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ABSTRACT In recent years, an increasing trend towards GaN integration can be observed, enabled by the
lateral structure of the GaN technology. A key improvement over a discrete implementation is the integration
of a monolithic gate driver. This tutorial-style article aims to give insight into the design flow. It starts with the
possibilities of GaN technologies in terms of IC design followed by basic driving principles of GaN HEMTs.
Gate loop requirements and recommendations for the gate driver output stage are explained. A flowchart
for the design of integrated gate drivers is presented with the boundary constraints from the technology,
topology research, and selection using a step-by-step guide. The design flow is run through with an example
scenario and the realized gate driver design is optimized for low power consumption and fast switching,
which is verified with simulations and measurements. Thus, a guide is given for the design of a monolithically
integrated GaN gate driver to further advance, promote, and accelerate integration in GaN.

INDEX TERMS Gallium nitride, power integrated circuits, monolithic integrated circuits, driver circuits,
gate drivers.

I. INTRODUCTION
Gate drivers provide the link between the controller and the
power semiconductor transistor. The logic input signal of the
gate driver is typically a pulse-width modulated (PWM) sig-
nal from digital signal processors (DSPs), microcontrollers
(MCUs), or application-specific integrated circuits (ASICs)
with supply voltages of 3.3–5 V. This input signal is adapted
by the gate driver to the switchable power transistors such
as Si-based MOSFETs and IGBTs, SiC MOSFETs, but also
GaN HEMTs, each introducing specific requirements for the
gate driver circuit such as turn-on voltages of 5–20 V and gate
currents of 0.1–10 A [1], [2].

One of the fastest-growing classes of power transistors is
the GaN HEMT due to its superior figure-of-merits (RON�A
[3] and RON�Q [4]) for highly efficient and highly com-
pact switching converters in power electronics [5], [6], [7].
Today’s commercially available GaN transistors are mostly
manufactured in a GaN-on-Si technology with cost-effective

and large-scale Si substrates [8]. Based on the two-
dimensional electron gas (2DEG) [9], the lateral structure
enables the integration of multiple devices on the same die.
This is a unique advantage over alternative power tech-
nologies such as vertical SiC. Thus, additional functional
blocks of the power converter can be integrated into the
GaN-on-Si power IC technology [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], which are conven-
tionally designed in a comparable lateral technology such
as Si BCD. This so-called GaN power integration has be-
come a technology trend in power electronics, pushed for
years by Academia [22] and finally transferred into com-
mercial products by industry and numerous companies like
Efficient Power Conversion (EPC), GaN Systems, Navi-
tas Semiconductor, and Innoscience, foundries like TSMC
and IMEC, as well as start-ups like Wise-Integration, GaN-
Power International, and Cambridge GaN Devices (CGD)
[8].
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FIGURE 1. Monolithically integrated gate driver with GaN HEMT, resulting
in a GaN power IC.

GaN power ICs consisting of a GaN power HEMT and
an integrated gate driver (as shown in Fig. 1) are nat-
urally the first step of monolithic GaN integration. They
minimize the parasitic gate loop inductance [23], thereby
reducing critical ringing and associated overvoltage stress.
This enables high-switching frequencies with steep high-
voltage transients. There are already many integrated GaN
gate drivers with different topologies and optionally voltage
supply generation (see Section IV-A). To further advance inte-
gration [19], additional functional blocks can be integrated on
the same die alongside the power HEMT and driver, enabling
ultra-compact high-efficiency power converter systems. This
includes but is not limited to sensing and protection circuits.
However, there is no comprehensive design methodology
for integrated GaN gate drivers available, yet. This article,
therefore, aims to answer the question: How to design an inte-
grated GaN gate driver depending on different optimization
goals, technological possibilities, and boundary conditions
while fulfilling the application-specific requirements (visual-
ized in Fig. 1)? Based on different GaN gate driver topologies,
guidelines for designs are presented for non-isolated and
voltage-source controlled gate drivers for normally-off GaN
transistors [24].

The article is organized as follows. Section II gives an
overview of the technological possibilities of integrating
monolithic GaN circuits. In Section III the driving mechanism
of GaN HEMTs and in connection some specifications of the
gate driver are discussed. Section IV presents the GaN gate
driver design based on a design flow. This requires topol-
ogy research to give a step-by-step guide for the topology
selection. The design flow is demonstrated using an example
process resulting in an optimized design. Section V concludes
the article.

II. GAN TECHNOLOGIES
Depending on the choice of GaN technology or process, there
are differences in design possibilities. A typical substrate for a
GaN technology is a Si wafer due to its low cost and availabil-
ity in large diameters [8]. Besides GaN-on-Si, other substrates
can be used. Processing monolithic GaN circuits on isolated
substrates such as Si-on-insulator (SOI) [25], or ceramic sub-
strates e.g., from Qromis (QST) [26] allows to isolate different
voltage domains on-chip and suppress the backgating effect

FIGURE 2. Schematic of a GaN HEMT driving adapted from [24] with
equivalent circuit consisting of 4-terminal capacitances [33], [34] and
internal gate resistor RG.

[27]. A widely used substrate is sapphire (Al2O3) [8], which
also has insulating properties. Based on its inherent structure,
the GaN HEMT is historically a depletion-mode (d-mode)
device [28]. Normally-off GaN HEMTs can be manufactured
with an additional p-GaN layer at the gate, shifting the neg-
ative threshold of the inherently d-mode device to a positive
voltage resulting in an e-mode type device. This behavior is
favorable to ensure inherent fail-safe operation of the power
transistors. In commercial technologies, depending on the gate
module, either only d-mode, only e-mode, or both HEMT
types are available. This is decisive for the gate driver design
and especially the topology selection. GaN HEMTs can be
designed in different voltage classes, ranging from 12 V to
650 V or partly even up to 1200 V [8]. Besides low-voltage
HEMTs, rectifiers are desirable for the design of monolithic
ICs. Different rectifier concepts can be realized. Whereas
some technologies offer low forward drop Schottky barrier
diodes (SBDs), it is possible to implement lateral field-effect
rectifiers (LFERs) utilizing diode-configured e-mode devices
[29]. The LFER’s turn-on voltage can be adjusted by changing
its length [30] but it is typically higher compared to the SBD.
It is also possible to integrate passive components such as
resistors, capacitors, and spiral inductors. Their availability
and characteristics can vary strongly with the used technology
platform. Stacked MIM capacitors can achieve capacitance
densities of 0.3 fF/μm2 [25], which can even be enhanced up
to 1.2 fF/μm2 by adding the 2DEG as an additional virtual
metal layer to the capacitor stack [19]. Equivalent to the MOS
capacitor in Si-based technologies, the p-GaN gate capaci-
tor exists in GaN technology with capacitance densities of
1.2 fF/μm2 [19] to >1.7 fF/μm2 [31] but featuring a limited
operating voltage range from VTH to the max. VGS. P-type
devices based on a two-dimensional hole gas are typically not
available in most GaN technologies. Even though physically
feasible [32], they are not practically usable for circuit design
due to the low hole mobility. Thus, CMOS logic cannot be
realized, challenging the gate driver design.

III. DRIVING GAN HEMTS
The main purpose of the gate driver is to safely turn the
GaN HEMT on and off while aiming for maximum switching
speed. Fig. 2 schematically shows a voltage-source controlled
gate driver connected to a GaN HEMT adapted from [24],
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TABLE 1 Comparison of Three Exemplary Commercial GaN HEMTs

which is a commonly used gate driver type. Fig. 2 also depicts
the equivalent switching capacitance of the 4-terminal power
HEMT device (CGD, CGS, CDS, CBG, CBD, CBS) [33], [34]
and the internal gate resistance RG, which are relevant for the
switching behavior [35], [36]. In the scope of this work, the
backgating effect is not considered because the backgate is
usually short-circuited to the source terminal (see Fig. 2).

