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Abstract—It is widely acknowledged that gallium nitride (GaN)-
based power switching devices are superior to conventional silicon
(Si) devices in terms of lower semiconductor loss and faster switch-
ing speed. However, the deadtime related losses in GaN HEMT-
based converters can be detrimental if not optimized, especially
when operating at very high switching frequencies. This paper
proposes an original analytical model for deadtime optimization
for the GaN converters. The proposed model is more accurate than
conventional deadtime optimization methods used in Si convert-
ers. A GaN-based synchronous boost converter is used as a case
study. Circuit simulation and experimental tests are successfully
performed to verify the analysis and proposed model.

Index Terms—Deadtime optimization, gallium nitride (GaN)
power devices, synchronous boost converter.

I. INTRODUCTION

W ITH the continuing trend toward higher power, higher
efficiency, lighter weight, and smaller size power elec-

tronic converters in various applications, there has always been
a need for better performance power switching devices. Conven-
tional silicon (Si)-based power devices have seen tremendous
improvements over the past 60 years, but their performances are
limited by the physical properties of Si material [1]. In recent
years, there has been a focus on wide-bandgap (WBG) semi-
conductor materials, such as silicon carbide (SiC) and gallium
nitride (GaN) [2]–[5]. Due to the superior physical properties
of SiC and GaN, they are believed to be promising candidates
to replace Si in the next generation of power electronics. As
a new technology, some special characteristics of WBG-based
power devices are still unknown to the public, rendering the
usage of these devices less effective when applied in power
converters. This research aims to propose an accurate model
for the deadtime optimization of GaN devices. A GaN device-
based phase-leg configuration synchronous boost converter is
evaluated as a case study.

Compared to Si, GaN material has more favorable physical
properties, such as higher electric breakdown field, lower in-
trinsic carrier concentration, and larger saturated electron drift
velocity [6], as shown in Table I [4]. These material properties
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TABLE I
KEY ELECTRONIC PROPERTIES OF SI, GAN [4]

Property Si GaN

Band gap Eg (eV) 1.12 3.43
Electron mobility μn (cm2/Vs) 1400 2000
Hole mobility μp (cm2/Vs) 450 30
Intrinsic carrier concentration ni (cm−3) at 300 K 1.5 × 101 0 1.9 × 10−1 0

Electron saturation velocity vn s a t (×107cm/s) 1.0 2.5
Critical breakdown electric field E c r i t (MV/cm) 0.25 3.5

lead to the low semiconductor loss and high switching speed
features of GaN-based power switching devices. As GaN de-
vice technology becomes more mature, an increasing number
of GaN HEMTs of different ratings and types are presented and
evaluated in the literature [7]–[9]. Many researchers have also
reported high efficiency and high power density converters using
GaN devices [10]–[14]. In [11], a GaN HEMT boost converter
is shown to achieve 98% efficiency at 300-W output power at
a switching frequency of 1 MHz. A 10-W synchronous buck
converter using GaN-on-SiC HEMTs is demonstrated in [12],
achieving 95% efficiency at 10-MHz switching frequency, and
90% efficiency at 40-MHz switching frequency. Yu et al. [13]
present a 3-kW 400–800 V GaN-based boost converter show-
ing 99% efficiency at 100-kHz switching frequency. In [14], a
GaN device is used in a hybrid resonant converter with 97.5%
California Energy Commission weighted efficiency.

To take full advantage of the benefits that GaN technology
will bring to power electronics, simple direct replacement of
Si devices in converters by GaN devices is far from enough.
Hence, researchers are working on various aspects to optimize
the performance of GaN devices in power converters. High-
performance gate drive designs are studied to cope with different
gate voltages and very high switching frequency requirements
[15]–[17]. Parasitic inductances are also reduced in both device
packages [18] and circuit layout [19] to minimize the adverse
voltages induced during very fast switching transients. However,
very few researchers have looked at the deadtime effect in GaN-
based converters, which will severely compromise the device
performance if not optimized.

Unlike conventional Si MOSFETs, GaN HEMTs have no p-n
junction body diode, but the channel is capable of conducting
negative current at no gate voltage when the drain-to-source is
reversely biased. Device manufacturers sometimes refer to this
reverse conduction ability of GaN HEMTs as a “majority carrier
diode.” For simplicity in the analysis, the term “body diode” will
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be used throughout this paper. This body diode of GaN HEMT
features zero reverse recovery, which helps reduce the turn-on
switching loss dramatically. However, the GaN body diode has
very high forward voltage drop when conducting (twice that
of Si MOSFET body diode), inducing considerable conduction
loss during deadtime [20]. In addition, when a power converter
is switching at very high frequencies, the deadtime related losses
become even more prominent. As a result, GaN-based convert-
ers are more sensitive to deadtime related losses compared to Si
converters, and more attention needs to be paid to this aspect.
The deadtime optimization of GaN converters have been men-
tioned in [21] and [22]. But in these two papers, the optimal
value is obtained by parametrically varying the deadtime and
comparing the corresponding losses measured. These optimal
deadtime values are only valid for the particular converters and
operating conditions under test. Neither theoretical analysis nor
specific optimization method is provided.

