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Abstract—The utilization of wide band-gap semiconductor de-
vices provides the possibility of higher switching frequency and
power density for power converters. However, the influence of
parasitic parameters becomes more significant. It deteriorates the
converter performance and leads to extra loss. In this article, the
extra loss caused by the parasitic capacitance of printed circuit
boards (PCBs) is studied. The mechanism is explained, and the
model of full bridge topology with PCB parasitic capacitance is
proposed as an example. Both the capacitance in power loops and
control circuits are considered in the proposed model. Besides the
capacitive loss in power loops, losses are also introduced by the
capacitive coupling between the power and control circuits due
to the potential pulsation of the control ground. This potential
pulsation is analyzed and the calculation method of corresponding
losses is presented. The formation of PCB parasitic capacitance is
analyzed in detail and corresponding layout optimization methods
are proposed. Theoretical analyses are verified on a gallium nitride
based full bridge prototype with calorimetric loss measurement.
The comparison of calculated and measured losses is presented,
which shows a switching loss deviation of 26% without the consid-
eration of parasitic capacitance and a 40% reduction on the extra
losses after the proposed optimization.

Index Terms—Bridge circuits, capacitance, gallium nitride
(GaN), losses, parasitic, temperature measurement.

I. INTRODUCTION

A S THE characteristics of power semiconductor devices
based on silicon (Si) material are reaching its inherent

limits after decades of development, wide band-gap devices,
such as gallium nitride (GaN) transistors, become more and
more widely concerned [1]–[4]. GaN high electron mobility
transistors (HEMTs) have shown superiorities of low ON-state
resistance, ultra-low junction capacitance, fast switching speed,
and the absence of body-diode reverse recovery over Si coun-
terparts. This benefits the increase of switching frequency and
switching speed for the devices and leads to reduced conduction
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loss, switching loss, and the volume of passive components
in power conversion systems. Thus, the efficiency and power
density of the systems is further improved [5]–[8].

Loss analysis is one of the significant processes in power
conversion system designs, as the basis for device selection,
efficiency pre-estimation, and the optimization of the cooling
systems [7], [9], [10]. The losses of GaN HEMTs usually consist
of conduction loss, switching loss, dead-time loss, driving loss,
and others. As the switching loss is in proportion with switching
frequency, it becomes more noticeable and occupies most of the
losses in high-frequency applications [11].

Turn-ON and turn-OFF energies (Eon/Eoff) are the direct re-
flection of the switching loss for GaN HEMTs and the key
parameters in switching loss estimation. Lots of researches
have been published on the study of Eon/Eoff for GaN HEMTs.
Various calculation and measurement approaches are proposed
and could be categorized into double-pulse testing (DPT) [12]–
[16], theoretical calculations based on the switching behav-
iors [17]–[19], SPICE model simulation [20], and calculation
methods with multivariable scaling [21]. Although Eon/Eoff

can be accurately extracted with these proposed approaches,
most of them concentrate on the characteristics of the de-
vices. The external parasitic parameters in practical converters
may deteriorate the performance of the devices, making the
loss calculation results based on Eon/Eoff data less accurate,
especially in higher switching frequency and power density
applications.

As one of the common nonideal factors, parasitic capacitance
can no longer be neglected with the increase of switching fre-
quency, leading to extra losses on the devices. It is reported
in [22] that a mismatch is observed between the calculated and
measured results of the switching energy due to parasitic param-
eters. Liu et al. [23] studied the extra loss of nonactive devices in
three-level converters. Due to the switching actions of the active
devices, the pulsating energy in the junction capacitance of the
nonactive devices leads to extra capacitive losses, which will
cause an error of 15% in loss calculation. The capacitive loss
caused by the passive devices in bridge topologies has also been
studied in [24]. Extra loss is introduced as the energy stored in the
parasitic capacitance is eventually dissipated in two-dimensional
electron gas of the active device when it is turned ON. It is also ex-
plained that the parasitic capacitance of the printed circuit board
(PCB) and filter inductor is repeatedly charged and discharged as
the midpoint voltage changes [25]. Thus, the equivalent output
capacitance of the passive device is increased, as well as the
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corresponding capacitive loss. Q3D extractions of the parasitic
capacitance and the modified switching energy calculation are
also presented in [24].

