, the efficiency curve of the proposed HBLD fluc-
tuates greatly when the repetition rate is higher than 3 MHz.
The fluctuation was due to the power supply dynamics, which
will be discussed in the consecutive analyses. The response of
conventional topology with 100 € resistor (orange trace) pre-
sented a rapid attenuation compared to the theoretical analysis
result (dotted orange trace) when the repetition rate is higher
than 2 MHz. It was owing to that the conventional laser driver
is associated with a high damping coefficient, which filtered the
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power supply dynamics in a low-pass filter way. The experi-
mental results reveal that even though the optimal Ry control
from (8) is applied to the conventional laser driver, the analytical
efficiency is less than 40%.

Integrate the D-mode and E-mode on the single chip can
reduce the stray inductance and the parasitic capacitance to
enhance the switching performance. The NYCU research team
is currently working on the flip-chip packaging to reduce the
resistance from the previous wire bond and possibly provide a
3-D IC interconnection to stack the heterogeneous transistors
and gate driver ICs together.

Fig. 15 shows the ESR estimation of Cp,
GRM188R71H202KAO01D, with an orange color trace. The
Cy, yields a dominant power loss for both the low-frequency
and the high-frequency laser repetition rates. The highest
power efficiency occurs also at the laser repetition rate with
minimum ESR. Thus, it forms a crucial design guide for the
pulse laser drive designer that the self-resonant frequency of
the MLCC chosen must match the application laser repetition
rate. The power supply system must also be stable in the
high-frequency application that higher power output is required
at higher frequency for the pulse laser application. The ESR
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Fig. 16.  (a) Experimental laser diode output power. (b) Laser-pulse generating
capacitor voltage versus frequency.

loss calculation from (11) is then shown with a blue color trace
in Fig. 15.

The output power of the laser diode increases with the repeti-
tion rate as depicted in Fig. 16(a). The power supply was charg-
ing the laser-pulse generating capacitor with inconsistent volt-
ages under different frequencies as shown in Fig. 16(b), which
shows two second-order system poles and two second-order
zeros around 10 MHz observed from the voltage magnitude
variation. The traces of the conventional resistor current-limited
laser driver with § = 0.5 start to decrease after the specific
frequency, which depends on the charging time constant 7.
The decline in output power can also be attributed to unnecessary
charging power loss from Ry. By reducing the ¢, the charging
power loss can be reduced, and the power sent to the laser
diode continues to increase linearly with the frequency until
encountering the limitation of 7¢,.,. The power sent to the
laser diode of the proposed HBLD shows the same trend as a
conventional resistor current-limited laser driver in the condition
of small 4. The higher reverse conduction voltage also helps
D-mode GaN HEMT to prevent energy loss in Cy, caused by
voltage oscillation.

Fig. 17 shows the proposed HBLD power distribution. Com-
paring the experimental result (dark red line) with the theoretical
results (bar chart) derived from (16), we found good consistency
except when the frequency is higher than 10 MHz. From Fig. 17,
we also observed that the highest efficiency of the current
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Verification test for 60 min burn-in.

implementation is about 75% around 10 MHz. Beyond 20 MHz
pulse laser driving still requires lower R,;, m1,, lower switching
loss of My, and also the C, with lower ESR.

Fig. 18 shows the PD output voltage of the proposed HBLD
during the 60-min burn-in test operated at f= 20 MHz, ¢, = 10 ns,
and Vi, = 15 V. The results indicate that all peak voltages read
from PD are 0.12 V, which means that the laser driver yields the
same pulse current to the laser diode. It is also worth noting that
the laser emission time #;,p was initially 3.8 ns and finally 5.3 ns
in its thermal equilibrium state concerning the balance between
the electrical power input of 4.5 W to the resonant cavity of the
VCSEL and the power output. The power output includes both
the laser light power output and the heat dissipation from the
VCSEL-on-AIN packaging.