GaN converters require a careful investigation to understand
the importance of deadtime because of its very fast turn-on and
turn-off characteristics and high frequency switching capability.
The nonoptimal deadtime in Si converters are less detrimental
than that in the GaN converters and it can still lead to as high as
6% efficiency decrease for low output voltage and high switch-
ing frequency applications [23]. As a result, many deadtime
optimization methods for Si converters have been proposed
in the past decades, but they are not suitable to use for GaN
devices.

The methods used for Si deadtime models can be classified
into two categories: 1) based on measurements of switching
quantities, such as switch node voltage and current [23]–[25];
2) based on the measurements of low frequency quantities, such
as terminal voltage and/or current (also known as sensorless
methods) [26]–[28]. The methods in the first category try to
sense the high frequency switch node voltage or current and
use them as an indication of a switch turn-off instance, which
triggers the turn-on of the complementary switch. However, in
practice, the very fast and noisy switching quantities in GaN
devices are always difficult to sense. In contrast, the sensor-
less methods only measure the converter terminal quantities,
and continuously adjust the deadtime, while searching for the
optimal points that achieve the highest converter efficiency or
smallest duty cycle (for constant output voltage). The draw-
backs of sensorless methods are their slow transient response
due to the inherent searching behaviors and the relatively large
dithering window due to finite searching steps.

For converters based on GaN HEMTs, deadtime optimiza-
tion methods with higher accuracy and faster transient response
compared to Si technology are needed. Thanks to the major-
ity carrier nature and zero reverse recovery property of GaN
HEMTs, a high accuracy model is possible and is proposed
in this paper. Based on the shortcomings of the conventional
methods mentioned above, a feed-forward type method, which
directly generates optimal deadtime values without continuous
searching or adjusting, is devised to fulfill this need. The pro-
posed optimal deadtime calculation is based on the knowledge
of device parameters and converter operating point and provides
an accurate solution.

Fig. 1. Schematic of the synchronous boost converter under study. (a) Power
circuit. (b) Equivalent circuit including gate drive path.

The aim of this research paper is to present an original analyt-
ical model for optimal deadtime calculation of GaN devices to
contribute to close the knowledge gap for emerging GaN-based
devices. Circuit simulation and experimental tests are carried
out to verify the given model. This paper is organized in the fol-
lowing way: Section II will present the proposed modeling for
deadtime optimization for GaN devices. Section III will present
the verification of deadtime model using circuit simulation and
results. Then, the experimental tests will be described in detail
in Section IV. Finally, conclusions and discussions will be given
in Section V.

II. PROPOSED MODELING FOR DEADTIME OPTIMIZATION

The converter under study is a synchronous boost converter,
whose schematics are shown in Fig. 1. Again, for the simplicity
of the analysis, an antiparalleled body diode is used to model
the reverse conduction of the GaN HEMT at zero gate voltage.
The timing sequence of gate drive output voltages (VDD1 and
VDD2) is illustrated in Fig. 2. In the figure, T and D represent
the switching period and duty cycle of control FET M1 , re-
spectively. As can be seen, there are two deadtimes tddon and
tddoff during one switching cycle. tddon is inserted right be-
fore the turn-on of control FET M1 and, thus, is called turn-on
deadtime, and tddoff is called turn-off deadtime since it occurs
after the M1 turn-off. In addition, tddon is included into the
on-state duty cycle DT of M1 , while tddoff is in the off-state
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Fig. 2. Timing sequence of gate driver voltages.

cycle (1-D)T, which is consistent with the way deadtimes are
generated in most digital and analog controllers. It should also
be noted that the deadtime intervals defined here are based on
the output voltages of gate drive rather than the digital gating
signals.

A. Analysis of Deadtime Effect

In a synchronous boost converter, the deadtime intervals in-
serted into the complementary gating voltages are commonly
used to prevent the simultaneous on-state of two switches, which
will short circuit the output capacitor and cause high current
spikes as well as excessive loss. This instantaneous short circuit
is usually referred as a “shoot-through” or “short-through” phe-
nomenon. However, improper gating time will not only lead to
shoot-through loss, but also diode conduction loss and partial
voltage turn-on loss depending on the deadtime used. All these
losses can be named as deadtime related losses.

Fig. 3 illustrates the waveforms of the voltage at switch node
p at different deadtimes. As can be seen from Fig. 3(a), in the
case of too long of deadtimes, there will be periods when both
switches are in the off-state, during which the inductor current
has to go through the body diode of synchronous FET M2 .
This diode conduction takes place during both turn-on deadtime
tddon and turn-off deadtime tddoff , and can be observed in switch
node voltage Vp waveform. The fact that Vp is higher than output
voltage VO indicates the voltage drop across the diode. Since
the GaN HEMT body diode has a high forward voltage drop, the
body diode conduction losses during these times will be high.

In the case of too short deadtimes, the loss mechanisms during
turn-on deadtime tddon and turn-off deadtime tddoff are quite
different. When turn-on deadtime tddon is set to be too short,
the control FET M1 will be turned on before synchronous FET
M2 is off; thus, shoot-through takes place. An obvious decrease
in the switch node voltage Vp can be observed during shoot-
through events. The amplitude of Vp depends on the dynamic
on-state resistance of M1 . The waveform in Fig. 3(b) shows the
extreme case when M1 is able to be fully turned on before M2
turns off, and Vp decreases to half of VO . In most cases, M1 will
only be partially turned on during a shoot-through event.

