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A Half-Bridge Gate Driver With Self-Adjusting and
Tunable Dead-Time Modes for Efficient
Switched-Mode Power Systems
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Abstract—The design of high-voltage (HV) switched-mode
power systems (SMPSys) poses multiple challenges, such as mini-
mizing the switching losses and preventing possible shoot-through
currents, to achieve efficient and reliable operation. This article
introduces a reconfigurable half-bridge gate driver (GD) for
SMPSys, with an open-drain output configuration, electrostatic
discharge self-protection, and two dead-time management modes
to address these challenges. The first mode is an externally
tunable fixed dead-time generator (FDTG) capable of achieving
a wide dead-time range from 5 to 200 ns. The second mode is a
self-adjusting dead-time generator (SDTG), designed to adapt to
delay mismatches between the GD’s channels, regardless of process,
voltage, and temperature (PVT) variations, while minimizing dead-
time and preventing cross-conduction. The GD was fabricated in
an HV 0.18-pm silicon-on-insulator CMOS process technology,
supporting a high-side floating bias voltage rail up to 100 V and oc-
cupying a core area of 0.285 mm?>. It was tested in a buck converter
system using a gallium nitride (GaN)-based half-bridge with a
switching frequency of 0.5 to 1 MHz. It achieves a total propagation
delay of 11.4 ns and a minimum dead-time of 3.6 ns (3 smaller
than state-of-the-art) using its SDTG mode. The system achieved
a peak efficiency of 90.5% at an output load of 8 W. Notably, the
SDTG mode improves the overall efficiency by up to 20% over the
FDTG mode, specifically at higher switching frequencies, showing
its effectiveness in enhancing the performance of SMPSys.

Index Terms—DC-DC converter, dead-time management, dual-
channel gate driver (GD), open-drain output, process, voltage, and
temperature (PVT) variations, shoot-through currents, switched-
mode systems, synchronous switching.
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I. INTRODUCTION

WITCHED-MODE power systems (SMPSys), including

dc—dc converters and power amplifiers (PAs), are widely
used in various applications such as renewable energy systems,
electric vehicles, and avionics [1], [2], [3]. However, achieving
high efficiency and reliability in these systems, particularly in
high-frequency (few MHz range) and high-voltage (HV) (100 V
range) domains, poses significant challenges [1], [4]. A key
approach to addressing these challenges is the utilization of
efficient and integrated gate drivers (GDs), ensuring safe and
rapid switching of power transistors [5]. Although SMPSys can
theoretically reach 100% efficiency, there exist three sources of
power losses in practice that degrade their performance, namely
conduction losses (Pcona), GD losses (Pgate), and switching
losses (Psw). Pcond 1S mainly due to the finite ON-resistance
(Ron) of the power switches, whereas Pg,; and Py, stem from
the charge transfer during the switching activity of the power
transistors and the simultaneous presence of high voltages and
high currents for short time periods, respectively [6], [7].

Recently, SMPSys have shifted from asynchronous designs,
which use freewheeling diodes as rectifier switches causing large
ON-state losses, to synchronous half-bridge (HB) designs [7],
[8]. While transistor switches in synchronous designs offer lower
voltage drops and lower Ron, boosting efficiency [9], they risk
cross-conduction, which leads to shoot-through currents that
degrade overall efficiency and can potentially damage the HB
[5]. This issue stems from the propagation delay mismatch (DM)
between the high-side GD channel (HSGD) and the low-side
GD channel (LSGD) control signals, which can activate both
switches simultaneously, as shown in Fig. 1(a). Many factors
internal to the GD chip can cause this DM, such as the delay
of the level-up shifter (LUS) block in the HSGD, and the delay
dependencies of the different blocks on process, voltage, and
temperature (PVT) variations. In addition, external factors, such
as the type of the HB switches and the output load variations of
the SMPSys, can also increase the DM value [10]. Addressing
these issues requires advanced GD circuitry with a robust and
effective dead-time generator (DTG).

A DTG prevents the simultaneous conduction of the HB
switches to eliminate shoot-through currents. This is achieved by
introducing a dead-time (DT) interval between the HSGD and
LSGD control signals, as shown in Fig. 1(b). In this interval,
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Fig. 1. Simplified GD diagram interfacing an HB. (a) Without a DTG.
(b) With a DTG.

both switches are OFF, which puts the low-side (LS) transistor
in a reverse-conduction state. This causes a source-drain voltage
drop equal to the transistor’s body-diode potential, elevating
Pcona [11], [12]. Therefore, it is essential to minimize DTs
to reduce body-diode losses, prevent heating up of the power
switches, and avoid output signal’s distortion in applications
such as audio PAs [2], [13]. As a solution to eliminate the body-
diode losses and reduce both Pg,, and Pgyte, resonant GDs have
been introduced, offering soft-switching and energy recovery
techniques [14], [15], [16]. However, they require complex DT
control, in addition to resonant tanks, which comprise off-chip
capacitors and inductors, to achieve soft switching [17]. Also,
with the increase in switching frequency (Fg, ), there is a notable
rise in Pgate, thus requiring a careful tradeoff between the two
quantities, which limits the maximum Fg,, below the MHz range.

Prior research has explored many approaches to dynamically
adjust the DT and generate optimal values that prevent shoot-
through currents [18]. Some designs employed digital-based
circuits, such as the work in [19], which uses a senseFET,
passive components, a flip-flop, and a finite-state machine. In
[20], a DTG is integrated with a digital feedback controller to
produce an optimal DT value. Other designs, such as the one
in [12], use senseFETs for body-diode conduction detection at
the switching node (Vg ), followed by comparators and digital
circuits for DT adjustment. The research works presented in
[18] and [19] utilize circuit blocks including current sources,
switched capacitors, comparators, and digitally-controlled delay
cells. However, some of these reported designs are susceptible
to noise due to their reliance on passive devices and analog
components. Others necessitate complex additional circuits for
DT calculations or calibration to avoid unwanted variations. In
addition, certain designs realized in low-voltage (LV) processes
may require scaling and adaptation for proper operation in HV
domains. A high-resolution DT controller was presented in [8],
which scales down Vg, and compares it to a fixed window.
However, the scaling coefficient and the window’s width largely
affect the DT accuracy. The impact of PVT variations on the
DM and DT generation was considered in [5], [10], [16], and
[21]. However, they either considered external calibration of
the DTG or accounted for the variations by corner simulations
before fabrication. A recent DTG architecture, based on a few
digital gates and level-down shifters (LDSs), was proposed in
[22] and validated in [2], This approach aims to minimize the
applied DT while accounting for DMs in the GD.
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The performance of many controllers in SMPSys is directly
affected by time delays in the control loop, often stemming from
blocks such as the GD [23], [24]. Surpassing a certain threshold
for the control signals’ propagation delay in the GD may lead to
control performance diversion, causing system instability. This
delay also sets an upper limit on Fg. Thus, GDs with lower
propagation delays are favored and more suitable for closed-loop
systems and high-frequency applications. The individual delay
of each component in the GD contributes to its total delay. For
instance, most LUSs have increased delays in HV operation [25].
Also, the conventional two-phase clock DTG adds a delay equal
to twice the applied DT to the total GD delay [2]. The following
sections will further explain these aspects and propose solutions
to improve performance.