Together with additional parasitic inductance LPAR and re-
sistance RPAR (bond wires, tracks, and traces), the switch
transistor capacitances form an RLC resonant tank – known as
the gate loop. In an underdamped loop, fast gate drivers have
the risk of oscillation. Addressing this, additional external
gate resistors RG,EXT are typically placed in discrete config-
urations to slow down the drivers, damp the oscillations, and
keep the limits of the min./max. gate-source voltage. Mono-
lithically integrating the driver circuit together with the GaN
HEMT can significantly reduce the gate loop inductance by
eliminating bond wires, packaging tracks, and PCB traces be-
tween driver and GaN HEMT. This enables significantly lower
loop resistance and thus faster drivers. Sufficient damping of
the remaining loop can then be ensured by the driver design
(see Section A).

In Fig. 2 the driver output stage is modeled as resistors.
To turn on the power switch, the power HEMT gate is pulled
up to VDD via RPU, which represents the pull-up resistance of
the gate driver’s output stage. The supply voltage VDD of the
driver must therefore be significantly higher than the thresh-
old voltage of the power transistor (also called overdrive),
to ensure strong turn-on and low on-resistance of the GaN
power switch. However, some safety margin between max.
gate-source voltage and VDD is recommended. For turn-off,
the power HEMT gate is connected to the source terminal via
the driver’s pull-down resistance RPD. The requirements for
the turn-on and turn-off gate loop of standard normally-off
HEMTs with integrated gate driver are described below.

Table 1 lists the most important parameters and ratings
of three exemplary GaN HEMTs from three different man-
ufacturers [37], [38], [39]. The gate charge of GaN HEMTs
is by a factor of ∼10 smaller compared to Si MOSFETs
with corresponding specifications resulting from inherently
lower parasitic capacitances [24]. Normally-off GaN HEMTs

FIGURE 3. (Left) Turn-on gate loop consisting of parasitic components
forming an RLC resonant circuit and (right) influence of damping on the
gate-source voltage VGS with the corresponding limits.

commonly have a p-GaN gate structure [40]. Depending on
the metal-p-GaN contact in the technology, the gate can have
a higher (referred to as ohmic) or lower (Schottky) leakage
current [41]. The gate injection transistor (GIT) has an ohmic
metal-p-GaN contact with additional recess, which makes the
technological process more complex. Additionally, the GIT
requires a current-source controlled gate driver or voltage-
source controlled, either with special gate resistor network
consisting of an RC interface [42] or new circuit approaches
[43], and is not further discussed in this article. The ap-
proaches presented in the following can be applied to GaN
HEMTs with a p-GaN gate structure, either if it is ohmic-
or Schottky-type. There are some charge trapping processes
in GaN transistors that can lead to effects such as dynamic
RDS(ON) increase or threshold voltage instabilities [41]. These
effects require consideration in the gate driver design and
especially in the gate loop.

A. REQUIREMENTS FOR POWER HEMT TURN-ON
Fig. 3 shows the turn-on gate loop consisting of the loop
resistance RLOOP = RPU + RPAR + RG, parasitic inductance
LPAR and the input capacitance of the GaN power HEMT CISS.
Placing an on-chip capacitor for supply decoupling can sig-
nificantly complicate the considerations regarding gate loop
damping. The stronger the gate driver, the faster the transition
from off to on or vice versa, and the lower the hard-switching
losses. It is thus desirable to keep the total loop resistance as
low as possible. Based on the application, there can further-
more be a specification for a maximum rise time of the power
HEMT gate voltage. From this, a maximum loop resistance
can be derived, e.g., by assuming a simple RC-delay in the
gate loop. However, the risk of oscillations or overvoltage
and undervoltage of the gate-source voltage increases when
an underdamped parasitic RLC resonant tank is formed in the
gate loop. The damping is determined by the loop resistance,
directly affecting the overshoot- and ringing behavior. While
RPAR and RG depend on the wiring and layout RPU can be set
by the gate driver design and in particular the output stage (see
Section D). To achieve critical damping and thereby suppress
any oscillations RPU can be calculated as follows [44], [45],
[46]

RPU, OPT = 2 ·
√

LPAR

CISS
− RPAR − RG. (1)
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FIGURE 4. (Left) Turn-off gate loop and (right) dV/dt triggered false
turn-on.

Thereby, the parasitic inductance LPAR mainly results from
the connection to the gate supply bypass capacitance CDRV

(see Fig. 2) through the SMD package of the capacitor, the
connection of the PCB, and possible bond wires to the GaN
power IC. An example value for the realization of the GaN
IC in a QFN package is LPAR = 2.5 nH [24]. Exemplary gate
loop inductance values are described in [24]. A more dynamic
approach resulting in a possibly smaller loop resistance is
to design the loop allowing oscillations but designing the
resistance to limit the overshoot to the maximum gate-source
voltage. RPU can then be calculated as follows [46]

RPU, MIN = 2 · 2 VDRV − VGS,MAX

VDRV
·
√

LPAR

CISS
− RPAR − RG.

(2)
Choosing RPU in between the boundaries given by (1) and

(2), i.e., RPU,MIN ≤ RPU ≤ RPU,OPT ensures to meet the re-
quirements for a safe turn-on while preventing overvoltage
stress to the power HEMT gate.

B. REQUIREMENTS FOR THE TURN-OFF GATE LOOP
Fig. 4 shows the turn-off gate loop with the pull-down resistor
RPD of the integrated gate driver. In the monolithic implemen-
tation, the parasitic inductance in the turn-off loop is formed
only by on-chip connections and is thus negligibly small.
During switching transients, the drain of the power HEMT
experiences high dV/dt, thereby the gate-to-drain capacitance
of the power HEMT (see CGD in Fig. 2) is charged through
the gate driver. The current then flowing through RLOOP =
RPD + RPAR + RG causes a voltage drop: V = CGD � dV/dt �
RLOOP. If this exceeds the threshold voltage, the GaN HEMT
is unintentionally turned-on, which is called dV/dt triggered
turn-on. To prevent this, the driver should be designed strong
enough to keep the power HEMT in off-state. The smaller
RPD, the higher the protection against dV/dt triggered false
turn-on, as shown in Fig. 4. The respective max. RPD can be
calculated as follows [44]

RPD,MAX = VTH,MIN + 0.004 V/◦C · (
TJ,MAX − 25◦C

)
CRSS · dVDS

dt

− RPAR − RG, (3)

FIGURE 5. Switching curves (drain-source voltage VDS, drain current ID,
gate-source voltage VGS, gate current IG, and resulting losses) of the
turn-on transition in (left) hard- and (soft) soft-switching operation
adapted from [24], [48].

where VTH,MIN is the min. gate threshold voltage at 25°C,
0.004 V/°C being a suitable approximation for the temper-
ature coefficient of VTH [47], TJ,MAX is the max. junction
temperature and dVDS/dt is the application-specific drain-
source slew rate. The on-state resistance of an e-mode GaN
HEMT has a proportional-to-absolute-temperature (PTAT)
behavior. Thus, RPD ≤ RPD,MAX should be ensured over the
aspired temperature range to meet the requirements for a safe
off-state.

C. DRIVER LOSSES
The losses that are directly linked to the gate driver are gate
charge losses PG, driver power dissipation PDRV, and the
hard-switching losses PSW. Fig. 5 shows the switching curves
of a turn-on transition in hard- and soft-switching operation
adapted from [24], [48]. The gate charge losses (CV2-losses)
occur during charging and discharging of the input capaci-
tance of the HEMT CISS. The gate current is provided by
the gate driver. The average value of the gate current IG,AV

corresponds to the gate charge QG multiplied by the switching
frequency fsw. This allows to calculate the gate charge losses
as follows [44], [49]

PG = QG · fSW · VDD = CISS · fSW · V 2
DD. (4)

The switching frequency and supply voltage are often spec-
ified by the application. The power losses to drive the gate
PDRV of the power HEMT are dissipated in the gate driver
circuit. The dissipating components can be identified as the
combination of series ohmic impedances in the gate drive path
and the power loss can be calculated as [44]

PDRV = 1

2
· QG · fSW · VDD ·

∑
i∈{RPU,RPD}

i

i + RPAR + RG
.