In contrast to tddon , the introduction of turn-off deadtime
tddoff not only prevents the shoot-through, but also achieves the
zero voltage turn-on of synchronous FET M2 . When smaller
tddoff is used, M2 will start to turn on before the drain-to-source
voltage VDS1 of M1 reaches VO . Hence, as M2 is turned on, it

Fig. 3. Effect of deadtimes on GaN converter switching. (a) Too long dead-
times; (b) too short deadtimes. Vp , VDD1 , and VDD2 stand for the switch node
voltage, control FET M1 gating voltage, and synchronous FET M2 gating volt-
age, respectively. ID 1 and ID 2 stand for the drain current of M1 and M2 ,
respectively.

will draw large current from the converter output VO to expedite
the charging process of device output capacitor Coss and help
finish the turn-off transition of M1 . This expedited charging can
be observed in Vp waveform, as its rate of increase changes sud-
denly [see Fig. 3(b)]. This capacitive charging is essentially dif-
ferent from a shoot-through event although both events feature
high current spikes and high loss. This phenomenon is referred
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to as partial voltage turn-on of the synchronous FET M2 , since
M2 starts to turn on before the voltage across it decreases to
zero.

From the above analysis, the optimal turn-on deadtime should
be able to avoid shoot-through, and minimize the diode conduc-
tion at the same time. Similarly, the optimal turn-off deadtime
will achieve the zero voltage turn-on (ZVS) of the synchronous
FET M2 and maintain the minimal diode conduction mean-
while.

B. Optimization of Turn-On Deadtime for GaN Devices

The optimal deadtime calculation model proposed in this sec-
tion is based on calculating the switching times of GaN HEMTs.
To facilitate the analysis, one switching cycle of converter op-
eration is broken down into 20 subintervals based on different
switching transitions, as shown in Fig. 4. It is further assumed
that proper PCB layout as suggested in [19] has been adopted to
minimize the parasitic inductances in the circuit. This assump-
tion will be validated by the experimental results in the later
sections.

According to Fig. 4, one full switching cycle of length T
starts from the synchronous FET conduction, when gate voltage
of amplitude VGG is applied to M2 . At time t1 , zero gate voltage
is applied to M2 , the input capacitance Ciss(Cgs + Cgd) of M2
is being discharged through the gate resistance Rg . The gate-to-
source voltage of M2 is as follows:

vgs2 = VGGe−(t−t1 )/Rg Ci s s . (1)

This stage ends at t2 when vgs2 decreases to Vth + IL/gfs ,
where Vth is the gate threshold voltage, gfs is the transcon-
ductance, and IL represents the inductor current. During this
interval, M2 maintains the fully on-state, and this period is re-
ferred to as “turn-off delay period” of M2 . At t2 , vgs2 keeps
decreasing according to (1). M2 starts to turn-off, and the cur-
rent is diverted from its conducting channel to its body diode.
This stage ends at t3 , when vgs2 decreases to Vth , and M2 is
fully off, with all current going through the diode. The length
of time interval from t1 to t3 can be calculated by equating (1)
with Vth

(t3 − t1)− = RgCiss ln(VGG/Vth). (2)

However, in order to achieve more accurate timing, the fall
time of gate driver voltage tf also needs to be taken into consid-
eration. Considering the fact that high-performance gate drivers
usually have very short fall times, tf can be directly added to
(2) to achieve a reasonable estimation. Thus,

t3 − t1 = RgCiss ln(VGG/Vth) + tf . (3)

During t3 − t4 , vgs2 discharges from Vth to 0. Similar to de-
lay period, this period does not affect the power circuit behavior;
hence, is named “after turn-off period” of M2 . The “diode con-
duction period 1” from t4 to t5 only exists in the case of too
long turn-on deadtime.

At t5 , VGG is applied to gate of M1 , to charge Ciss through
Rg . The gate-to-source voltage of M1 becomes

vgs1 = VGG(1 − e−(t−t5 )/Ci s s Rg ). (4)

Before vgs1 reaches Vth at t6 , M1 does not conduct any cur-
rent. Hence, t5 − t6 is the “turn-on delay period” of M1 . The
length of this period can be obtained as

(t6 − t5)− = CissRg ln(VGG/(VGG − Vth)). (5)

Compared to (t6 − t5)−, the rise time of the gate driver volt-
age tr is much longer; hence, the actual turn-on delay time can
be approximated as

t6 − t5 = 2(t6 − t5)− + trVth/VGG . (6)

During t6 − t9 , M1 is turned on through three steps. From t6
to t7 , vgs1 is increased from Vth to Vth + IL/gfs according to
(4). At t7 , all IL is diverted from M2 diode to M1 channel. From
t7 to t8 , vgs1 continues to increase, as does the current in M1
channel ich1 . The current component ich1 − IL is discharging
and charging the drain-to-source capacitor Cds of M1 and M2 ,
respectively. At t8 , equilibrium is reached

(VGG − Vgs1p)/Rg (1 + (Cds1 + Cds2)/Cgd) = Vgs1pgf s

(7)
and vgs1 reaches the miller plateau Vgs1p constrained by (7).
From t8 to t9 , vgs1 is kept at Vgs1p , and vds1 is discharged to the
on-state value. The period of t9 − t10 is after turn-on period of
M1 , when vgs1 is increased from Vgs1p to VGG . Then, the first
half of the switching cycle is finished.