Addressing the limitations and needs discussed above, this
article proposes a fully integrated GD for HB-based SMPSys
featuring a dual-mode DTG. The first mode is a self-adjusting
DTG (SDTG) adopted from [2], which can adapt to the DM
variations between the HSGD and LSGD by self-adjusting the
generated DTs without external intervention or manual adjust-
ment. The second mode is a tunable fixed DTG (FDTG), which
can be externally adjusted to generate a wide range of DTs
accommodating various types of applications, such as motor
drives and zero voltage switching (ZVS) topologies [24], [26].
The proposed GD’s performance is experimentally validated by
interfacing it with a synchronous dc—dc buck converter. The
system’s efficiency is measured across different power loads and
operating frequencies for both DT operating modes to validate
the significance of the DTG circuits developed and the overall
functionality of the GD. The key contributions of this article can
be summarized as follows.

1) A reconfigurable fast HB GD supporting the following

two DT management modes:
a) FDTG;
b) SDTG.

2) The FDTG mode employs anovel delay circuit for voltage-
based external adjustment of applied symmetric DTs be-
tween 5 and 200 ns.

3) The SDTG mode lowers the GD’s total propagation delay
significantly, in addition, it achieves the minimum DT pos-
sible without manual adjustment to prevent shoot-through
currents regardless of the effects of PVT variations on the
DM between the HSGD and LSGD.

4) The GD has a floating HS channel with a voltage clamp
for safe operation and with a high dv/dt immunity of 120
V/ns, which is verified using post-layout simulations.

5) The GD features an open-drain output configuration for
both its HS and LS channels, in addition to an electrostatic
discharge (ESD) self-protection in the output stage of the
HS buffer.

The rest of this article is organized as follows. In Section II, we
illustrate the importance of having a DTG circuit and present a
comparative analysis between the different DT operating modes.
Section III presents a detailed overview of the structure of the
proposed GD and the implementation of the different circuit
blocks including the enable/disable protection logic, the FDTG
circuit, the level shifters, and the HV pads for the open-drain
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(b)

Fig. 2. Illustration of the propagation DM between OH and OL with
(a) matched HSGD and LSGD, and (b) unmatched HSGD and LSGD.

outputs. Section IV shows the experimental results of the fabri-
cated GD prototype, as well as the measured performance of
a proposed dc—dc buck converter system based on our GD.
In addition, a comparison to state-of-the-art similar works is
presented. Finally, Section V concludes this article.

II. COMPARATIVE ANALYSIS OF DEAD-TIME GENERATORS

In this section, the need for a DTG circuit in a dual-channel
GD is illustrated by performing corner simulations on the DM
between the HSGD and the LSGD. In addition, a comparative
analysis between the employed DT modes is presented to show
their advantages and disadvantages.

In a GD without a DTG circuit, as depicted in Fig. 1(a), the
driving output signals, OH and OL, will switch simultaneously
if the HSGD and LSGD exhibit matched propagation delays,
as demonstrated in Fig. 2(a). However, if a positive (+ve) DM
exists between the HSGD and LSGD, OH and OL will switch
at different times, resulting in an overlap period where both
signals remain high, as demonstrated in Fig. 2(b). In both cases,
cross-conduction is likely to happen, causing shoot-through
currents as the power transistors, Qg and Qy,, will be either
partially or fully turned ON at the same time. The partial turn-ON
can occur if one of the power transistors, such as Qy, starts
to turn ON whereas the other Qg, is turning OFF at the same
time and vice versa, as illustrated in Fig. 2(a), where +ve DM
exists if the switching threshold is considered at 0.5 V. To
address this cross-conduction issue, a DTG circuit is necessary,
as shown in Fig. 1(b). An effective DTG should apply two DTs
to eliminate any overlap, by converting any +ve DM to negative
(—ve) DM, like DMy shown in Fig. 2(b), and ensuring that the
OH and OL signals switch sequentially to prevent any potential
cross-conduction. In this context, DMy is defined as the DM
between OL’s falling edge and OH’s rising edge, whereas DMy,
refers to the DM between OH’s falling edge and OL’s rising
edge. In this article, we employed a DTG with two modes of
operation that can either function separately or combined. The
first is the externally tunable FDTG mode, and the second is the
SDTG mode. The DTG generates two DTs, DToy and DTy,
as illustrated in Fig. 1(b), which counteract DMy and DMgoy,,
at the rising events of OH and OL, respectively.
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Fig. 3. Simulations of the propagation DM between OH and OL at different
process corners and temperatures for the two cases in Fig. 2.

The FDTG mode generates symmetric and fixed DTy and
DTor, where the values of the applied DTs need to be higher
than the highest +ve value between DM and DMgy, to
eliminate any potential overlap at the switching events. Even
though post-layout and corner simulations can give an estimate
of the DM between the HSGD and LSGD, as shown in Fig. 3,
there are external post-fabrication factors that are specific to
each application, such as the output load, input supply, and
power transistors, that can affect the DM value [10]. Hence,
using the FDTG mode requires the generation of DTs sufficiently
larger than the largest DM for safe and reliable operation, which
can consequently cause large body-diode losses. Conversely, the
SDTG mode generates adaptive DT oy and DTy, according to
the propagation delays encountered in the HSGD and the LSGD,
respectively, as will be explained in Section III. This mode is
expected to handle the DM variations as well as the external
factors because it guarantees a sequential turn-OFF and turn-ON
of Qu and Q..

To demonstrate how the DM can change considerably with the
process variations, corner simulations are performed to examine
the GD performance when interfacing with an HB, whose power
transistors each have a maximum input capacitance of 288
pF. The process corners considered include worst zero, where
slow NMOS and fast PMOS are used, worst one, where fast
NMOS and slow PMOS are used, worst speed (WS), where
both NMOS and PMOS are slow, and worst power (WP), where
transistor parameters are set to consume the most power [27].
Also, three temperatures (50, 27, and 150 °C), including the
two extremes tolerated by the process, are considered. Fig. 3
reports the simulated DMy and DMy, at the different corners
and temperatures for matched HSGD and LSGD [see Case
1, Fig. 2(a)] and unmatched HSGD and LSGD [see Case 2,
Fig. 2(b)], where DM is measured at 10% (0.5 V) level of
the signals to consider partial turn-ON. It is worth noting that
Case 2 is realized by removing the LUS block from the LSGD,
hence, OH is delayed in comparison to OL. The notations on
the x-axis denote the nominal corner in addition to the 12
different combinations of corners and temperatures that were
simulated. For instance, “WP-50" represents the WP corner at a
temperature of —50°C. For Case 1, both DMy and DMgy, are
+ve with maximum values of 1.51 ns and 1.31 ns, respectively,
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Fig. 4. Simulations of the average total propagation delay of the GD from the

input PWM signal to OH/OL once for each DT mode (SDTG and FDTG) and
once without using any DTG at different process corners and temperatures.