(5)
One way to reduce the power losses when driving the gate

is to use a resonant gate driver that charges the gate via an
inductor. This inductor can be added to the parasitic induc-
tance LPAR in the gate loop. The oscillations, suppressed by
the RPU design in Section III-A, are favored in this case and
even utilized, requiring an underdamped loop. Despite the
theoretically achievable maximum efficiency of 100% with
resonant drivers [24] physical implementations have shown
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TABLE 2 Recommendations for the Gate Driver Output Stage

to not accomplish this [49] and typically even perform worse
than non-resonant implementations.

In the hard-switching case, the switching energies can be
approximated from the area of the triangle indicated in Fig. 5
from the overlap of the application-specific drain current ID

and drain-source voltage VDS during turn-on time tON and,
at the turn-off transition, during the turn-off time tOFF. The
switching losses, in turn, result from the switching energies
multiplied by the switching frequency [44],

PSW = 1

2
· VDS · ID · (tON + tOFF) · fSW. (6)

A more accurate approximation of tON/tOFF can be found in
[44].

D. THE GATE DRIVER OUTPUT STAGE
From Section III-A and III-B recommendations for the out-
put stage of the driver consisting of RPU and RPD can be
given in the hard-switching case. Note that the ratio RPU/RPD

should be ≤1 because CISS (see Fig. 2 and Table 1) is a
VDS-dependent capacitance and is smaller in off-state at high
VDS. In the soft-switching case, however, this is different.
RPD can be calculated according to formulas (1) and (2) to
minimize the delay and dead time. In addition, RPD,MAX must
not be exceeded according to formula (3) to avoid a dV/dt
triggered false turn-on. RPU is not critical because the drain
voltage transient has already happened before the transistor is
turned on (see Fig. 5) and can be chosen equal to RPD [48]. A
good trade-off can be RPU = RPD for hard- and soft-switching
applications. The recommendations are listed in Table 2.

Furthermore, to protect other on-chip circuits from the steep
gate loop-related transients, it can be beneficial to provide a
separate supply pin for the final driver stage.

IV. GAN GATE DRIVER DESIGN
Various integrated GaN gate drivers have been presented in
the literature. These designs often include additional func-
tions, summarized in Fig. 6, such as dV/dt-control [30],
[50], [51], supply regulator (also bootstrap circuitry) [52],
[53], [54], input logic (standby-circuitry, Schmitt trigger, level
shifter) [13], [55], [56]. Also, protection functions like an
under-voltage lockout, over-temperature protection, and over-
current protection (UVLO, OTP, OCP) may be included [47],
[57], [58]. This work’s focus lies on the design of a monolithic
GaN gate driver stage (marked by the box in the lower right
of Fig. 6). Therefore, a design flow is introduced in Fig. 7.
It starts with the input data of the application, power HEMT
design, constraints, and design goals. For the gate driver topol-
ogy selection, the available devices in the GaN technology

FIGURE 6. GaN power IC consisting of GaN power HEMT, gate driver and
further functions, such as dV/dt-control, regulator (also bootstrap circuity),
input logic (standby-circuitry, Schmitt trigger, level shifter), and protection
functions (UVLO, OTP, OCP).

FIGURE 7. Flowchart of the proposed integrated GaN gate driver design
flow.

are essential, which is why GaN technologies are discussed in
detail in Section II. The next step is the calculation of the gate
loop requirements with RPU and RPD (see Section III.). With
the topology research background, a step-by-step guide for
the topology selection and design is given. Different topology
discussions are considered and evaluated based on various
GaN technologies, criteria, and boundary conditions. Finally,
the design flow is run through using a practical example for
an application scenario, resulting in an optimized GaN gate
driver.

A. TOPOLOGY RESEARCH
Due to the lack of p-type devices, alternative implementations
are required to realize logic and also gate driver circuits.
These can be direct n-type logic circuits (NMOS) also called
direct coupled FET logic (DCFL, for technologies w/ d-mode
HEMTs) or resistor-transistor logic (RTL, for technologies
w/o d-mode HEMTs). Fig. 8 shows a DCFL and RTL inverter.
Other versions of such simple inverters include bootstrapping
[59], [60] or comprise a combination of resistor and d-mode
HEMT [19]. Another alternative is to address the lack of
complementary p-type devices with complementary signals to
mimic CMOS behavior, resulting in pseudo-complementary
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FIGURE 8. (Left) Single [52], [60], [63], [64] and (right) split [13] path gate
driver topology.

FET logic (PCFL) [61], however, mainly suitable for tech-
nologies with low threshold voltage of e-mode GaN HEMTs
e.g., <1 V.

A straightforward approach to forming a gate driver is to
implement a string of simple inverters in a tapered manner
as it is common with CMOS inverters [62]. Without p-type
devices, this leads to high static current losses (VDD/RPU) in
the DCFL and RTL inverters, especially in the final stage,
where the RPU can be in a range of only a few ohms. A typical
driver output stage consists of two n-type e-mode devices
realizing RPU (see Section III-A) by a pull-up device (MPU)
and RPD (see Section III-B) by a pull-down device (MPD) with
their on-state resistances RDS,ON. MPU and MPD can be part of
a split-path or single-path topology driver. Each path can then
be formed either by a single stage or a multi-stage. Thereafter,
each stage can be built by combining simple inverters and
push-pull buffer stages. Completing the driver topology, a
rail-to-rail driving concept has to be found.

An overview of two exemplary implementations with sin-
gle [52], [60], [63], [64] and split path [13] presented in the
literature is illustrated in Fig. 8. There are different concepts
to realize the increased supply voltage VDD+ and thus a rail-
to-rail driving: two supply voltages [63], bootstrapping [52],
or charge pump [13], [60], [64]. These comprise propagation
delays in a range from 1.7 ns [63] to 50 ns [13], [23] and
a wide range of static power consumption. Clearly, different
design goals were focused. Hence, the variation in reported
performance results in a lack of comparability.

B. STEP-BY-STEP GUIDE
In the following a methodological approach to building
topologies applicable in a monolithic GaN technology is
presented according to the recommended topology selection
steps as presented in Fig. 9. The choice of implementation
depends on the technological possibilities. Table 3 gives an
additional guide for the driver topology decision steps listing
advantages of the different implementation options.

Step 1: The first decision in the topology selection is usually
to choose a single or split path implementation. In a single
path topology [64] MPU and MPD are controlled together.

FIGURE 9. Step-by-step guide of the topology selection.

Cross-conduction can then occur in the final driver stage
if the pull-up and pull-down device are turned on simul-
taneously even for a short amount of time. This causes
unwanted power losses in the gate driver. Controlling MPU

and MPD individually in a split path manner can suppress
this. The separate control paths allow to prevent overlap-
ping on-states of MPU and MPD, which can be achieved
by either introducing asymmetrical timing in the two paths,
called Skewing [65], or by providing non-overlapping sig-
nals to the split up path e.g., [13]. The decision for a
split path can be based on the overall power consumption
requirements limiting the allowable cross-conduction and
also on the timing budget. A split path with a non-overlap
generation logic circuit can however introduce additional
propagation delay.

Step 2: Select a mono-stage or a multi-stage approach. Ei-
ther the power HEMT directly or the separate pull-up and
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pull-down device can be operated by a mono-stage [66]
or a string of stages (multi-stage) [50]. In a mono-stage
implementation, the input signal is applied to all elements
in the stage, whereas in a multi-stage built, the signal is
decomposed by two or more subsequent stages. The use
of multiple stages allows for a tapering of the stage size,
thereby allowing for a small input capacitance while ac-
cepting low drive strength at the first stage and enabling
strong driving power in the last. However, multiple sub-
sequent stages affect the propagation delay of the driver
circuit. The built of the stage can thereby be relevant for
making this discussion. It is hence, discussed in the follow-
ing.