Fig. 19 compares two half-bridge structure tests utilizing a
combination of D-mode and E-mode, alongside two E-mode
GaN HEMTs. The first test is with E-mode GaN HEMT
GS61004B as a low-side switch and the NYCU D-mode GaN
HEMT with clamped charge pump driver as the high-side switch.
The gate drivers for the E-mode and D-mode transistors are
separately provided by the LMG1020 and UCC27614. In the
second test, two E-mode GaN HEMTs GS61004B with boot-
strap capacitor-based half-bridge driver NCP51810 were used.
The individual switch waveforms are shown in Fig. 19(a) and (b),
respectively. Two intervals are of our interest, which includes the
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Fig. 19. Comparison of half-bridge structure with low-side E-mode GaN

HEMT and (a) high-side D-mode GaN HEMT; (b) high-side E-mode GaN
HEMT at 1| MHz repetition rate.

time interval I during the high side switch turns OFF and low-side
switch turns ON and time interval II when the high-side switch
turn ON and low side switch turn OFF. Comparing Fig. 19(a)
with (b), we found the difference in the interval I that the
capacitors redistribution that the decreasing of vpg w1, occurred
only in the D-mode GaN HEMT. We found also the difference
in interval II that due to the reverse conduction mechanism
discussed in Section II, the E-mode GaN HEMT has severe
oscillation on vpg v, when it turns OFF, which also prolongs
the settle time of Cr. On the other hand, as shown in Fig. 19(a),
the results with high-side D-mode GaN HEMT presented less
overshoot voltage and faster response.

Furthermore, compared to Fig. 19(b), the observation of the
drain-source waveforms (vpsmu and vpgwmr,) in Fig. 19(a)
reveals no short circuit during both turn-ON and turn-OFF periods.
The gate waveform vgs ui, in Fig. 19(a) produced a large
voltage oscillation when it was turned OFF. Due to the high side,
D-mode GaN HEMT has a higher reverse conduction voltage,
in the dead time period the charge redistribution phenomenon
among the parasitic capacitances between the high- and low-side
transistors is significant. The charges stored in the Cgp of My,
was redistributed into both Cpg of My and ML and resulted
in the drain-source voltage instability as shown in time interval
IT of Fig. 19(a). However, it caused no short circuit since the
oscillating vgg v1, does not reach the Miller Plateau voltage.
To conclude, when the D-mode GaN HEMT is used in the
half-bridge circuit, the results show a shorter response time
of switching but there is an extra gate ringing due to its high
reverse conduction voltage, which may need a special care on
the electromagnetic interference.

V. CONCLUSION

This article proposed a high-power efficiency pulse laser
driver, which is derived and compared to the conventional
laser drive used in a LiDAR of 20 MHz repetition rate. The
conventional laser drive was capable of lighting up the laser in
low frequency or low pulse duration. In the high repetition rate
with fixed pulse duration application, the duty cycle approaches
50%, which fails the applicability of the conventional laser
drive. The proposed half-bridge pulse laser drive accommodates
high duty cycles, enabling a higher repetition rate than the
conventional laser drive. However, the proposed laser drive
still encounters difficulties with the parasitic energy loss and
the instability of charging the laser-pulse generating capacitor
due to the presence of the body diode and its reverse recovery
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current. Instead of using all E-mode GaN HEMT, the proposed
laser drive incorporates D-mode GaN HEMTsSs, which exhibit
a higher reverse conduction voltage. The D-mode GaN HEMT
installed on the high-side coped with E-mode GaN HEMT on
the low-side can bring up the laser drive efficiency of up to more
than 50% in a repetition rate above 20 MHz. Furthermore, this
article presents solutions to overcome challenges like laser-pulse
generating capacitor voltage locking and the down-surging of
the transistor’s gate-source voltage. The remedy solutions are
devised through circuit simulations as well as the equation
formulations. The proposed laser drive achieves a peak current
of 10 A with a 10-ns pulse duration, 20-MHz repetition rate,
and 50% efficiency. The reliability of the proposed laser circuit
allows a continuous laser emission for over 60 min. Theoretical
analysis indicates that the proposed pulse laser drive can attain
maximum efficiency beyond 20 MHz, constrained by switching
loss and the ESR of the laser-pulse generating capacitor. In the
future, we will still be developing a high laser repetition rate with
low switching loss GaN HEMT for applications with 50 MHz
repetition rates. In addition, exploring low ESR solutions or high
self-resonant frequency laser-pulse generating capacitors will be
pursued simultaneously.
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