at “WS150,” which translates to a WS corner at 150°C. After
post-layout simulation, DMog and DMy, get worse and jump
to 1.83 ns and 1.82 ns, respectively. For Case 2, DMy is always
—ve indicating no overlap between OL and OH, whereas DMy,
is +ve with a maximum value of 2.24 ns at “WS150.” After
post-layout simulation, DMy, gets worse and jumps to 2.52 ns.
These observations stress the need for a DTG to handle any +ve
DM in the GD whether a LUS is used in the LSGD or not.
Whether the FDTG mode or the SDTG mode is used to
generate the DTs or no DTG is used at all, the input pulsewidth
modulated (PWM) signal traversing the GD experiences a prop-
agation delay until OH and OL are generated. Fig. 4 shows the
simulated total propagation delay across the GD for the different
DTG modes and the different process corners and temperatures.
It is quite notable that, in the worst-case corner “WS150,” the
smallest delay (4 ns) occurs when no DT is applied (no-DTG).
On the other hand, the SDTG mode increases the propagation
delay slightly to be 1.6 that of the no-DTG scenario, whereas
the FDTG mode increases the propagation delay significantly
to be 4.5x that of the no-DTG scenario. This is a significant
improvement offered by the SDTG mode over the FDTG mode,
where in some applications, small propagation delays are critical
for high-frequency closed-loop control stability. In addition, the
SDTG mode helps to reduce the body-diode drop by minimizing
the generated DTs as will be explained in the following section.

III. PROPOSED GATE DRIVER: DESIGN AND IMPLEMENTATION

In this section, we present a detailed design procedure for
the proposed GD and elaborate on the implementation of its
various circuit blocks in the HV 0.18-um silicon-on-insulator
(SOI) process technology. Fig. 5 depicts the block diagram of
the GD while interfacing with a synchronously switching buck
power-stage. The GD’s operation starts with a PWM signal
passing through an enable/disable protection logic, resulting in
two complementary signals, H and L. Subsequently, H and
L can either be channeled to the FDTG block to introduce a
symmetric DT interval between them or bypass the FDTG to
be directed to the HS and LS channels with the SDTG enabled
by the SEL signal. Regardless of the path taken, the HS signal
undergoes level-shifting from (0V-VDD) to (VSSH-VDDH),
which generates the OH signal to drive the power switch Qg
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via the HS buffer chain. Simultaneously, the LS signal passes
through an identical LUS block, maintaining the (OV-VDD)
level, to minimize any DM between the two GD channels
and to produce the OL signal to drive the power switch Qr,
through the LS buffer chain. The following sections provide a
comprehensive description of each block in the GD.

A. Enable/Disable Protection Logic

The input PWM signal is first fed to a Schmitt trigger, as shown
in Fig. 6(a), to produce a clean signal mitigating input noise with
fast edges. Otherwise, slow and noisy edges might cause oscilla-
tions and excessive current consumption if they repeatedly cross
the switching threshold. The Schmitt trigger circuit, depicted in
Fig. 6(c), acts as an inverter with hysteresis whose high (Vsy)
and low (Vgr,) switching thresholds are designed to be 3 V and
2 V according to [28], respectively. The sizing of transistors is
based on the hysteresis amount (1 V), determined by the design
equations given as follows [29]:

Wnilnt [VDD — Vsn} 2 )
WhnaLing Vsu — Vrnn

Weilp: _ { Vst r @
WpsLps VDD — Vs, — [Vrnp|

where Vryn and Vppp are the threshold voltages of the NMOS
and PMOS transistors, respectively, whereas Wy p and Ly p are
the transistor’s width and length, and VDD is equal to 5 V.

The enable/disable protection logic block, depicted in
Fig. 6(a), allows the external control of the GD operation using
the En signal. When En is high, the signal polarity of H (DTyy)
and L (DT,) follows the PWM and its complement, respectively,
as illustrated in the truth table in Fig. 6(b). Conversely, when En
is low, both H and L become high, causing the GD to operate
in one of two modes (OFF mode or debug mode) based on the
DT_Mode signal polarity, as shown in the truth table in Fig. 5.
If DT_Mode is low, both PWMH and PWML signals remain
low, effectively disabling the HS and LS channels (OFF mode).
However, if DT_Mode is high, both PWMH and PWML will
be high, mirroring [ and L, which enables the debug mode by
controlling the HS and LS channels through the INy; and INp,
signals (when SEL is high). In addition, external driving control
signals can be supplied to both channels when the debug mode
is active. If both En and DT_Mode are high, and SEL is low, the
SDTG mode will be active and in control of OH and OL.

B. Tunable Fixed Dead-Time Generator

In certain applications, FDTG can be advantageous when the
DT needs to be externally fine-tuned while maintaining pre-
dictability. The FDTG circuit is implemented using a nonover-
lapping two-phase clock generator, as depicted in Fig. 7(a).
By incorporating a voltage-controlled delay element (Delay) in
both the upper and lower paths, the DT between the two output
signals (DT and DT,) becomes externally adjustable. Fig. 7(c)
presents the proposed circuit diagram and transistor sizing of
this delay element, which relies on the modulation of transistor
resistance to control the propagation delay of its input signal In
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Fig. 7.  (a) Circuit diagram of the FDTG block. (b) Post-layout simulated DT
value achieved by the FDTG as a function of the Tune signal value. (c) Circuit
diagram of the voltage-controlled delay element (Delay).

using the external analog signal Tune. The circuit operation is
described as follows. When Tune is set close to VDD, Mys is
fully active, effectively pulling node x toward GND. This fully
activates either Mp4 or M4 based on In’s polarity, turning the
Mp3—Mns transistor pair into a strong inverter, which drives the
capacitor Cp to produce a fast output. As Tune decreases, M2
becomes less conductive, resulting in node x being pulled up
gradually by Mpy and Mp;. This leads to increased resistance in

Block diagram of the proposed GD while interfacing an off-chip dc—dc buck power-stage. A table summarizing the DTG operation modes (OFF, debug,

Dy Dz
DTys

DTs

DT,

DTy

D1 =Dy =DTys = DTis = (Tnor + Tpelay + 4Tinv)

Fig. 8.  Waveforms of the input and output signals of the FDTG block illus-
trating the DTs and propagation delays.

Mp,4 and M4, making the Mp3—Mpys inverter weaker and, thus,
increasing the propagation delay. This configuration achieves
highly symmetric DTs between DT, and DTy, ranging from 5
ns to 200 ns when Tune varies from 5 to 1.1 V, as illustrated in
the post-layout simulation in Fig. 7(b). The minimum DT value
(5 ns) is designed to be slightly higher than twice the worst
+ve DM (1.83 ns) in both the HSGD and LSGD to ensure safe
operation in case the FDTG mode is activated without the SDTG
mode.