Step 3: A mono-stage can be a simple inverter whereas a string
of inverters forms a multi-stage circuit. In a monolithic
GaN technology, each stage can be formed by combining
simple inverters together with push-pull buffers. Utilizing
the simple inverter results in a trade-off between switch-
ing speed and static power consumption, both determined
by the pull-up resistance RPU (P ≈ TLOW�fsw�VDD

2/RPU).
Furthermore, it shows asymmetrical output slopes de-
fined by the ratio of pull-up resistance to on-state resis-
tance of the pull-down device: RPU/RON,MPD [45]. This
ratio also affects the output low-state of the inverter:
VOUT,LOW = RON,MPD/(RPU+RON,MPD)�VDD. The bene-
fits of the simple inverter are that it requires only one
input signal and provides a full-rail output high state:
VOUT,HIGH = VDD. A push-pull buffer consists of two n-
type e-mode devices operated by complementary signals.
Such a buffer stage requires that both the input signal IN
and additionally its logical inverse IN are available. IN can
be provided by a simple inverter. By ensuring that either
device is always turned off the static power consumption of
the push-pull buffer is significantly lower compared to the
simple inverter. Moreover, symmetrical slopes at the output
can be achieved. The cascading possibility of push-pull
buffers is limited. Due to the source follower behavior of
the pull-up device, the steady output high state of a push-
pull buffer can be limited depending on the voltage level of
the input signal

VOUT,HIGH =
{

VIN − VTH, VIN ≤ VDD + VTH

VDD, VIN > VDD + VTH

(7.1)

(7.2)

Step 4: The fourth step for the topology selection is to imple-
ment a rail-to-rail driving concept allowing to provide an
enhanced voltage level for the operation of the push-pull
buffers. Little design effort is required when externally
providing additional supply voltages, e.g., [51]. However,
for the overall system and PCB design, this might not be
practical. Especially maintaining low gate loop inductance
can be challenging (see Section III). An alternative option is
to generate an enhanced supply on-chip, for which different
approaches have been presented. A charge pump can be
used to generate the enhanced supply directly from the
main supply [63] ideally utilizing the driver input signal
as a clock. For this implementation, it is beneficial if the

technology provides high-density on-chip capacitors and
low-drop diodes to ensure a low inherent drop for the
charge pumped voltage VDD+ = 2�VDD-VT0. Alternatively,
the enhanced supply and the main supply can be generated
from a single higher voltage supply VCC (see also Fig. 6)
with an on-chip linear voltage regulator, e.g., [53]. This
avoids the necessity of low-drop diodes and possibly large
on-chip capacitors for a charge pump solution. The re-
quirements for the enhanced supply rails are determined by
the device threshold and the number of cascaded push-pull
buffers. Using the same enhanced supply voltage for stages
with different numbers of buffers can introduce limitations
according to maximum VGS ratings.

To avoid this limitation, a local bootstrapping (BS) of the
supply voltage can be applied as depicted in Fig. 9 for which
different solutions are presented in [59]. This way a safe
and full on-state of transistor MPU in the push-pull buffer
is ensured. Again, the availability of high-density on-chip
capacitors and low-drop diodes is beneficial. The bootstrap
capacitor can thereby be referenced either to the output signal
of a previous stage [67], the output node of the push-pull
inverter [59], or even in an interleaved way utilizing multi-
ple BS stages that result in a charge pump [60], [64]. It is
also possible to apply this approach to subsequent push-pull
buffers [68]. However, including bootstrap capacitors in the
drive string can slow down the circuit performance compared
to a directly applied supply voltage. Furthermore, the gate
structure related leakage can limit the max. on-time of the
internal bootstrapped stages.

A design aspect to consider for all topology decision steps
(1–4) is the input capacitance as different requirements can
be introduced by control ASICs and microcontrollers or even
on-chip logic due to the driving strength of their output stage.
A multi-stage approach allows to scale the input capacitance,
also a split-path topology can reduce the input capacitance,
as the devices MPU, MPD controlling the power HEMT in
the final stage are not directly connected to the input signal.
After step-by-step topology selection, the devices must be
dimensioned (gate widths, resistors, etc.) depending on the
design goals.

Furthermore, additional elements can be included in the
driver topology. As a solution to the voltage limitation of
the push-pull buffer, a compromise is presented in [13]. Two
parallel pull-up devices are implemented of which only one
is controlled with an enhanced voltage input signal. This
allows for a fast turn-on of the power HEMT with one de-
vice while ensuring a full-rail turn-on with the other, thereby
reducing the load to the enhanced supply rail. Furthermore,
a temperature and VTH compensated Miller plateau sensing
and corresponding drive current control is presented in [53].
For cross-conduction control, additional logic circuitry is im-
plemented in the driver presented e.g., in [51]. Generally,
additional logic circuits come at the cost of increasing the
driver’s propagation delay and static power consumption due
to the DCFL or RTL implementation. A first comparison of
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TABLE 3 Topology Selection

TABLE 4 Input Data for an Exemplary Design Process

single-input unipolar GaN gate driver with rail-to-rail output
has already been performed by the author in [69].

C. PRACTICAL DESIGN EXAMPLE PROCESS
In this section, the design flow (see Fig. 7) for a gate driver is
run through using a practical example with a real application
scenario. The input data is given in Table 4.

The design flow starts with the gate loop requirements
and the calculation of RPU and RPD. With the values from
Tables 1 and 4 (power transistor EPC2218), the following
resistances can be calculated according to formula (1), (2), (3):
RPU,OPT = 2.50 �, RPU,MIN = 1.92 �, and RPD,MAX = 4.64 �.
According to the recommendations (Section III-D and
Table 2), RPD = RPU and in this example, 2.1 � is chosen
to cover both hard- and soft switching in the application. The
push-pull stage is implemented with two e-mode HEMTs. In
order to have a certain safety margin to the supply voltage
VDD of 5 V, devices of the 12 V-class are selected. These
e-mode devices have an on-resistance scaled to the gate width
of 6.3 �×mm [64], [69], which results in 3 mm gate width to
realize a 2.1 � on-resistance.

Next comes the gate driver topology selection using the
step-by-step guide (see Fig. 9). Step 1: A single path topology
is selected due to its lower complexity and shorter propagation
delay time. Step 2: A multi-stage approach is chosen to ensure
a low input capacitance while ensuring strong drive strength
in the last stage. Step 3: The stage building of the topology
consists of two stages, as these allow a good trade-off between
power consumption and switching time. The input stage is a
simple inverter and the output stage is a push-pull stage, where
the signal for the pull-up device is provided from another

FIGURE 10. Schematic and chip micrography of the gate driver design.

simple inverter. The topology is shown in Fig. 8. Due to the
technological possibilities, the simple inverters are designed
as DCFL inverters for optimal power consumption and chip
area [69]. To specify power consumption requirements using
(4), the gate charge losses can be calculated, which in this case
sum up to ∼30 mW. Reducing the switching frequency by a
factor of 10 would result in the same reduction of gate charge
losses. For the non-switching case, the quiescent current is
targeted not to exceed 2 mA (at 5 V, 10 mW), while the
power consumption at 1 MHz should be <40 mW. Step 4: The
boundary conditions are decisive for the rail-to-rail driving
concept. Only one supply voltage of 5 V is available (see
Table 4), which means that only a charge pump or bootstrap-
ping can be considered. For the bootstrapping of the last stage,
an on-chip capacitance in a range >30pF is needed. This
value can be reduced by the charge pump supply approach.
The detailed schematic is shown in Fig. 10 [60], [64]. The
charge pump consists of two e-mode HEMTs with on-chip
capacitors.