The optimal turn-on deadtime is needed such that the instance
t3 , when M2 channel ceases conducting, is directly followed by
the instance t6 , when M1 channel begins to conduct. Hence, the
optimal turn-on deadtime exactly compensates for the length
mismatch between sync FET turn off transition period (t1 − t3)
and control FET turn-on delay period (t5 − t6), and can be
calculated as

tddon opt = t3 − t1 − (t6 − t5). (8)

Substituting (3), (5), and (6) into the above equation gives

tddon opt = RgCiss ln(VGG/Vth) + tf − 2(CissRg

ln(VGG/(VGG − Vth))) − trVth/VGG . (9)

C. Optimization of Turn-Off Deadtime for GaN Devices

The second half switching cycle (t10 − T ) is a dual process of
the first half, however, with a few important differences. Hence,
only M1 turn-off periods t12 − t15 will be analyzed here.

At t12 , the end of turn-off delay period, vgs1 has been dis-
charged to Vth + ILmax/gfs . ILmax is the maximum inductor
current during given switching cycle, and is used to take the
inductor current ripple into account. During t12 − t13 , vgs1 will
continue to decrease according to

vgs1 = VGGe−(t−t1 1 )/Rg Ci s s . (10)

The channel current of M1 will be

ich1 = (Vgs1 − Vth)gf s . (11)

The charging current of the output capacitors will be

(Coss1 + Coss2)dVds1/dt = ILmax − ich1 . (12)
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Fig. 4. Different phases of switching transition in one switching cycle in a synchronous boost converter using GaN devices. (a) 0 − t1 : synchronous FET
conduction period; (b) t1 − t2 : synchronous FET turn-off delay period; (c) t2 − t3 : synchronous FET turn-off period; (d) t3 − t4 : after synchronous FET turn-off
period; (e) t4 − t5 : diode conduction period 1; (f) t5 − t6 : control FET turn-on delay period; (g) t6 − t7 : control FET turn-on period 1; (h) t7 − t8 : control
FET turn-on period 2 (i) t8 − t9 : control FET turn-on period 3 (j) t9 − t10 : after control FET turn-on period; (k) t10 − t11 : control FET conduction period; (l)
t11 − t12 : control FET turn-off delay period; (m) t12 − t13 : control FET turn-off period 1; (n) t13 − t14 : control FET turn-off period 2; (o) t14 − t15 : control
FET turn-off period 3; (p) t15 − t16 : after control FET turn-off period; (q) t16 − t17 : diode conduction period 2; (r) t17 − t18 : synchronous FET turn-on delay
period; (s) t18 − t19 : synchronous FET turn-on period; (t) t19 − T : after synchronous FET turn-on period.
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At t13 , vgs1 decreases to Vth , ich1 becomes 0. Hence, M2 is
in fully off-state after t13 , but the device output capacitors will
keep being charged by inductor current ILmax . During t13 − t14 ,
vgs1 continues to decrease according to (9). At t14 , the turn-off
plateau voltage vgs1p

′ has been reached, which is constrained
by

Vgs1p
′/Rg (1 + (Cds1 + Cds2)/Cgd) = IL max . (13)

During t14 − t15 , vgs1 is kept at Vgs1p
′, and Cds1 continues to

be charged by ILmax until Vds1 reaches converter output voltage
VO at t15 .

The switching times can be obtained in the following manner.
Similar to (3), turn-off delay time of M1 is

t12 − t11 = RgCiss ln(VGG/(Vth + IL max/gf s)) + tf (14)

and

t13 − t11 = RgCiss ln(VGG/Vth) + tf . (15)

The turn-off time of M1 can be obtained by taking time inte-
gral of (12) from t12 to t15 . This integral operation deliberately
avoids dealing with the nonlinearity of Coss

2Qoss |VO
0 = IL max(t15 − t12) −

∫ t1 3

t1 2

ich1dt. (16)

In (16), Qoss |V o
0 represents the capacitive charge needed to

increase the voltage of output capacitor from 0 to VO , and can
be readily found in the device datasheet.

Solving (14)–(16), the value of t15 − t11 will be known. Also,
the length of turn-on delay period will be the same as in the first
half cycle

t18 − t17 = t6 − t5 . (17)

Finally, the optimal turn-off deadtime needs to eliminate the
periods of t15 − t18 , and to ensure that M2 channel starts to con-
duct right after Vds1 reaches VO . Hence, the optimized turn-off
deadtime exactly compensates for the length mismatch between
control FET turn off transition period (t11 − t15) and sync FET
turn-on delay period (t17 − t18), which is

tddoff opt = t15 − t11 − (t18 − t17) (18)

Further substitution and arrangements yield the result into
(19) as shown at the bottom of the page.