Although parasitic capacitance loss is noticed in these litera-
tures, there is little further discussion on it. Moreover, most of
the published researches only focus on the parasitic capacitance
in the power circuits. None of the control circuits, sensing
circuits, and isolated power supplies is involved. For a phase-leg
in bridge-type topologies, the midpoint also performs as the
return of the top gate driving circuit. Parasitic capacitance is
found between the output side of the driver IC and not only
the power loops but also the control circuits. Unfortunately, few
quantitative analyses are published on this. Significant losses
could be observed especially with dense PCB layouts.

The extra capacitive losses caused by PCB parasitic capac-
itance are investigated in detail in this article. The model of
full bridge topology with parasitic capacitance is proposed,
which considers both the power loops and the control and
sensing circuits from the system level. Theoretical analysis and
experimental results show that a switching loss deviation of
26% occurs without the consideration of parasitic capacitance.
The organization of this article is as follows. The PCB parasitic
capacitance in power loops and the mechanism of this extra loss
are explained in Section II. Also, the parasitic capacitance related
to the control circuits is modeled, and the voltage pulsation of
the control ground is investigated. In Section III, the methods of
PCB parasitic capacitance measurement and loss calculation are
proposed. Some key parts that are responsible for the parasitic
capacitance are analyzed according to the PCB layouts. The
principle to reduce the discussed capacitance is proposed along
with some examples of layout optimization. In Section IV,
the theoretical analysis is verified on a GaN-based full bridge
converter. The power losses on GaN devices are measured with
a calorimetric method. A loss breakdown approach is proposed,
and the comparison of the calculated and measured results is
presented. Finally, the conclusion is drawn in Section V.

II. PCB PARASITIC CAPACITANCE LOSS MECHANISM

AND MODELING

A. PCB Parasitic Capacitance in Power Loops

Bridge-type topologies, including half bridge, full bridge,
synchronous buck units, etc. are commonly used in power con-
version systems. Fig. 1 shows a GaN-based full bridge converter
and the parasitic capacitance in power loops. S1 and S4 are
defined as active devices. S2 and S3 are passive devices, which
are turned on complementarily with S1 and S4, respectively. Lf

is the output filter inductor and IL is the current of Lf. Vbus and
Vo are the dc bus voltage and the output voltage, respectively.

Parasitic capacitance exists inevitably between different
nodes of the power loops in practical converters. The two mid-
points in Fig. 1 are regarded as the voltage pulsation nodes.
On the contrary, dc+ and dc− are defined as static nodes.
Fig. 2 shows the schematic diagram of the parasitic capacitance
between the midpoints and dc buses as an example. Due to
the symmetry of the full bridge converter, only Phase-leg I
is analyzed hereinafter, and the same method can be applied

Fig. 1. Topology of full bridge converter with parasitic capacitance in power
loops.

Fig. 2. Schematic diagram of the parasitic capacitance in a phase-leg. Cm1_b_1
and Cm1_b_2 are the PCB parasitic capacitance and introduced by the adjacent
coppers that act like plate capacitors.

to Phase-leg II. Fig. 2 illustrates the formation mechanism of
the midpoint-to-bus capacitance Cm1_b_1 and Cm1_b_2 in a
four-layer PCB. They are introduced by the adjacent coppers
which act like plate capacitors.

The diagram of Phase-leg I and the typical turn-ON waveforms
of S1 are depicted in Fig. 3. As the gate-to-source voltage vgs
reaches the threshold voltage Vth at t1, the channel current ichan
starts to rise along with vgs. During the current rise time of
t1–t2, a small drop occurs on the drain-to-source voltage vds of
S1 because of the loop inductance Ld.

At the instant of t2, ichan reaches IL, and vds starts to fall.
The output capacitance Coss1 of S1 is discharged during voltage
falling time, while the output capacitance Coss2 of S2 is charged.
With the charging and discharging current, ichan keeps rising and
exceeds IL. It should be noted that Coss1 discharging current goes
directly through the channel of S1 and cannot be spotted in the
drain current id from the outside of the device.