The next step is to design the circuit of Fig. 10. The circuit
is simulated with Advanced Design Software (ADS) PDK of
the p-GaN power IC technology [19], [69] of the Fraunhofer
IAF and optimized for low power consumption (<40 mW at
1 MHz) and high switching speed. After that, the GaN driver
is fabricated using the same technology. Fig. 10 shows a chip
micrograph of the IC. The total chip area is 0.291 mm2 (see
Fig. 10, 640 × 455 μm2). All transistors of the driver are
12 V-devices. The gate width of the pull-up MPU and -down
MPD device is 3 mm each. Both DCFL inverters have gate
widths of 10/100 μm for pull-up and -down device. The input
capacitance of the input transistor has less than 1 pF and the
threshold voltage is <2 V, allowing the driver to be directly
controlled by MCU, DSP, ASIC, or input logic implemented
in GaN (see Fig. 6). The 2DEG-stacked MIM capacitors C1
and C2 have a capacitance of about 50 pF and 5 pF showing a
capacitance density of 1.2 fF/μm2 (see Section II). Compared
to conventional MIM capacitors (typ. 0.3 fF/μm2 [25]) this
saves 3/4th of the chip area, which is a lot considering the chip
micrography. The realization of high-density on-chip capaci-
tors is crucial for the rail-to-rail driving concept. More details
about the technology can be found in [19], [69].

Fig. 11 shows simulated and measured supply power con-
sumption as a function of the switching frequency with supply
voltage of 5 V, different duty-cycles DC and three load

494 VOLUME 4, 2023



FIGURE 11. Simulated and measured power supply as function of the
switching frequency with five different duty-cycles (DC) and three load
capacitances.

FIGURE 12. Simulated and measured rise tRISE, fall tFALL, turn-on tPD,ON,
and turn-off propagation delay times tPD,OFF for three load capacitances.

capacitances. The load capacitance of 1 nF corresponds ap-
proximately to the input capacitance CISS of the power HEMT
EPC2911 (see Table 1). If the DC increases, the current de-
creases, because the time of the output low state of the inverter
TLOW decreases (see Section IV-B). The simulation and the
measurement show identical progressions. The design goal of
a power consumption <40 mW at 1 MHz is thus achieved
(simulated 33.5 mW and measured 30 mW with 1 nF). The
maximum switching frequency is >5 MHz. Fig. 12 shows
a simulation and measurement of the rise tRISE, fall tFALL,
turn-on tPD,ON, and turn-off propagation delay times tPD,OFF

for three load capacitances with VDD = 5 V (the passive
probe capacitance of 3.9 pF is also included). The measured
times are larger than in the simulations, most likely due to the
additional parasitic capacitances due to the IC test packaging
(in this case a DIL package). Thus, an optimized GaN gate
driver in terms of losses and switching speed is achieved as a
result or outcome of the design flow.

V. CONCLUSION
Due to various benefits in terms of speed and parasitic effects,
the first step in monolithic GaN integration is the functional
integration of the gate driver together with the power HEMT.
This work describes the GaN gate driver design in a design

flow. First, an insight into GaN technologies and their pos-
sibilities in terms of IC design is given. The driving of GaN
power HEMTs is described with the requirements for the gate
loop and its dimensioning. As background, topology research
was performed and a step-by-step guide is introduced for the
selection of the topology. This guide contains 4 steps: single or
split path, mono or multi-stage, stage building, and rail-to-rail
driving. Finally, the design flow is run through with an appli-
cation scenario as an example. A GaN gate driver optimized
for losses and speed is the result verified by simulation and
measurement. Thus, this work provides a design guide for
monolithically integrated GaN gate drivers.

ACKNOWLEDGMENT
The authors would like to thank the colleagues from the
Fraunhofer IAF Epitaxy and Technology Department for their
contributions during wafer growth, IC processing, and char-
acterization. The authors would also like to thank Dirk Meder
for packaging the test ICs.

REFERENCES
[1] Yole, “Power gate driver: Market and Technology Report 2022,” 2022.

[Online]. Available: www.yole.fr
[2] K. Ravinchandra et al., “Review of wide band-gap technology: Power

device, gate driver, and converter design,” J. Power Electron., vol. 22,
no. 8, pp. 1398–1413, 2022, doi: 10.1007/s43236-022-00470-6.

[3] B. J. Baliga, Gallium Nitride and Silicon Carbide Power Devices. Sin-
gapore: World Scientific, 2017.

[4] R. Reiner et al., “Integrated reverse-diodes for GaN-HEMT struc-
tures,” in Proc. IEEE 27th Int. Symp. Power Semicond. Devices IC’s,
2015, pp. 45–48. [Online]. Available: https://ieeexplore.ieee.org/stamp/
stamp.jsp?tp=&arnumber=7123385

[5] K. J. Chen et al., “GaN-on-Si Power technology: Devices and appli-
cations,” IEEE Trans. Electron Devices, vol. 64, no. 3, pp. 779–795,
Mar. 2017, doi: 10.1109/TED.2017.2657579.

[6] H. Amano et al., “The 2018 GaN power electronics roadmap,” J.
Phys. D: Appl. Phys., vol. 51, no. 16, 2018, Art. no. 163001,
doi: 10.1088/1361-6463/aaaf9d.

[7] E. A. Jones, F. F. Wang, and D. Costinett, “Review of commercial
GaN power devices and GaN-based converter design challenges,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 4, no. 3, pp. 707–719,
Sep. 2016, doi: 10.1109/JESTPE.2016.2582685.

[8] Yole, “Power GaN 2022: Market and Technology Report 2022,” 2022.
[Online]. Available: www.yole.fr

[9] O. Ambacher et al., “Two-dimensional electron gases induced by
spontaneous and piezoelectric polarization charges in N- and Ga-face
AlGaN/GaN heterostructures,” J. Appl. Phys., vol. 85, no. 6, 1999,
Art. no. 3222, doi: 10.1063/1.369664.

[10] A. Lidow, “The path forward for GaN power devices,” in Proc. IEEE
Workshop Wide Bandgap Power Devices Appl. Asia, 2020, pp. 1–3.

[11] D. Kinzer, “GaN power IC technology: Past, present, and future,” in
Proc. 29th Int. Symp. Power Semicond. Devices IC’s, 2017, pp. 19–24.

[12] K. J. Chen et al., “Planar GaN power integration – The world is flat,” in
Proc. IEEE Int. Electron Devices Meeting, 2020, pp. 27.1.1–27.1.4.

[13] M. Kaufmann and B. Wicht, “A monolithic GaN-IC with integrated
control loop for 400-V offline buck operation achieving 95.6% peak
efficiency,” IEEE J. Solid-State Circuits, vol. 55, no. 12, pp. 3169–3178,
Dec. 2020, doi: 10.1109/JSSC.2020.3018404.

[14] O. Trescases, S. K. Murray, W. L. Jiang, and M. S. Zaman, “GaN Power
ICs: Reviewing strengths, gaps, and future directions,” in Proc. IEEE
Int. Electron Devices Meeting, 2020, pp. 27.4.1–27.4.4.

[15] W. L. Jiang et al., “GaN PMIC opportunities: Characterization of analog
and digital building blocks in a 650V GaN-on-Si platform,” in Proc.
IEEE Symp. VLSI Technol., 2020, pp. 1–2.

[16] J. Wei, G. Tang, R. Xie, and K. J. Chen, “GaN power IC technology on
p-GaN gate HEMT platform,” Japanese J. Appl. Phys., vol. 59, 2019,
Art. no. SG0801, doi: 10.7567/1347-4065/ab5b63.

VOLUME 4, 2023 495

www.yole.fr
https://dx.doi.org/10.1007/s43236-022-00470-6
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7123385
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7123385
https://dx.doi.org/10.1109/TED.2017.2657579
https://dx.doi.org/10.1088/1361-6463/aaaf9d
https://dx.doi.org/10.1109/JESTPE.2016.2582685
www.yole.fr
https://dx.doi.org/10.1063/1.369664
https://dx.doi.org/10.1109/JSSC.2020.3018404
https://dx.doi.org/10.7567/1347-4065/ab5b63


BASLER ET AL.: MONOLITHICALLY INTEGRATED GAN GATE DRIVERS–A DESIGN GUIDE

[17] R. Sun, Y. C. Liang, Y. Yeo, C. Zhao, W. Chen, and B. Zhang, “All
GaN Power integration: Devices to functional sub-circuits and con-
verter ICs,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1,
pp. 31–41, Mar. 2020, doi: 10.1109/JESTPE.2019.2946418.