D. Case Study of a 160-W GaN Converter

The optimal deadtime calculation model proposed above has
been applied to a 160-W GaN-based synchronous boost con-
verter whose specifications are listed in Table II. The GaN
HEMT used in the converter is EPC 2001 and its parameters
are listed in Table III. Some critical parameters of the gate drive
circuit that will be needed for the calculation are also provided

TABLE II
SPECIFICATIONS OF THE GAN CONVERTER

Specifications Value

Input voltage V in (V) 24
Output voltage Vo (V) 48–80
Power rating P (W) 0–160
Switching frequency f (kHz) 400
Choke inductor L (μH) 20
Input capacitor C in (μF) 10
Output capacitor Co (μF) 60

TABLE III
CRITICAL PARAMETERS OF GAN DEVICE (EPC2001) AND GATE DRIVER

Specifications Value

Drain-to-source voltage VD S (V) 100
Drain current at 25 °C ID (A) 25
Input capacitance C i s s (pF) 900
Gate threshold voltage V t h (V) 1.4
Transconductance g f s (S) 12.5
On-state gate voltage VG G (V) 5
Total gate resistance Rg (Ω) 1.6
Gate driver voltage rise time tr (ns) 7
Gate driver voltage fall time tf (ns) 1.5

in Table III. In this table, the total gate resistance Rg includes a
1-Ω external gate resistance and a 0.6-Ω internal gate resistance
of the device. The values of the gate driver voltage rise time
tr and fall time tf come from the datasheet of the gate driver
chip LM5113. It should also be noted that the gate threshold
voltage Vth and transconductance gfs should be temperature de-
pendent generally; however, this dependence is very weak for
the operating range of interest (0–8 A) and, thus, is negligible
here.

According to the parameters listed and (9), the optimal turn-
on deadtime tddon opt is found to be 4.27 × 10−10 s. Hence,
only 0.427 ns is needed for the turn-on deadtime, and this op-
timal value of turn-on deadtime is independent of the converter
operation conditions, such as output voltage and loads.

On the contrary, from (19), it can be seen that the optimal turn-
off deadtime tddoff opt is a function of converter output voltage
VO and peak inductor current ILmax , which is also dependent
on the load current Iload . Hence, the optimal turn-off deadtime
tddoff opt is evaluated for a wide range of output voltages (48–
80 V) and load currents (0.4–2 A). The results are shown in
Fig. 5.

As seen in the figure, the required turn-on deadtime tddoff opt
decreases significantly as load current increases. For example,
at the output voltage of 80 V, the optimal turn-off deadtimes for
load currents of 0.5, 1, and 2 A are 36.82, 22.94, and 13.15 ns,
respectively. This is because as the load current increases, the

tddoff opt = RgCiss(1 + ln(VGG/(Vth + IL max/gf s))) + (2Qoss |VO
0 − RgCissVthgf s ln((Vth + IL max/gf s)/Vth))/IL max

+ tf − (2(CissRg ln(VGG/(VGG − Vth))) + trVth/VGG). (19)
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Fig. 5. Optimal turn-off deadtime tddoff opt as a function of GaN converter
output voltage VO and load current ILoad .

inductor current also increases, which will charge the output
capacitor of devices at a faster rate; thus, shortening the turn-off
process of control FET M1 (t12 − t15).

As converter output voltage VO increases, tddoff opt also de-
creases. However, the dependence of tddoff opt on VO is very
weak. In the case of 2-A load current, tddoff opt decreases from
14.67 to 13.15 ns when VO increases from 48 to 80 V. This can be
explained as follows. As VO increases, inductor current ILmax
increases, which helps to reduce the deadtime needed; how-
ever, the output capacitors of devices also need to be charged
to a higher voltage, thus counteracting the effect of increased
charging current. As a result, weak dependence of tddoff opt on
VO is observed.

III. VERIFICATION OF DEADTIME MODEL USING

CIRCUIT SIMULATION

A. Simulation Methods

As a first step to verify the modeling results presented in the
previous section, circuit simulation is carried out in LTSpice to
search for the optimal deadtime values of the GaN synchronous
boost converter by parametric study.

The specification of the converter simulated is provided in
Table II. The same GaN device as analyzed above (EPC2001) is
used as the power switches, whose SPICE model is provided by
the manufacturer. Gate driver circuitry is realized by two pro-
grammable independent voltage sources, and the voltage rise
time of 7 ns and fall time of 1.5 ns are also incorporated. A 1-Ω
external gate resistance is used. In addition, equivalent series
resistances have been added to each passive component to rep-
resent their loss. Note that negative values of tddon are included
to show shoot-through losses and to justify that tddon−opt is
around 0 ns. Since different deadtimes also have an effect on
the output voltage, the duty cycle is adjusted to keep the output
voltage at 80 V for each case.