In the event where we can match the rising and falling delays
(which cannot always be guaranteed), Fig. 8 shows waveforms
of the input (A and L) and output (D'Ty; and DT,) signals of the
FDTG block while analyzing the different propagation delays.
The achieved DT between DT, (yise) and DTy sa1) is denoted by
DTps and expressed in (3), whereas the achieved DT between
DTHrise) and DTy, (g1 is denoted by DTyg and also expressed
by (3):

DTis = DThs = Tnor + Tpelay + 41inv ©)

where TnOR, TDelay, and Tinvy are the propagation delays
through the NOR gate, Delay block, and inverter gate, respec-
tively, that constitute the FDTG circuit [see Fig. 7(a)]. It is
notable here that the FDTG block adds an additional delay to the
output signals which is represented by D; and Do, as illustrated
in Fig. 8. Thus, the propagation delay (TrpTg) of DT ()
and DTy ise)with respect to Lyjse and Hige, respectively, will
be approximately twice the DT value (~10 ns at Tune = 5 V)
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as expressed by (4). This will significantly increase the total
propagation delay of the whole GD since both the HS and LS
channels add more delays from the LUS and buffer chain blocks.

Trprg = D1 + DTys
=Dy +DTis = 2(Tnor + Tpelay + 4Tinv) - (4)

C. Level-Up Shifter

Utilizing an HB with an HS n-type power transistor offers
many advantages, such as faster switching speeds and reduced
Pgate and Pgy, [8]. However, this configuration requires an
external bootstrapping circuit, as depicted in Fig. 5, to maintain
a proper driving operation. Furthermore, the HSGD must incor-
porate an LUS capable of preserving the output OH state and
ensuring immunity to the fast slew rates of the floating supply
VSSH connected to the switching node (Vgy).

The level-shifter design process involves tradeoffs between
achieving high slew-rate immunity, low propagation delay, less
complexity, and low power consumption [11]. Therefore, we
decided to employ the LUS proposed in [30], whose sized circuit
diagram is shown in Fig. 9(a), as it offers an excellent balance
between latency (<1 ns), power consumption (111 W, at VSSH
= 50 V), and layout area (0.011 mm?). Moreover, this LUS
features pull-up and pull-down current mirrors to cancel injected
common-mode coupling currents, achieving slew-rate immunity
of 120 V/ns, as shown in the post-layout simulation in Fig. 10,
where the output latch nodes (N1 and N2) maintain their state
regardless of the switching activity of VSSH. HV transistors,
with a maximum rating of 125 V, are used to implement the
LUS as shown in Fig. 9(a). This allows the GD to operate at
up to 100 V safely. The current mirrors, output latch, and HV
transistors are implemented in HV p-type wells and surrounded
by deep trench isolation (DTI) to handle high common-mode
voltage with respect to the substrate potential.

Furthermore, the LUS achieves falling (7r) and rising (TRr)
propagation delays of less than 1 ns across most of the VSSH sig-
nal range, as shown from the post-layout simulations in Fig. 11.
Also, the used pulse-triggered input mechanism contributes to
reducing the LUS power consumption remarkably (111 pW,
at VSSH=50 V). Finally, as depicted in Fig. 5, the LUS is
employed for both the HSGD and LSGD to match the signal
propagation delay and minimize any discrepancy between the
two channels for optimum operation of the FDTG mode.

D. Self-Adjusting Dead-Time Generator

Efforts have been made to construct the GD architecture and
optimize its layout to minimize DM between the HSGD and
LSGD. However, as explained in Fig. 3, +ve mismatch still
exists. This can be due to the PVT variations, as well as the fact
that the LUS used does not exhibit a constant propagation delay
across the full voltage range of the VSSH signal, as shown in
Fig. 11. By using the FDTG mode, a fixed DT value is achieved,
which in turn converts the DM into a —ve value, thus, prevent-
ing the possible cross-conduction and shoot-through currents.
However, the total propagation delay through the GD increases
to a minimum of 18 ns (when Tune=5 V) and even more
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Fig.9. Circuit diagrams of the implemented: (a) LUS (adapted from [30]) and

(b) LDS. Red dashed boxes are HV p-type wells surrounded by DTI.

(when Tune <5 V) for higher DT values, as shown in Fig. 4,
limiting the maximum operating frequency of the SMPSys.
Moreover, unpredictable DMs that exceed the applied fixed
DT value may occur as a consequence of changing the power
load for the switching dc—dc converter or replacing the HB
power transistors with different types [10]. The applied fixed
DT could also be much higher than the DT required to cancel
the DM, consequently, large body-diode losses caused by the
reverse recovery current can occur [12]. For these reasons, we
recommend employing the SDTG mode, which can be activated
by setting the SEL signal (see Fig. 5) to low.
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of the LUS and the LDS.

The SDTG operation is explained here through the simplified
diagram of the GD, with the SDTG mode activated, as shown in
Fig. 12(a). The rising edge of each of the two complementary
input signals (PWMH and PWML) does not propagate to the
HS and LS channels, unless signal B and signal F turns high,
respectively. Signal B (and A) represents the inverted version
of OL, whereas signal F (and E) represents the inverted and
level-down shifted version of OH. This configuration ensures
the sequential turn-OFF and turn-ON of the HB power transis-
tors, thereby theoretically preventing any shoot-through current.
Furthermore, the DT between OH,ie and OLg; (DTon) ac-
counts for the propagation delay through the HS channel, as
illustrated in Fig. 12(b). Similarly, the DT between OLjs. and
OH¢a (DTo1,) accounts for the propagation delay through the
LS channel, as illustrated in Fig. 12(b). So, DToy and DTor,
constitute their DT value based on the delay of the two GD
channels as expressed by the following equations, respectively,
without adding an additional propagation delay to the GD as in
the case of the FDTG mode:

DTon = Tuter + Trus + Tano + Imux + Iinv - (5)
DTorL = Tgutter + Trus + Tanp + Tmux + Tips  (6)

where Tpuffer, 11.USs TaAND, TMUX, 11NV, and T1,pg represent
the propagation delays through the buffer chain, LUS, AND gate,
multiplexer, inverter gate, and LDS blocks used in the GD,
respectively. Hence, the proposed SDTG can adapt to any DM
variations between the HS and LS channels while applying the
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Fig. 12. (a) Simplified diagram of the GD with SDTG mode activated.
(b) Waveforms of the various propagating signals forming the DTs (DTon
and DTo1,).

minimum DT possible to prevent cross-conduction. In addition,
it can adapt to external modifications in the power-stage that
affect the required minimum DT value, such as varying the load
impedance or altering the power transistors (changing C),q) that
affects Tpufter-

As explained above, an LDS block is essential for the proper
operation of the SDTG mode to invert and level-shift the OH
signal to the LV domain in HB GDs. The LDS circuit, depicted
in Fig. 9(b), is implemented by applying the concept of duality to
the LUS circuit [see Fig. 9(a)]. This approach involves reversing
the role (pulling down or pulling up) and the type (NMOS or
PMOS) of each component except for the pulse-triggered input
part [25]. In the LDS design, the pulse-triggered input, along
with the HV transistors, are integrated into HV p-type wells as
they interface with the floating rails, unlike their role in the LUS.
Similar to the LUS performance, the LDS achieves Ty and Ty
values of less than 1 ns across most of the VSSH signal range.
This is shown in the post-layout simulation results presented in
Fig. 11.