[18] C. Tsai et al., “Smart GaN platform: Performance & challenges,” in
Proc. IEEE Int. Electron Devices Meeting, 2017, pp. 33.1.1–33.1.4.

[19] M. Basler et al., “Building blocks for GaN Power integration,”
IEEE Access, vol. 9, pp. 163122–163137, 2021, doi: 10.1109/AC-
CESS.2021.3132667.

[20] R. Reiner et al., “Monolithically integrated power circuits in high-
voltage GaN-on-Si heterojunction technology,” IET Power Electron.,
vol. 11, no. 4, pp. 681–688, 2018, doi: 10.1049/iet-pel.2017.0397.

[21] N. E. Posthuma et al., “An industry-ready 200 mm p-GaN E-mode
GaN-on-Si power technology,” in Proc. IEEE 30th Int. Symp. Power
Semicond. Devices ICs, 2018, pp. 284–287.

[22] K. J. Chen, “GaN smart power chip technology,” in Proc. IEEE Int.
Conf. Electron Devices Solid-State Circuits, 2009, pp. 403–407.

[23] M. Kaufmann, A. Seidel, and B. Wicht, “Long, short, monolithic -
the gate loop challenge for GaN drivers: Invited paper,” in Proc. IEEE
Custom Integr. Circuits Conf., 2020, pp. 1–5.

[24] A. Seidel and B. Wicht, Highly Integrated Gate Drivers for Si and
GaN Power Transistors, 1st ed. Cham, Switzerland: Springer, 2021,
doi: 10.1007/978-3-030-68940-7.

[25] X. Li et al., “GaN-on-SOI: Monolithically integrated all-GaN ICs for
power conversion,” in Proc. IEEE Int. Electron Devices Meeting, 2019,
pp. 4.4.1–4.4.4.

[26] X. Li et al., “Integration of 650 V GaN power ICs on 200 mm en-
gineered substrates,” IEEE Trans. Semicond. Manuf., vol. 33, no. 4,
pp. 534–538, Nov. 2020, doi: 10.1109/TSM.2020.3017703.

[27] S. Moench et al., “GaN power converter and high-side integration on
Si, p-n junction, or SOI substrate,” e-Prime - Adv. Elect. Eng., Electron.
Energy, vol. 4, 2023, Art. no. 100171.

[28] A. Lidow, M. de Rooij, J. Strydom, D. Reusch, and J. Glaser, GaN
Transistors for Efficient Power Conversion. Hoboken NJ, USA: Wiley,
2020.

[29] M. Basler et al., “Large-area lateral AlGaN/GaN-on-Si field-effect rec-
tifier with low turn-on voltage,” IEEE Electron Device Lett., vol. 41,
no. 7, pp. 993–996, Jul. 2020, doi: 10.1109/LED.2020.2994656.

[30] T.-W. Wang et al., “Monolithic GaN-based driver and GaN switch
with diode-emulated GaN technique for 50-MHz operation and sub-
0.2-ns deadtime control,” IEEE J. Solid-State Circuits, vol. 57, no. 12,
pp. 3877–3888, Dec. 2022, doi: 10.1109/JSSC.2022.3200381.

[31] G. Tang et al., “High-capacitance-density p-GaN gate capacitors for
High-frequency power integration,” IEEE Electron Device Lett., vol. 39,
no. 9, pp. 1362–1365, Sep. 2018, doi: 10.1109/LED.2018.2854407.

[32] H. Hahn et al., “First monolithic integration of GaN-based en-
hancement mode n-channel and p-channel heterostructure field ef-
fect transistors,” in Proc. IEEE 72nd Device Res. Conf., 2014,
pp. 259–260.

[33] S. Moench, C. Salcines, R. Li, Y. Li, and I. Kallfass, “Sub-
strate potential of high-voltage GaN-on-Si HEMTs and half-bridges:
Static and dynamic four-terminal characterization and modeling,” in
Proc. IEEE 18th Workshop Control Model. Power Electron., 2017,
pp. 1–8.

[34] S. A. Albahrani et al., “Modeling of the impact of the sub-
strate voltage on the capacitances of GaN-on-Si HEMTs,” IEEE
Trans. Electron Devices, vol. 66, no. 12, pp. 5103–5110, Dec. 2019,
doi: 10.1109/TED.2019.2948828.

[35] S. Moench et al., “Asymmetrical substrate-biasing effects at up to
350V operation of symmetrical monolithic normally-off GaN-on-Si
half-bridges,” in Proc. IEEE 7th Workshop Wide Bandgap Power De-
vices Appl., 2019, pp. 28–35.

[36] S. Moench et al., “Effect of substrate termination on switching loss
and switching time using 600 V GaN-on-Si HEMTs with integrated
gate driver in half-bridges,” in Proc. IEEE 5th Workshop Wide Bandgap
Power Devices Appl., 2017, pp. 257–264.

[37] Efficient Power Conversion, “EPC2218: Datasheet,” 2022. Accessed:
Nov. 28, 2022. [Online]. Available: https://epc-co.com/epc/Portals/0/
epc/documents/datasheets/EPC2218_datasheet.pdf

[38] GaN Systems Inc., “GS-065-018-2-L: Datasheet,” 2022. Ac-
cessed: Nov. 28, 2022. [Online]. Available: https://gansystems.com/wp-
content/uploads/2022/09/GS-065-018-2-L-DS-Rev-220921.pdf

[39] Infineon, “IGLD60R190D1: Datasheet,” 2021. Accessed: Nov.
28, 2022. [Online]. Available: https://www.infineon.com/dgdl/
Infineon-IGLD60R190D1-DataSheet-v02_13-EN.pdf?fileId=
5546d46269e1c019016a6d78ff5e2aba

[40] I. Hwang et al., “p-GaN gate HEMTs with tungsten gate metal
for high threshold voltage and low gate current,” IEEE Elec-
tron Device Lett., vol. 34, no. 2, pp. 202–204, Feb. 2013,
doi: 10.1109/LED.2012.2230312.

[41] M. Meneghini et al., “GaN-based power devices: Physics, relia-
bility, and perspectives,” J. Appl. Phys., vol. 130, no. 18, 2021,
Art. no. 181101, doi: 10.1063/5.0061354.

[42] Infineon, “Gate drive soluctions for CoolGaNTM GIT hemts:
Whitepaper,” 2021. Accessed: Feb. 14, 2023. [Online]. Available:
https://www.infineon.com/dgdlac/Infineon-Gallium_nitride_Gate_
drive_solutions_for_CoolGaN_GIT_HEMTs-Whitepaper-v02_00-
EN.pdf?fileId=5546d462766cbe86017684b68afc5360

[43] A. Seidel and B. Wicht, “A fully integrated three-level 11.6nC gate
driver supporting GaN gate injection transistors,” in Proc. IEEE Int.
Solid - State Circuits Conf., 2018, pp. 384–386. [Online]. Available:
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8310345

[44] L. Balogh, “Fundamentals of MOSFET and IGBT gate driver circuits:
Application report,” Appl. Report, SLUA618A, 2017. Accessed:
Jan. 18, 2023. [Online]. Available: https://www.ti.com/lit/ml/slua618a/
slua618a.pdf?ts=1674026040745&ref_url=https%253A%252F%
252Fwww.google.com%252F

[45] M. P. Kaufmann and B. Wicht, Monolithic Integration in E-Mode GaN
Technology. Cham, Switzerland: Springer, 2022.

[46] D. Reusch, D. Gilham, Y. Su, and F. C. Lee, “Gallium nitride based 3D
integrated non-isolated point of load module,” in Proc. IEEE 27th Annu.
Appl. Power Electron. Conf. Expo., 2012, pp. 38–45.