To quantify the impact of deadtimes, the converter efficien-
cies and losses are recorded for each test case. With the built
in analytical function in LTSpice software, the average power
supplied by the dc power source Pin and the power consumed by

TABLE IV
SUMMARIZATION OF SIMULATION CASES FOR DEADTIME ANALYSIS

Case No. Load Deadtimes

1 0.5 A td d o n is varied from –10 to 20 ns in 5 ns increments, while
td d o f f is set to be 35 ns

2 td d o f f is varied from 0 to 50 ns in 5 ns increments, while
td d o n is set to be 0 ns

3 1 A td d o n is varied from –10 to 20 ns in 5 ns increments, while
td d o f f is set to be 20 ns

4 td d o f f is varied from 0 to 50 ns in 5 ns increments, while
td d o n is set to be 0 ns

5 2 A td d o n is varied from –10 to 20 ns in 5 ns increments, while
td d o f f is set to be 10 ns

6 td d o f f is varied from 0 to 30 ns in 5 ns increments, while
td d o n is set to be 0 ns

load resistor Pout can be easily obtained. Converter efficiency
η is then calculated by taking ratio of the two

η = Pout/Pin . (20)

Hence, the efficiency value does not take account of the loss
in gate drive circuit.

In order to illustrate the loss distribution in the converter
for each simulation case, losses on the control FET M1 and
sync FET M2 are accounted for separately. In addition, the
total converter loss is also broken down into different parts:
HEMT conduction loss, switching loss, diode conduction loss,
shoot-through loss, and passive component loss (such as loss on
inductor and capacitors).

The optimal deadtime can be identified as the value that yields
the highest converter efficiency (or lowest total loss) for each
test case.

B. Simulation Results for GaN Deadtime Optimization

The total converter efficiencies at three load conditions (cor-
responding to simulation cases listed in Table IV) are plotted
in Fig. 6 with respect to different deadtimes. In the figures,
the markers represent the data points obtained from simulation,
and the lines are fitted curves using piecewise cubic hermite
interpolating polynomials.

As can be seen from Fig. 6(a), the optimal turn-on deadtime
tddon opt is around 0 ns, regardless of the loading condition
of the converter. This is consistent with the prediction made
by proposed model in Section II-D. In addition, negative turn-
on deadtime tddon will cause significant efficiency decrease
due to the phase leg shoot through phenomena. With −5 and
−10 ns tddon , the converter efficiencies are below 90% and 80%,
which are too low to be shown in the figure. Too long tddon
also penalizes the converter performance by diode conduction.
For example, 20 ns tddon will lead to a 0.1–0.2% reduction in
converter efficiency.

From Fig. 6(b), the optimal turn-off deadtime tddoff−opt is
dependent on load current. For 2-, 1-, and 0.5-A load currents,
tddoff−opt is in the vicinity of 10, 20, and 35 ns, respectively,
which again shows good correlation with the modeling results
presented earlier. In the 2-A case, shortening tddoff by 10 ns
from the optimal value will cause 0.53% reduction in efficiency,
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Fig. 6. Simulated GaN converter efficiency at three load conditions as a func-
tion of deadtimes. (a) Turn-on deadtime is varied while turn-off deadtime fixed.
Blue circle solid line: simulation case 1; black square dashed line: simulation
case 3; red diamond dotted line: simulation case 5. (b) Turn-off deadtime is
varied while turn-on deadtime fixed. Blue circle solid line: simulation case 2;
black square dashed line: simulation case 4; red diamond dotted line: simulation
case 6.

due to partial voltage turn-on of M2 , and increasing it by 20 ns
will decrease converter efficiency by roughly 0.1%.

To show the effect of the deadtimes on the converter loss dis-
tribution, the total loss for each simulation case is broken down
into eight parts: switching loss on M1 , switching loss on M2 ,
conduction on M1 , conduction loss on M2 , diode conduction
loss, passive component loss, shoot-through loss on M1 , and
shoot-through loss on M2 . The corresponding results for 1-A
load condition are plotted in Fig. 7. Similar phenomena exist for
the other two load conditions and, hence, are not shown.

In Fig. 7(a), the strong dependence of diode conduction
loss and shoot-through losses on turn-on deadtime can be ob-
served. As tddon increases from 0 to 20 ns, the diode conduc-
tion loss increases from 0 to around 6.5 × 10−2 W, which is
even higher than the conduction loss on synchronous FET M2 .
Shoot-through loss only exists for negative tddon values, and is

mainly generated by the control FET M1 . Except for the losses
mentioned above, the other loss components vary little as tddon
increases. Another important observation from Fig. 7(a) is that
switching loss on M1 is around 3 W and is always the most
dominant loss component when shoot-through is not present,
while the switching loss on M2 is only 1.36 × 10−2 W due to
the zero voltage switching transitions of M2 .

In Fig. 7(b), the variation of both the switching loss on M2
and the diode conduction loss is observed. As tddoff is decreased
from 20 to 0 ns, the switching loss on M2 increases from 1.36 ×
10−2 to 1.98 W due to the partial voltage turn-on transition of
M2 . In addition, as tddoff is increased from 20 to 50 ns, the diode
conduction loss increases from 0 to 0.18 W and becomes the
third most dominant loss component among all. Shoot-through
is not observed for the chosen tddoff range, and the rest loss
components are almost constant.