E. Buffer Chains and Open-Drain Outputs

A buffer chain is used at the end of both the HS and LS
channels, as shown in Fig. 5, to amplify the propagating signal
power. It minimizes the signal propagation delay by efficiently
driving the large input capacitance of the power switches in the
HB. The buffer block is designed with a tapered configuration,
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Fig. 13.  Structure of the HS buffer with the open-drain configuration.

comprising a chain of N inverters, each stage being & times larger
than the preceding one. The total propagation delay of a tapered
buffer driving a capacitive load (Cj,44) With a minimum size
inverter as the first stage, featuring input capacitance (Cjy) and
delay (7)), can be calculated using the following equation [29]:

Touster = 1o InIZlc)ln (y) %)
where y = Cloaa/Cin and k = y*/N represents the tapering
factor. In our GD, the tapered buffer consists of six stages. The
first stage is an inverter whose PMOS transistor has 0.5 pm
length and 30 um width and its NMOS transistor has 0.5 pym
length and 15 pum width. The tapering factor is selected to be
3, enabling the buffer to provide source and sink currents up
to 1.75 A. Consequently, this allows switching GaN transistors
such as the EPC2019 device (Clpag = 288 pF) in less than 3 ns.

The open-drain (or split-output) configuration is adopted in
both the HS and LS buffers, as it provides flexibility to inter-
face with different types of power transistors. In addition, this
configuration facilitates the use of an external gate diode (D¢g)
in the push path and an external gate resistor (Rg) in the pull
path, as illustrated in Fig. 5. The R¢ resistor helps in damping
oscillations and ringing caused by parasitic capacitances and
inductances within the gate drive loop, which is crucial for
reliable operation and minimizing switching losses. On the
other hand, the Dy diode enables fast turn-ON and reduces
the reverse leakage current through the push path [31]. To
realize the open-drain configuration, the push-pull (final) stage
of the tapered buffer incorporates ESD self-protected transistors,
whose drains are directly connected to bond pads for external
access, as depicted in Fig. 13. In addition, an isolated power
ESD clamp is installed between the floating rails, VSSH and
VDDH, to internally clamp the voltage difference at 5 V for
safety. Following the recommendations of ESD specialists, each
rail is connected to an HV pad (HVP) with PMOS-based ESD
clamps for external access, as shown in Fig. 13.

The self-protected PMOS transistor (M) is implemented us-
ing 60 instances of the circuit configuration shown in Fig. 14(a),
each of which being equivalent to a PMOS with a 120 pum
width and a drain resistance (rd,) of 3.5 €2, yielding a total
width of 7.2 mm. The self-protected NMOS transistor (M,,)
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Fig. 15.  Switching states of the DT modes. (a) FDTG. (b) SDTG.

is implemented using 40 instances of the circuit configuration
shown in Fig. 14(b), each of which being equivalent to an NMOS
with a 90 ym width and a drain resistance (rd,, ) of 4.2 €2, yielding
atotal width of 3.6 mm. The HVPs support up to 120-V operation
and are implemented using a trench-isolated PMOS stack of 18
transistors, as shown in Fig. 14(c), where each transistor has a to-
tal width of 800 pm. Finally, the power clamp used consists of an
ESD NMOS transistor that has a total width of 480 pm, as shown
in Fig. 14(d). The structure of the open-drain LS buffer chain is
like that of the HS (see Fig. 13), but the HVP clamps are replaced
with LV analog pads in which the power clamp is not used.

FE. Further Analysis and Simulation Results

The operation of both the FDTG and SDTG modes is further
illustrated by the switching state diagram of a buck power-stage,
as shown in Fig. 15, with the assumption of 4-ve inductor current
(I1,) throughout the switching period. Since the FDTG mode
does not consider the DM between the HSGD and LSGD, in
addition to its lack of information on the state of Qg and Qr,,
large DT o1 and DTy, are required to prevent cross-conduction.
This results in time intervals, t1—#y and 754, during DTy and
DTor, respectively, where Qr,’s body-diode becomes active, as
shown in Fig. 15(a), causing significant conduction and reverse
recovery losses (Ppp) expressed by (8):

PBD = VD st (Iotc + Irrtrr) (8)
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where Vp is the voltage across the body diode, /, is the average
output current, 7. is the diode’s conduction period, I, is the
reverse recovery current, and ¢, is the reverse recovery time [32].
It is notable that Ppp rises as the DT period and Fg,, increase
degrading the system efficiency. In addition, for certain power
switches, such as GaNFETs, Vp can reach values as high as
2.5 V [33], worsening the performance even more. On the other
hand, the SDTG mode generates DTs as short as the propagation
delay of the GD’s channels, as given by (5) and (6), accounting
for DMs and ensuring safe switching by sequential turn-ON
of Qu and Qr,. This reduces Pgp significantly on the DToy
side by minimizing 7. (#;—ts) and not fully activating the body
diode, and eliminates Ppp totally on the DTy, side, as shown in
Fig. 15(b). It is important to note that the SDTG mode does not
support a complete ZVS operation, but only partial ZVS during
the high-to-low transition of Vg, resulting in some switching
losses (Ppot-zvs)- These losses occur as a result of Qr, turning
ON at #19, whereas Vg is still +ve, requiring the discharge of
the parasitic capacitance (Csy) at the Vg, node as expressed
by (9) [8]. However, with power switches like GaNFETs that
have minimal parasitic capacitances, both Cg, and Pyt zys are
reduced. If ZVS is required, we recommend combining both the
SDTG and FDTG modes to set longer DToy and DTop, while
preventing simultaneous turn-ON. Further analysis and modeling
of power losses in the HBs during different switching scenarios
can be found in [7] and [8].

1
Prot—zvs = 3 C’sst\QN (ti0) Fow- 9)

Based on Fig. 12, the SDTG mode depends on using OH and
OL in its operation. However, both signals are only available
off-chip given that the open-drain configuration separates each
into two different signals on-chip, (OH,, OH,) and (OLy,
OL,), as shown in Fig. 5. Hence, for compatibility with the
open-drain configuration and correct operation, the SDTG mode
uses the on-chip signals, OH,, and OL,,, which correspond to the
pull down output signals of the HSGD and LSGD, respectively.
Indeed, OH,, and OL,, can capture the falling events of OH
and OL. To verify such a technique and show the adaptability
of the SDTG mode to any variations that can affect the DM
between the HSGD and LSGD, we fixed Qr, to type EPC2019
(Cload = 288 pF) and simulated the GD operation within a buck
converter; first for Qg of the same type as Qr, and second for Qg
of type EPC2010C (Cjoaq = 580 pF), as shown in Fig. 16. The
results show that Qg has lower switching speed in the second
scenario reflected in the increased rise and fall times of OH and
detected by signal F (level-shifted inverted version of OH,,).
However, the SDTG self-adjusted the value of DTy from 2.8
to 3.06 ns as it considers Ty ey Of the HSGD according to
(5). Meanwhile, the value of DToy, is kept the same at 3.6 ns
with OL’s rising event shifted in time as much as OH has been
delayed preventing any cross-conduction by the SDTG mode.
Another simulation is performed to show the adaptability of the
SDTG mode to variations in the input voltage (V,) of the buck
power-stage at a fixed /,. The results shown in Fig. 17 depict
the generated DTog and DTor,. The SDTG self-adjusts DTon
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TABLE I
BUCK CONVERTER PARAMETERS