[47] Y.-Y. Kao et al., “Fully integrated GaN-on-silicon gate driver and GaN
switch with temperature-compensated fast turn-on technique for achiev-
ing switching frequency of 50 MHz and slew rate of 118.3 V/ns,”
IEEE J. Solid-State Circuits, vol. 56, no. 12, pp. 3619–3627, Dec. 2021,
doi: 10.1109/JSSC.2021.3103875.

[48] Infineon, “CoolMOSTM gate drive and switching dynamics: Applica-
tion node AN_1909_PL52_1911_173913,” 2020. Accessed: Feb. 15,
2023. [Online]. Available: https://www.infineon.com/dgdl/Infineon-
MOSFET_CoolMOS_gate_drivce_switching_dynamics-Application
Notes-v01_00-EN.pdf?fileId=5546d4626f229553016fb392d5e7749f

[49] B. Sun, Z. Zhang, and M. A. E. Andersen, “A comparison review of
the resonant gate driver in the silicon MOSFET and the GaN transistor
application,” IEEE Trans. Ind. Appl., vol. 55, no. 6, pp. 7776–7786,
Nov./Dec. 2019, doi: 10.1109/TIA.2019.2914193.

[50] H.-Y. Chen et al., “A domino bootstrapping 12V GaN driver for driving
an on-chip 650 V eGaN power switch for 96% high efficiency,” in Proc.
IEEE Symp. VLSI Circuits, 2020, pp. 1–2.

[51] W. L. Jiang et al., “Monolithic integration of a 5-MHz GaN half-bridge
in a 200-V GaN-on-SOI process: Programmable dv/dt control and float-
ing high-voltage level-shifter,” in Proc. IEEE Appl. Power Electron.
Conf. Expo., 2021, pp. 728–734.

[52] H. Xu, G. Tang, J. Wei, Z. Zheng, and K. J. Chen, “Monolithic inte-
gration of gate driver and protection modules with P-GaN gate power
HEMTs,” IEEE Trans. Ind. Electron., vol. 69, no. 7, pp. 6784–6793,
Jul. 2022, doi: 10.1109/TIE.2021.3102387.

[53] H.-Y. Chen et al., “A fully integrated GaN-on-silicon gate driver and
GaN switch with temperature-compensated fast turn-on technique for
improving reliability,” in Proc. IEEE Int. Solid- State Circuits Conf.,
2021, pp. 460–462.

[54] S. Moench et al., “A 600V p-GaN gate HEMT with intrinsic freewheel-
ing Schottky-diode in a GaN power IC with bootstrapped driver and
sensors,” in Proc. IEEE 32nd Int. Symp. Power Semicond. Devices ICs,
2020, pp. 254–257.

[55] S. K. Murray et al., “On-chip dynamic gate-voltage waveform sam-
pling in a 200-V GaN-on-SOI power IC,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 69, no. 10, pp. 7150–7161, Dec. 2022,
doi: 10.1109/JESTPE.2022.3163646.

[56] D. Yan and D. B. Ma, “A monolithic GaN power IC with on-chip
gate driving, level shifting, and temperature sensing, achieving direct
48-V/1-V DC–DC conversion,” IEEE J. Solid-State Circuits, vol. 57,
no. 12, pp. 3865–3876, Dec. 2022, doi: 10.1109/JSSC.2022.3201781.

[57] Navitas Semiconductor, “Application note AN015: New GaNFastTM

power ics with GaNSenseTM technology loss-less current sens-
ing & autonomous protection,” Accessed: Jan. 07, 2022. [On-
line]. Available: http://navitassemi.com/wp-content/uploads/2021/12/
AN015-GaNSense-FINAL-12-20-2021.pdf

[58] W. L. Jiang et al., “An integrated GaN overcurrent protec-
tion circuit for power HEMTs using SenseHEMT,” IEEE Trans.
Power Electron., vol. 37, no. 8, pp. 9314–9324, Aug. 2022,
doi: 10.1109/TPEL.2022.3158655.

496 VOLUME 4, 2023

https://dx.doi.org/10.1109/JESTPE.2019.2946418
https://dx.doi.org/10.1109/ACCESS.2021.3132667
https://dx.doi.org/10.1109/ACCESS.2021.3132667
https://dx.doi.org/10.1049/iet-pel.2017.0397
https://dx.doi.org/10.1007/978-3-030-68940-7
https://dx.doi.org/10.1109/TSM.2020.3017703
https://dx.doi.org/10.1109/LED.2020.2994656
https://dx.doi.org/10.1109/JSSC.2022.3200381
https://dx.doi.org/10.1109/LED.2018.2854407
https://dx.doi.org/10.1109/TED.2019.2948828
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2218_datasheet.pdf
https://epc-co.com/epc/Portals/0/epc/documents/datasheets/EPC2218_datasheet.pdf
https://gansystems.com/wp-content/uploads/2022/09/GS-065-018-2-L-DS-Rev-220921.pdf
https://gansystems.com/wp-content/uploads/2022/09/GS-065-018-2-L-DS-Rev-220921.pdf
https://www.infineon.com/dgdl/Infineon-IGLD60R190D1-DataSheet-v02_13-EN.pdf?fileId=5546d46269e1c019016a6d78ff5e2aba
https://www.infineon.com/dgdl/Infineon-IGLD60R190D1-DataSheet-v02_13-EN.pdf?fileId=5546d46269e1c019016a6d78ff5e2aba
https://www.infineon.com/dgdl/Infineon-IGLD60R190D1-DataSheet-v02_13-EN.pdf?fileId=5546d46269e1c019016a6d78ff5e2aba
https://dx.doi.org/10.1109/LED.2012.2230312
https://dx.doi.org/10.1063/5.0061354
https://www.infineon.com/dgdlac/Infineon-Gallium_nitride_Gate_drive_solutions_for_CoolGaN_GIT_HEMTs-Whitepaper-v02_00-EN.pdf?fileId=5546d462766cbe86017684b68afc5360
https://www.infineon.com/dgdlac/Infineon-Gallium_nitride_Gate_drive_solutions_for_CoolGaN_GIT_HEMTs-Whitepaper-v02_00-EN.pdf?fileId=5546d462766cbe86017684b68afc5360
https://www.infineon.com/dgdlac/Infineon-Gallium_nitride_Gate_drive_solutions_for_CoolGaN_GIT_HEMTs-Whitepaper-v02_00-EN.pdf?fileId=5546d462766cbe86017684b68afc5360
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8310345
https://www.ti.com/lit/ml/slua618a/slua618a.pdf?ts=1674026040745&ref_url=https%253A%252F%252Fwww.google.com%252F
https://www.ti.com/lit/ml/slua618a/slua618a.pdf?ts=1674026040745&ref_url=https%253A%252F%252Fwww.google.com%252F
https://www.ti.com/lit/ml/slua618a/slua618a.pdf?ts=1674026040745&ref_url=https%253A%252F%252Fwww.google.com%252F
https://dx.doi.org/10.1109/JSSC.2021.3103875
https://www.infineon.com/dgdl/Infineon-MOSFET_CoolMOS_gate_drivce_switching_dynamics-ApplicationNotes-v01_00-EN.pdf?fileId=5546d4626f229553016fb392d5e7749f
https://www.infineon.com/dgdl/Infineon-MOSFET_CoolMOS_gate_drivce_switching_dynamics-ApplicationNotes-v01_00-EN.pdf?fileId=5546d4626f229553016fb392d5e7749f
https://www.infineon.com/dgdl/Infineon-MOSFET_CoolMOS_gate_drivce_switching_dynamics-ApplicationNotes-v01_00-EN.pdf?fileId=5546d4626f229553016fb392d5e7749f
https://dx.doi.org/10.1109/TIA.2019.2914193
https://dx.doi.org/10.1109/TIE.2021.3102387
https://dx.doi.org/10.1109/JESTPE.2022.3163646
https://dx.doi.org/10.1109/JSSC.2022.3201781
http://navitassemi.com/wp-content/uploads/2021/12/AN015-GaNSense-FINAL-12-20-2021.pdf
http://navitassemi.com/wp-content/uploads/2021/12/AN015-GaNSense-FINAL-12-20-2021.pdf
https://dx.doi.org/10.1109/TPEL.2022.3158655


[59] S. Sharma, “GaN logic circuits,” US10454481 (B1), US
US201916375394 20190404, Oct. 22, 2019.