IV. EXPERIMENTAL VERIFICATION OF THE PROPOSED GAN
DEVICE DEADTIME OPTIMIZATION MODEL

A. Experimental GaN Device Circuit

To validate the given simulation and modeling results, a 160-
W GaN-based synchronous boost converter has been built and
tested. The exact same specifications (see Table II) and switch-
ing device (see Table III) described previously are used for
the converter hardware. To expedite the prototyping process, an
EPC9002 demo board has been utilized. The demo board comes
with two EPC2001 in a phase-leg configuration, a gate driver
LM5113 to drive the two HEMTs, and a deadtime generating
circuit as shown in Fig. 8. Two film capacitors are used as the
input and output capacitors of the converter. The choke inductor
is directly purchased from Coilcraft. Fig. 9 shows the converter
prototype with critical parts labeled.

The deadtime generation scheme shown in Fig. 8 can be ex-
plained as follows. A PWM signal is first fed to an AND gate
and a NAND gate to generate two complementary signals. Then,
each signal is sent to an RDC circuit. At the signal rising edge,
the capacitor C will be charged through R, which introduces
a delay for the capacitor voltage to increase to the gate driver
threshold. Hence, a delay will also be added to the gate driver
output voltage rising edge, generating a deadtime. However, for
the falling edge, the capacitor discharges through the diode al-
most simultaneously, and no delay will be added. The resulted
gate driver voltages will follow the timing sequence shown in
Fig. 2. The turn-on and turn-off deadtimes can be adjusted sep-
arately by adjusting the resistances R1 and R2 .

As mentioned earlier in Section II, deadtime intervals defined
in this paper are based on the output voltages of gate driver rather
than the digital gating signals. Hence, the deadtimes measure-
ments in this section are also carried out on the gate driver
outputs. As a result, the propagation mismatch between the two
driving channels of the gate driver is already accounted for in
the measurements. If one tries to generate deadtimes using dig-
ital controllers, such as a DSP, and only has access to the timing
information at the digital gating outputs, then the propagation
mismatch of the gate driver and any conditioning circuits be-
tween the gate diver and digital controller needs to be measured
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Fig. 7. GaN converter loss breakdown for 1-A load. Loss components are (from left to right): switching loss on M1 (dark blue), switching loss on M2 (blue),
conduction on M1 (light blue), conduction loss on M2 (green), diode conduction loss (yellow), passive component loss (orange), shoot-through loss on M1 (red),
and shoot-through loss on M2 (brown). (a) tddon is varied from −10 to 20 ns in 5 ns increments, while tddoff is set to be 20 ns. (b) tddoff is varied from 0 to
50 ns in 5 ns increments, while tddon is set to be 0 ns.

Fig. 8. Deadtime generating circuit.

and added to obtain the actual deadtime values at the gate driver
outputs.

The converter operating conditions under test are similar to
those used in the simulation. A 24-V input voltage is fed from
a dc power supply, and 400-kHz PWM signal is sent from a
TI MCU. Duty cycles are adjusted during the tests to keep the

Fig. 9. Prototype GaN device-based synchronous boost converter built and
tested for experimental results.

converter output voltage at 80 V. A 160-, 80-, and 40-Ω load
resistors are used to create three loading conditions (0.5, 1, and
2 A). For each load condition, tddon is varied from 0 to 31 ns
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Fig. 10. Tested GaN converter efficiency at three load conditions as a function
of deadtimes. (a) Turn-on deadtime is varied, while turn-off deadtime fixed at
20 ns. (b) Turn-off deadtime is varied, while turn-on deadtime fixed at 0 ns.

when tddoff is kept as 20 ns, and tddoff is varied from 1 to
50 ns when tddon is kept as 0 ns. Different from the simulation,
negative tddon is not used for experiments since it would destroy
the switching device.

During the experiments, five quantities, i.e., input and output
voltages and currents as well as the switch node voltage, are mea-
sured and recorded for each case. The corresponding converter
efficiency values are also obtained based on the measurements.
In order to achieve accurate measurements, high-end scope and
probes are used. The scope used is WaveSurfer 104 MXs-B
from LeCroy with 1-GHz bandwidth and 5-GS/s sample rate.
A 20-MHz differential voltage probes (ADP300) and 100 MHz
(CP031) current probes are used to measure the voltages and
currents.

B. Test Results for GaN Deadtime Optimization

The measured converter efficiencies at various loads and
deadtimes are shown in Fig. 10. Again, the markers represent
actual test data, and the lines are fitted curves. From Fig. 10(a),
it is seen that the efficiency curve shows a decreasing trend

Fig. 11. Measured switch node voltage waveforms for GaN device 2-A load
condition and 20 ns tddoff , (a) tddon is 0 ns, (b) tddon is 31 ns.

for increasing positive tddon values and corresponds well with
the simulation results. A 30 ns tddon leads to 0.3–0.6% effi-
ciency decrease compared to 0 ns tddon cases for all load con-
ditions. However, since negative tddon are not tested, it is not
clear whether 0 ns is the optimal value by merely referring to
the monotonic efficiency curve. This issue will be addressed
later.

Fig. 10(b) clearly shows that converter efficiency peaks
around 14-, 20-, and 38-ns tddoff for 2-, 1-, and 0.5-A load
conditions, respectively. In the 2-A case, using 1 ns tddoff will
decrease the efficiency by about 0.7%, and using 50-ns tddoff
will decrease the efficiency by 0.44% roughly.