Parameter Value Parameter Value
Vg V, 36 V,18 V Fy 0.5-1 MHz
L, 24 uH L 37 mQ
C, 33uF rc 2.7 mQ
Rox 42 mQ Ry 40-900 Q

from 2.72 to 3.05 ns as V, increases from 20 to 100V, as Qg
takes more time to fully turn-ON and charge Csy, to a higher
V4. Conversely, DTy, is fixed at 3.6 ns as both Qr, and Iy, help
discharge C,, quickly without added delays for all V', values.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed GD was fabricated using an HV SOI 0.18-pm
technology. The micrograph and layout of the integrated chip
are shown in Fig. 18, where different blocks of the GD are
highlighted, along with their respective dimensions. The total
chip area, including the input/output (IO) pads, is 2 mm?,
whereas the proposed GD circuit occupies only a core area of
0.285 mm?. The GD is set up to drive a dc—dc buck converter
power-stage whose parameters are summarized in Table I.
The output filter comprises a 24 pH inductor (L,) with a dc
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Fig. 18. Micrograph (right) and layout (left) of the fabricated 1 x 2 mm?
die of the GD comprising (a) modified HVPs, (b) HS buffer, (c) LS buffer,
(d) level-down shifter, (e) LUSs, and (f) fixed DTG and enable logic.

resistance value (r1,) of 37 mf2, and a 33 uF capacitor (C,)
with an equivalent series resistance value (r¢) of 2.7 mf2. The
power-stage HB comprises two EPC2019 power transistors
(Qu and Qr), each of which has Rox of 42 m(). In the target
application [3], the input voltage (V,) is set at 36 V, and the
nominal output voltage (V,) is 18 V. Finally, the desired load
resistance (Ry) ranges from 40 to 900¢2, whereas the system
switching frequency (Fsy) ranges from 0.5 to 1 MHz.

The experimental setup, used to test and characterize the
performance of the fabricated prototype chip, is shown in Fig. 19.
The chip die is mounted on a pin grid array package, that was
assembled on a custom-designed printed circuit board (PCB).
This PCB houses the buck power-stage which consists of the
GaN-based HB and the low-pass filter described above. As
suggested in [34], we selected BAV21 as the bootstrapping
diode (Dy,) and a bootstrapping capacitor (Cy,) of 0.22 uF. Rg is
selected to be 1 2 and D is of type BAS40LP-7. The N5771A
Agilent dc source supplies the desired V,. The EL34243A DC
electronic load is used to obtain the desired R, for the various
experiments performed. Two different supplies externally feed
the GD supply (VDD = 5 V), the bootstrap supply (Vboot =
6.2 V), and Tune signal (1.1-5 V). The measured performance
of the fabricated GD when driving the GaN-based HB, including
aspects such as the total propagation delay and the achieved DTs,
is detailed in the following subsection. Afterward, in the second
subsection, the buck system performance is characterized when
utilizing the GD under its various DT modes.

A. Measured Performance of Proposed Gate Driver

Table IT summarizes the measured and post-layout-simulated
propagation delay of the GD’s channels, along with the gener-
ated DTs for both the FDTG (at Tune = 5V, 4V, and 3 V)
and the SDTG modes. Specifically, the table details the total
rising and falling propagation delays for the output OL and OH
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TABLE II
SUMMARY OF MEASURED AND SIMULATED DELAYS AND DEAD-TIMES

Propagation delays * Dead-times *
OLyise | OLgau | OHyyse | OHpqu | DTon | DToL
(ns) (ns) (ns) (ns) (ns) (ns)
FDTG™ (Tune = 5V) 20 13.8 18.4 13.8 4.6 6.2
FDTG" (Tune = 5V) 14.3 9.3 14.2 9.2 49 52
FDTG® (Tune =4V) | 22.4 14.4 20.4 14.6 6 7.8
FDTG" (Tune = 4V) 16.6 10 16.7 9.8 6.7 6.8
FDTG® (Tune =3V) | 284 17 28.2 17.2 11.2 11.2
FDTG (Tune=3V) | 23.1 12.7 23 12.6 10.3 10.5
SDTG " 13.6 8.2 11.8 8.4 3.6 52
SDTG © 72 3.2 6.2 32 3 4

@ Aql propagation delays and dead-times were measured at 50% level of the propagating
signals at Vg = 5V. ® Measured values. © Post-layout simulation values.

Bold entities either signify the values where our design is better (superior) than the literature,
or they represent the comparison points.

signals, referenced from the input PWM signal, and displays
the achieved DTs (DTor, and DToy). The measured results
closely align with the post-layout simulation results. However,
the simulated delays are generally lower than the measured ones.
This can be explained by several factors not accounted for in
simulations, such as the PCB and package parasitics, or the
fabrication process variations. Fig. 20 visually complements the
measured data recorded in Table II. It shows the GD waveforms
for the FDTG mode with a Tune voltage of 4 V in Fig. 20(a)
and (b) and for the SDTG mode in Fig. 20(c) and (d). As the
Tune voltage decreases, DTo1, and DToy increase, leading to
a corresponding rise in the total propagation delay, which can
reach 28.4 ns and even 400 ns (as shown later in Fig. 22), when
Tune is set to 3 V and 1.1 V, respectively. This significant rise
in total propagation delay with higher DTs not only limits the
maximum Fy, value of the system but can also degrade the
feedback control performance of closed-loop systems, leading
them to the point of instability. On the other hand, the SDTG
mode achieves propagation delays at least 32% lower compared
to the lowest propagation delay achieved by the FDTG mode (20
ns at Tune of 5 V), showing the advantage of the self-adjusting
approach. In addition, the SDTG mode achieves the lowest DT
possible (3.6 ns), as illustrated in Fig. 20(c), while preventing
cross-conduction, thus reducing the reverse recovery losses and
body-diode losses compared to the FDTG mode [5].

While Table IT provides specific data points of the FDTG
mode for clarity, Fig. 21 presents the further characterization
of the DTs generated by the FDTG mode as a function of the
Tune voltage. From this figure, it is apparent that DTor, and
DT g remain nearly symmetric across the full range of the Tune
signal. However, small differences (ADT < 3ns) exist between
DTo1, and DTogq, particularly in the Tune range from 1.5 to
5 V. These differences can be attributed to the DM between
the HSGD and LSGD. The PCB and package parasitics in the
driving path can also cause additional delays and add noise to
the driving signals, which sometimes impact the measurement
accuracy. On the other hand, in the lower range of Tune (1.1-
1.5 V), ADT becomes more pronounced, reaching up to 20 ns
as shown in Fig. 21. This can be due to the increased sensitivity
of the generated DTs to any noise in the Tune signal, which
significantly affects the measurement results. Notably, for a Tune
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the Tune signal voltage with the GaN-based HB as a load to the GD.

voltage ranging between 1.3 and 1.1V, there is a difference of
~100 ns in the generated DT, indicating a sensitivity rate of
500ns/V. Hence, we advise maintaining the Tune signal at values
larger than 1.5 V to limit the sensitivity rate, while maintaining
more accurate DTs and lower propagation delays. The measured
GD waveforms obtained with Tune set to 1.1 and 1.3 V are
presented in Fig. 22(a) and (b), respectively, to highlight the
highest DT achieved by the FDTG mode.