[60] M. A. de Rooij, D. C. Reusch, and S. Biswas, “Enhancement mode FET
gate driver IC,” US2017346475 (A1), US US201715605219 20170525,
Nov. 30, 2017.

[61] M. Basler et al., “A pseudo-complementary GaN-based gate driver with
reduced static losses,” in Proc. IEEE 7th Workshop Wide Bandgap
Power Devices Appl., 2019, pp. 93–98.

[62] L. W. Linholm, “An optimized output stage for MOS integrated cir-
cuits,” IEEE J. Solid-State Circuits, vol. SSC-10, no. 2, pp. 106–109,
Apr. 1975, doi: 10.1109/JSSC.1975.1050569.

[63] G. Tang et al., “High-speed, high-reliability GaN power device with
integrated gate driver,” in Proc. IEEE 30th Int. Symp. Power Semicond.
Devices ICs, 2018, pp. 76–79.

[64] M. Basler, R. Reiner, S. Moench, P. Waltereit, and R. Quay, “Function
blocks of a highly-integrated all-in-GaN power IC for DC–DC con-
version,” in Proc. IEEE 24th Eur. Conf. Power Electron. Appl., 2022,
pp. 1–9.

[65] F. Hamzaoglu and M. R. Stan, “Split-path skewed (SPS) CMOS buffer
for high performance and low power applications,” IEEE Trans. Circuits
Syst. II, Analog Digit. Signal Process., vol. 48, no. 10, pp. 998–1002,
Oct. 2001, doi: 10.1109/82.974792.

[66] S. Ujita et al., “A compact GaN-based DC-DC converter IC with high-
speed gate drivers enabling high efficiencies,” in Proc. IEEE 26th Int.
Symp. Power Semicond. Devices IC’s, 2014, pp. 51–54.

[67] D. M. Kinzer, S. Sharma, and J. J. Zhang, “GaN circuit drivers for GaN
circuit loads,” US2016079854 (A1), US US201514737259 20150611,
Mar. 17, 2016.

[68] E. Lee, R. Ananth, M. Chapman, R. M. A. De, and R. Beach, “Cascaded
bootstrapping GaN power switch and driver,” US2020076415 (A1), US
US201916553335 20190828, Mar. 5, 2020.

[69] M. Basler, “Extended monolithic integration levels for highly functional
GaN power ics,” Doctoral Dissertation, Albert-Ludwigs-Univ. Freiburg,
Freiburg im Breisgau, Germany, 2023.

MICHAEL BASLER (Member, IEEE) received the
M.Sc. degree in power and microelectronics from
Reutlingen University, Reutlingen, Germany, in
2018, and the Ph.D. degree in sustainable sys-
tem engineering from the University of Freiburg,
Freiburg, Germany, in 2023. Since 2019, he has
been a Research Associate with the Fraunhofer
Institute for Applied Solid State Physics IAF,
Freiburg, where he is involved in the development,
design and characterization of GaN-based devices
and ICs for power-electronic applications.

NIKLAS DENEKE (Member, IEEE) received the
B.Sc. and M.Sc. degrees in electrical engineer-
ing and information technology from the Leibniz
University Hannover, Hannover, Germany, in 2019
and 2022, respectively. He is currently working
toward the Ph.D. degree in electrical engineering
with the Mixed-Signal IC Design Group, Institute
of Microelectronic Systems, Leibniz University
Hannover, Hannover. His research interests include
off-line power conversion in the context of mono-
lithically integrated GaN ICs for power electronics

and power management ICs.

STEFAN MÖNCH (Member, IEEE) received the
B.Sc. and M.Sc. degrees in electrical engineering
and information technology from the University of
Stuttgart, Stuttgart, Germany, in 2011 and 2014,
respectively. He was an Academic Research As-
sistant with the Institute of Robust Power Semi-
conductor Systems ILH, University of Stuttgart.
He is currently a Researcher in microelectronics
with the Fraunhofer Institute for Applied Solid
State Physics IAF, Breisgau, Germany. In 2021,
he defended his doctoral thesis. His research inter-

ests include highly-integrated, highly-efficient, and fast-switching GaN-based
power electronics for applications, such as electromobility and renewable
energy conversion.

RICHARD REINER received the M.Sc. degree
in electrical engineering from the Technical Uni-
versity of Berlin, Berlin, Germany, in 2007, and
the Dr.-Ing. degree from the Technical Univer-
sity of Freiburg, Breisgau, Germany, in 2017.
Between 2007 and 2010, he was a Research
Associate with the Hahn-Schickard-Gesellschaft,
Institute for Microsystem Technology in Villingen-
Schwenningen, Germany, where he worked on
developing electronic sensor systems. Since 2010,
he has been a Research Associate with the Fraun-

hofer Institute for Applied Solid State Physics IAF, Freiburg, Germany,
working on the development and characterization of GaN-based devices and
circuits for power-electronic applications. He is the author or coauthor of
more than 100 publications.

BERNHARD WICHT (Senior Member, IEEE) re-
ceived the Dipl.Ing. degree in electrical engineer-
ing from the Technical University of Dresden,
Dresden, Germany, in 1996, and the Ph.D. degree
(summa cum laude) from the Technical University
of Munich, Munich, Germany, in 2002. From 2003
to 2010, he was with Texas Instruments, Freising,
Germany, where he was responsible for the design
of automotive power management ICs. In 2010,
he became a Full Professor of integrated circuit
design and a Member of the Robert Bosch Center

for Power Electronics, Reutlingen University, Reutlingen, Germany. Since
2017, he has been the Head of the Chair for Mixed-Signal IC Design, Leibniz
University Hannover, Hannover, Germany. He invented 17 patents with sev-
eral more pending. His main research interests include power management IC
design. Dr. Wicht was the recipient of the 2015 ESSCIRC Best Paper Award,
2019 First Prize Paper Award of IEEE Journal of Emerging and Selected
Topics in Power Electronics, and Faculty Award for Excellent Teaching at
his university in 2018. He is a Member of the Technical Program Committee
of IEEE International Solid-State Circuits Conference, where he is currently
the Chair of the Power Management Subcommittee. During 2020–2021, he
was the Guest Editor for IEEE JOURNAL OF SOLID-STATE CIRCUITS special
issue of 2019 ISSCC and a Distinguished Lecturer of the IEEE Solid-State
Circuits Society.

RÜDIGER QUAY (Senior Member, IEEE) received
the diploma degree in physics from Rheinisch-
Westfälische Technische Hochschule, Aachen,
Germany, in 1997, and the Ph.D. degree (Hons.)
in technical sciences, the second Diploma degree
in economics, and the Venia Legendi (Habilitation)
degree in microelectronics from the Technische
Universität Wien, Vienna, Austria, in 2001, 2003,
and 2009, respectively. In 2001, he joined the
Fraunhofer Institute of Applied Solid-State Physics
(Fraunhofer IAF), Freiburg im Breisgau, Germany,

in various positions. He is currently the Executive Director of Fraunhofer
IAF. Since 2020, he has been a Fritz-Hüttinger Professor with the Department
for Sustainable Systems Engineering (INATECH), Albert-Ludwig University,
Freiburg im Breisgau. He has authored or coauthored more than 350 refereed
publications, three monographs, and contributions to two further.

VOLUME 4, 2023 497

https://dx.doi.org/10.1109/JSSC.1975.1050569
https://dx.doi.org/10.1109/82.974792


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