The power loss on the device during the turn-ON transient
could be divided into two parts, which are defined as V-I overlap
loss and capacitive loss. V-I overlap loss is introduced by the
overlap of vds and id, which is highlighted as shown in Fig. 3(a)
and derived as

Eoverlap =

∫ t3

t1

vds iddt ≈ 1

2
VbusILton, (1)

where ton is the turn-ON time of the device. It is the sum of
current rising time tcr and voltage falling time tvf as shown in
the following equation:

ton = tcr + tvf . (2)
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Fig. 3. Topology of Phase-leg I and typical turn-ON waveforms of the active
device. (a) Typical turn-ON waveforms of GaN HEMTs. The highlighted areas
represent the overlap energy, the output charge of the devices, and the charge
corresponding to the parasitic capacitance. (b) Diagram of Phase-leg I with
GaN HEMTs. S1 is the active device and S2 is the passive device. Cm1_b_1 and
Cm1_b_2 are considered as in parallel with S1 and S2, respectively.

The other part of the loss is the capacitive loss. As illustrated
in Fig. 3(b), there are five components in ichan during the time
interval of t2–t3, namely, the load current IL, Coss1 discharging
current iC1, Coss2 charging current iC2, Cm1_b_1 discharg-
ing current iCm1_b_1, and Cm1_b_2 charging current iCm1_b_2.
Given that the voltage drop on Ld is negligible compared with
the dc bus voltage, the drain-to-source voltage rising slew rate
of S1 is identical with the drain-to-source voltage falling slew
rate of S2. Thus, the channel current is derived as

ichan = IL + iC1 + iC2 + iCm1_b_1 + iCm1_b_2

= IL + (Coss1 + Coss2 + Cm1_b)

∣∣∣∣dvds1dt

∣∣∣∣ , (3)

where Coss1 and Coss2 are expressed as (4) according to the
voltage-dependent Coss curve of GaN HEMTs and Cm1_b

is the sum of Cm1_b_1 and Cm1_b_2, which is expressed
as (5) {

Coss1 = Coss (vds1)
Coss2 = Coss (Vbus − vds1)

(4)

Cm1_b = Cm1_b_1 + Cm1_b_2. (5)

As presented in Fig. 3(b), Cm1_b_1 and Cm1_b_2 are in parallel
with GaN HEMTs; thus, the voltage across them will follow
the drain-to-source voltage of devices. Therefore, the equivalent
junction capacitance of the devices is enlarged and higher current

Fig. 4. Schematic diagrams of a top device and the gate driving circuit with
midpoint-to-control parasitic capacitance. (a) Parasitic capacitance between the
input and output sides of the driver IC. (b) Equivalent model of midpoint-to-
control parasitic capacitance.

overshoot will occur on id and ichan, as illustrated in Fig. 3(a).
According to (3)–(5), the total capacitance of the phase-leg is

Ctotal = Coss (vds1) + Coss (Vbus − vds1) + Cm1_b. (6)

As the PCB parasitic capacitance is voltage-independent, the
corresponding charge and capacitive energy of Ctotal are derived
as

Qtotal =

∫ Vbus

0

(Coss (vds1) + Coss (Vbus − vds1))dvds1

+ Cm1_bVbus (7)

Etotal =

∫ Vbus

0

(Coss (vds1) + Coss (Vbus − vds1)) vds1dvds1

+
1

2
Cm1_bVbus

2. (8)

It is indicated in (8) that extra switching loss is introduced
evidently by PCB parasitic capacitance Cm1_b.

Moreover, larger Ctotal leads to an increased tvf. It has been re-
ported in [12] that tvf is approximately proportional to

√
Qtotal.

Therefore, higher overlap energy is caused by PCB parasitic
capacitance as well according to (1) and (2).

B. Control-Related Parasitic Capacitance

Besides the midpoint-to-bus capacitance, parasitic capaci-
tance is also found between the control circuits and the power
nodes in practical converters, which makes the actual parasitic
capacitance even larger.