Table III compares our proposed GD’s performance with var-
ious commercially available solutions recommended by EPC to
drive their GaN-based HBs [35]. Our design, developed using the
0.18-um SOI process, shows clear advantages. With minimum
rising and falling propagation delays of 11.8 and 8.4 ns using
the SDTG mode, respectively, our GD is faster than all the com-
mercially available drivers considered. It offers an adjustable
DT ranging from 5 to 200 ns, which is not present in many
commercially available solutions. Moreover, the minimum DM
between the GD’s channels is 0.6 ns, highlighting its precision.
This mismatch has been measured by applying the same PWM
signal to INy and INy, in the debug mode, as shown in Fig. 5,
and observing the delay between OH and OL. Other features,
such as the bootstrap voltage clamp and split outputs (open-drain
configuration), align with what the commercial drivers offer,
confirming that our design is an advantageous and practical
solution. It is worth noting that the die temperature of our GD
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TABLE III
PERFORMANCE COMPARISON BETWEEN THE PROPOSED GD AND COMMERCIALLY AVAILABLE SOLUTIONS
Reference® LM5113-Q1 LMGI1205 ADuM4221-1 NCP51810 uP1966E MPQ1918 This Work
Technology lns;rri);?:nts Insrtl;i);[?:nts Analog Devices On Semi UPI Semi MPS 0.18-um SOI
Driver configuration Dual-channel | Dual-channel Dual-channel Dual-channel | Dual-channel | Dual-channel | Dual-channel
Galvanic isolation No No Yes No No No No
Power switch A Naam | IGBT,MOSFET |  GaNFET GaNFET Sa DAL
Input supply voltage (V) 45-5.5 45-55 25-65" 9-17 45-5.5 37-55 45-55
Quiescent current (mA) 0.15 0.1 7.2 0.1 0.12 0.11 2.11°¢
Peak output current (A) 1.2 1.2 4 1 Not Available 1.6 1.75
Floating bus voltage (V) 100 90 35 150 80 100 100
Rising propagation delay (ns) 28 35 25 25 20 20 11.8¢
Falling propagation delay (ns) 26.5 335 30 25 20 20 8.4¢
Bootstrap voltage clamp Yes Yes No No Yes Yes Yes
Split outputs Yes Yes No No Yes Yes Yes
Slew rate immunity (V/ns) 50 50 Not Available 200 Not Available | Not Available 120¢
Adjustable dead-time (ns) No No 62 - 2320 30 - 200 No No 5-200
Minimum delay mismatch (ns) 1.5 1.5 1.5 5 1.5 1.5 0.6

@ Typical performance values are reported. P Isolated output supply is between 4.5V and 35V. ¢ Half the measured value is reported as our chip carries two identical GDs. ¢ Measured

value when SDTG mode is operating as reported in Table II. ¢ Post-layout simulation result.

Bold entities either signify the values where our design is better (superior) than the literature, or they represent the comparison points.
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Fig.22. Measured waveforms of the input and output driving signals with the

FDTG mode operating at (a) Tune = 1.1 V and (b) Tune = 1.3 V.

never exceeded 25.4°C (measured with an infrared thermometer
applied on an open-lid package) while driving the GaN HB.

B. Measured Performance of the Buck Converter System

The measured efficiency of the buck converter system as a
function of the output power load (P,,t) is plotted in Fig. 23.
This figure presents a comparison between the FDTG and SDTG
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Fig. 23.  Measured efficiency versus output power load (Poyt) of the buck

converter at two different Fgy, (500 kHz, 1 MHz) for the two DT modes: FDTG
(at Tune = 4 V) and SDTG.

modes at two different Fy,, (500 kHz, 1 MHz). At Fg, of 500
kHz, the efficiency curves for both modes are nearly identical
across the entire P, range. This observation suggests that the
power losses are balanced between the two modes at this specific
F, and that the DTs generated by the FDTG mode are sufficient
to prevent cross-conduction, resulting in comparable efficiency.
However, at the higher F§,, of 1 MHz, the efficiency curve for the
FDTG mode is consistently lower than that of the SDTG mode by
an average of 4% on the efficiency scale across the P, range.
This disparity between the two modes at the higher Fy,, can
be attributed to the inability of the FDTG mode to self-adjust
DTy and DTqy, in response to propagation delay variations
in the GD channels, unlike the SDTG mode. Moreover, the
frequency-dependent losses using the FDTG mode are higher
than the losses using the SDTG mode as clarified in Fig. 15.
The waveforms of the buck power-stage are measured while
SDTG modeis active at (R, = 300 €2, Fs, = 1 MHz), as shown in
Fig. 24(a), and while FDTG mode is active at (R, = 100 €2, Fyy,
=500 kHz), as shown in Fig. 24(b). As the achieved DT and
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at Poyut of 4 W (R, = 80 Q) for the two DT modes, SDTG (Tune = 4 V), and
FDTG.

DToy, are very small (~3.6 ns), they are difficult to observe given
the comparably large time scale of the graph (> 400 ns). We can
observe in Fig. 24 the unintended (or partial) turn-ON issue of
Qr at the rising-edge of OH. This issue primarily stems from
the high slew rate (dv/df) of the Vg, node, which induces peak
currents into Qr,’s gate by Miller coupling through the gate-drain
capacitance (Cgq), causing a rise in OL which can partially or
fully turn-ON Qy, [36]. This leads to shoot-through currents and
consequent power losses severely degrading the efficiency as
Fg increases, as shown in Fig. 25. Quantifying such losses is
challenging due to its dependence on several factors, including
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PCB parasitics, V, value, slew rate of Vi, in addition to Qr’s
threshold voltage, speed, and its Cgq value. A possible solution is
toreplace the unipolar driving scheme with bipolar or three-level
gate driving architectures [37], [38].

Fig. 25 presents the measured efficiency of the buck converter
system versus Fg,, (ranging from 0.5 to 3 MHz) at P, of 4 W
(Rr, = 80 ). The figure has two curves, each corresponding to
one of the two modes, FDTG and SDTG. As F,,, increases, the
overall system’s efficiency decreases, mainly due to the impact
of Pg, including the partial turn-ON losses explained above.
At F,, smaller than 0.75 MHz, both modes achieved almost
similar efficiencies. However, as Fj,, rises above 1 MHz, the
efficiency curve for the FDTG mode deteriorates more rapidly
and significantly compared to the SDTG curve. This divergence
between the two curves is attributed to the increased susceptibil-
ity of the FDTG mode to cross-conduction and higher P,,. The
SDTG mode improved the efficiency by 5% at Fg, of 1 MHz
and by 20% at Fg, of 2 MHz compared to the FDTG mode.
Notably, measurements of the system’s efficiency in the higher
frequency range (>2.5 MHz) were unsuccessful for the FDTG
mode, as Qy, in the HB suffered damage, as highlighted in the left
bottom corner of Fig. 25. This damage may be due to the fixed
DT realized by the FDTG mode, which becomes increasingly
inadequate as Fg,, increases. On the other hand, the SDTG mode
demonstrates a more robust performance at higher frequencies,
as it can adapt its DT to account for varying propagation delays
and it can minimize the risk of cross-conduction.