To further validate the optimal tddon−opt and tddoff -opt val-
ues, the waveforms of switch node voltage Vp are used as a
reference. In Fig. 11, Vp waveforms for 0- and 31-ns tddon are
compared at 2-A load. It is seen that during the M1 turn-on
transitions, i.e., Vp falling edge, obvious diode conduction volt-
age drop can be observed for 31-ns tddon , but not for 0-ns case.
Hence, it is safe to conclude that tddon-opt for 2-A load is around
0 ns, and further reducing tddon to negative values will induce
shoot-through. Same observations can be made for 1- and 0.5-A
loading conditions, and 0 ns is identified as the tddon-opt for all
load cases.

In Fig. 12, Vp waveforms for different tddoff are compared
at 0.5-A load. In the case of 24-ns tddoff , an increase in output
capacitor charging rate can be observed on the Vp rising edge,
which indicates the partial voltage turn-on of M2 . In the case
of 50-ns tddoff , 3 V raised from the output voltage indicates
the diode conduction during deadtime. The waveform for 38-ns
tddoff shows no such features and corresponds to the tddoff -opt at
0.5-A load. Similarly, the tddoff -opt values for 2- and 1-A loads
can be identified as around 14 and 20 ns, respectively. These
values match well with the analytical and simulation results.
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Fig. 12. Measured switch node voltage waveforms for GaN device 0.5-A load
condition and 0 ns tddon , (a) tddoff is 24 ns, (b) tddoff is 38 ns, (c) tddoff is
50 ns.

TABLE V
COMPARISON BETWEEN CALCULATED, SIMULATED, AND TESTED OPTIMAL

DEADTIME VALUES OF GAN DEVICES

Load Optimal Deadtime Calculated Simulated Tested

0.5 A td d o n -o p t (ns) 0.427 0 0
td d o f f -o p t (ns) 36.82 35 38

1 A td d o n -o p t (ns) 0.427 0 0
td d o f f -o p t (ns) 22.94 20 20

2 A td d o n -o p t (ns) 0.427 0 0
td d o f f -o p t (ns) 13.15 10 14

C. Validation of Deadtime Optimization Model With
Experimental Results

To show the effectiveness and accuracy of the deadtime op-
timization model proposed, calculated optimal deadtimes are
compared with those obtained from simulation and experiments
in Table V.

As can be seen, values listed in the table show good correlation
between the analytical model, simulation, and experimentation.

In particular, the calculated values deviate from tested values by
less than 3 ns. As reported in the literature, the best industrial
solution for deadtime optimization on Si converter still gen-
erates nonoptimal errors of more than 13 ns [23]. Hence, the
optimization model presents significantly improvements with at
least four times more accuracy.

V. CONCLUSION

An original modeling method for deadtime optimization on
a GaN device-based synchronous boost converter has been pro-
posed in this paper. The optimal deadtime calculation model
is based on analyzing the switching transition times given the
switching device data, gate drive circuit information, and con-
verter operating conditions. The model is applied to predict the
optimal deadtimes of the 160-W GaN converter for different op-
erating conditions. Simulation and experimental results on the
given converter are used to validate the accuracy of the proposed
model. The experimental data shows very good correlation with
analytical and simulation results. The optimal deadtime values
predicted by analytical model lie within ±3 ns range compared
to the test results, and this shows significant improvements over
the deadtime optimization technique used for Si converters in
industry, which generates more than 13-ns errors. Furthermore,
while most conventional deadtime optimization methods require
either specialized drivers or high fidelity sensors, the proposed
model can be easily implemented in a digital controller with a
few lines of codes.

As GaN-based switching devices will be used for power
converters with very high switching frequencies (up to sev-
eral megahertz) in the future, the influence of improper dead-
times will become even more prominent, and optimization of
deadtimes will be critical. The research results presented in
this paper are applicable to a wide range of applications, where
phase-leg configurations are utilized, including topologies, such
as voltage source inverters and synchronous buck converters. In
practice, the proposed optimal deadtime model can be applied
either offline by precalculating all the deadtime values needed
for different operating conditions, or used online by adjusting
the deadtimes in real time based on the current and voltage
measurements.
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Turkey, in 1990, the M.S. degree from Univer-
sity of Missouri-Columbia, Columbia, MO, USA, in
1992, and the Ph.D. degree from the University of
Wisconsin–Madison, Madison, WI, USA, in 1999,
all in electrical engineering.

From 2000 to 2011, he was with Honeywell In-
ternational Inc.’s Aerospace Division, most recently
as a Staff Systems Engineer, Torrance, CA, USA.
Since 2011, he has been an Assistant Professor at the

University of Wisconsin–Madison and an Associate Director at the Wisconsin
Electric Machines and Power Electronics Consortium, Madison. His expertize
include electrical machines, drives, and power electronics. He is the Inventor or
the Coinventor of the 16 U.S. patents as well as many international patents.

Dr. Sarlioglu received the Honeywell’s an outstanding Engineer Award in
2011.



<<
  /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 false
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /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 true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /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