Table IV summarizes the measured performance of the buck
converter operated using the fabricated GD and compares it
to the performance of similar state-of-the-art works. The buck
system achieves a peak power efficiency of 90.5%, at Fg,, of
500 kHz and P, of 8 W (R, = 40 ), which is comparable to
previously reported results. Notably, the proposed GD occupies
the smallest area (0.285 mm?) which is two times smaller than
the smallest GD’s area reported among prior designs in [2]. In
addition, when operating in the SDTG mode, the GD achieves
the shortest DT value of 3.6 ns, which is three times lower
compared to the lowest value in considered prior works (10.8
ns). The figure-of-merit, FOM;, proposed in [2] and expressed
by (10), is adopted for comparison with other works. A lower
FOM; value indicates the attainment of shorter DT and higher
efficiency. Our system outperforms other works by achieving
FOM; of 0.04, which is one order of magnitude lower than
the lowest previously reported value. In addition, the proposed
SDTG can adapt to PVT variations, device mismatches, and load
and supply changes, all while providing the shortest possible
DT. As aresult, this enhances the efficiency and reliability of the
entire system. A second figure of merit, FOMy, which combines
the area of the DTG circuit with the shortest DT value achieved
as expressed in (11), is proposed to quantify the complexity of
the implemented DTG among the different works. As shown
in Table IV, our design achieves the lowest FOMs, lower by
an order of magnitude when compared to other works. This
reflects the simplicity of our implementation without the need
for complex detection circuits or additional passive components
such as in [7] and [5]. Note that the feature size of the process
node is included in the denominator of FOMj to normalize the
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TABLE IV
SWITCHED-MODE POWER SYSTEM PERFORMANCE SUMMARY AND COMPARISON
Reference JSSC 2015 [7] | ISSC 2015 [39] TPEL 2016 [5] TCAS-12022 [10] TCAS-12023 [2] This work
Topology Class-D Buck Buck Buck Class-D Buck
Process SO10.14 ym CMOS 0.5 um CMOS 0.35 um CMOS 0.35 um CMOS 0.35 um SOI10.18 ym
Half-bridge On-chip On-chip Off- chip Off- chip On- chip Off- chip
(Power Transistors) (MOSFET) (MOSFET) (GaN) (GaN) (MOSFET) (GaN)
Power Supply (V) 80 40 45 45 24 36
Frequency (MHz) 0.15-0.55 0.5 0.1 1 0.5 05-1
Load 120 60 Q 333Q-40Q 100 Q 100 mH + 3425 Q 40Q-900 Q
DTG Area (mm?) 0.55® 0.332@ 0.22 0.0126 0.066 0.046®
GD Area (mm?) 1.286® 1.15 1.5 Off-Chip (LM5113) 0.401 0.285
Half-bridge Cioaa (pF) 2000® 500 240 140 17 288
91% 94.9% 95% 82% 95.1% 90.5%
Peak efficiency () @Po =45 W @Poy=6W @Poy = 13W @Poy =441 W @Poy=12W @Poy =8 W
@l,=1.95 A @I, =250 mA @l,=12A @I,=210 mA @I, = 60 mA @I, =450 mA
Shortest dead-time (ns) 100 25 15 35 10.8 3.6
FOM:“ (ns/%) 1.1 0.263 0.158 0.427 0.114 0.04
FOM,© (-2 er“’"z) 393 16.6 9.429 1.26 2.037 0.56
FOM: (——) 1 1.054 6.58 3.05 13.36 0.276
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A Estimated Value, P DTG area (0.046) = 0.018 (FDTG) + 0.028 (SDTG), “FOM;, FOM,, and FOMj are in (10-12) 4 Area of SDTG (0.028 mm?) is used in the calculation.
Bold entities either signify the values where our design is better (superior) than the literature, or they represent the comparison points.

comparison between integrated areas in different technologies.
Finally, a third figure of merit, FOMs3, is proposed in (12) for
a more reasonable and fairer efficiency-based comparison to
other works. This FOM3 modifies FOM; by incorporating other
metrics (Fgy and Cjoaq) that influence the switching power and
body-diode losses, consequently impacting the efficiency calcu-
lation, as explained in [7] and [10]. Our buck converter system
achieves the lowest FOM3 in comparison to all considered other
works in the literature. It is also notable from the trend in Fig. 23
that our system’s efficiency is expected to be higher for higher
output power loads.

FOM, (E) _ Shortest Deadtime (ns) (10)

% Efficiency (%)

ns * mm?2 Shortest Deadtime (ns) *DTG Area (mm2)
FOM3 =

pm Process Node (pm)
11
FOM ( ns ) _ Shortest Deadtime (ns)
3 \%«MHz*nF ) ~ Efficiency (%) #Fay (MHz) % Cloaq (nF)
(12)

V. CONCLUSION

In conclusion, this article presented a half-bridge (HB) gate
driver (GD) for switched-mode power systems (SMPSys) featur-
ing two distinct dead-time (DT) control modes and open-drain
outputs with electrostatic discharge (ESD) self-protection. The
first mode was an externally tunable fixed dead-time gener-
ator (FDTG) offering a wide range of DTs from 5 to 200
ns. The second mode was a self-adjusting dead-time genera-
tor (SDTG) featuring adaptive capabilities against propagation
delay mismatches (DMs) and protection against shoot-through
currents. Detailed timing analysis and design procedures were
presented for each block of the proposed GD. The GD circuit
was implemented in high-voltage (HV) 0.18-um silicon-on-
insulator (SOI) technology characterized by a compact size
with a core area of 0.285 mm?. Its performance was evaluated
experimentally by employing it in a synchronously switching

buck converter system with an HB composed of two e-GaN
power transistors. The buck system achieved a peak efficiency
of 90.5% at an output power load of 8 W. Measurement results
validated the advantages of the SDTG mode in terms of reduced
propagation delays (< 13.6 ns) and minimized DTs (< 5.2 ns),
contributing to an overall system efficiency improved by up
to 20% compared to using the FDTG mode. In addition, the
SDTG mode showed robust performance at higher frequencies,
adapting to PVT variations, as well as device mismatches, and
load/line changes, preventing cross-conduction and enhancing
the efficiency and reliability of the entire system. Moreover, our
system’s performance surpassed all the considered similar works
in the literature, excelling across various figures of merit, thereby
establishing the proposed GD as a highly compelling solution for
high-performance SMPSys. Finally, future work could explore
the integration of bipolar or three-level gate-driving architec-
tures to further enhance the system’s efficiency and robustness,
particularly at higher switching frequencies. In addition, we can
modify the delay circuit in the FDTG block to generate more
accurate DTs.
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