Fig. 4(a) and (b) shows a top device and its gate driving circuit.
The midpoint of the phase-leg and the return of the gate driving
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Fig. 5. Full bridge converter with PCB parasitic capacitance. Both midpoint-
to-bus and control-related capacitance are included.

circuit share the same node. Meanwhile, the return of the input
side of the driver IC is connected to the control ground. The
potential of the output side of the driver IC pulsates with the
switching actions of the device. Fig. 4(a) shows the parasitic
capacitance between the input and output sides of the driver
IC. CIO is the inner input-to-output isolation capacitance of the
driver IC, which is usually provided by the manufacturers [26].
The value of CIO is around 1 pF for optocouplers and could be
as low as 0.1 pF for digital isolated drivers as reported in [27]. In
addition, Cps1 to Cps4 indicate the parasitic capacitance between
the PCB strays of the input and output sides. They are highly
dependent on the layout and can be found in both power supply
and returns strays of the driving circuits, the control circuits,
and even the isolated power supplies. It is noteworthy that
the capacitance tends to become higher in high power density
designs. With the steady supply voltage for both Vcc_ctrl and
Vcc_1, all the capacitance is equivalent to one capacitance across
the driver IC, connecting the control ground and the midpoint,
as illustrated in Fig. 4(b).

Parasitic capacitance also exists between the control circuits
and the dc buses. It is caused by the capacitive coupling of the
input-side PCB strays of the driver ICs, sensing circuits, and the
coppers of the dc buses. In fact, the voltage between the control
ground and the dc buses pulsates with the switching actions of
the GaN HEMTs instead of being constant, making the loss of
control-to-bus capacitance easy to be overlooked. This will be
discussed in the next section.

The full bridge topology with PCB parasitic capacitance is
redrawn in Fig. 5, where not only the midpoint-to-bus capac-
itance but also the midpoint-to-control and control-to-bus ca-
pacitance are included. Cm1_b, Cm2_b, Cm1_c, Cm2_c, and Cb_c

represent the Midpoint-I-to-bus, Midpoint-II-to-bus, Midpoint-
I-to-control, Midpoint-II-to-control, and control-to-bus parasitic
capacitance, respectively. Because of the constant voltage be-
tween the dc+ and dc− buses, they can be treated as one node
in switching transients. Therefore, an equivalent capacitance
Cm1_b is obtained between Midpoint I and the dc buses for
simplicity as the paralleling of Cm1_b_1 and Cm1_b_2, which

is expressed as (5). Note that Cm1_b could be set in parallel with
either S1 or S2, and it does not change the following analysis. The
same equivalent method can be applied to Cm2_b as well. Similar
to the PCB parasitic capacitance, extra power losses could be
introduced by the equivalent paralleled capacitance (EPC) CL

of the filter inductor, which is also presented in Fig. 5.
It is demonstrated in the previous work that differential

or isolated sensing methods are recommended to deal with
the common-mode noise [28]. If isolated sensing methods are
adopted, the input-to-output capacitance of the sensing IC or the
isolated amplifier should also be considered as part of Cm2_c. If
the differential voltage sensing method is adopted for the output
voltage sensing, the control ground is connected to the neutral
point of the voltage dividing resistor network, which is simplified
as R1 and R2 in Fig. 5. A high-impedance state between the
control ground and the power circuits is established because of
the high resistance of the voltage dividing network. Therefore,
the potential of the control ground is determined by the parasitic
capacitance. With dc+ and dc− treated as the static nodes,
the rising and falling of midpoint voltage lead to the potential
variation of the control ground referring to the dc buses. The
energy stored in the capacitance will also be dissipated in the
channels of the active devices during their turn-ON processes,
and thus extra losses are produced.

C. Potential Pulsation of Control Ground

The dc input side and the output side of the converter could
both be considered as shorted due to the large input and output
capacitance. Therefore, the simplified ac and dc models of
Fig. 5 are obtained, as shown in Fig. 6(a) and (b). All the GaN
HEMTs are treated as pulsating voltage sources according to
their switching actions.

It is shown in Fig. 6(a) that Cm1_b and Cm2_b are in parallel
with the bottom devices. Therefore, they are charged from 0 V to
Vbus in the turn-OFF transients of S2 and S4, and discharged back
to 0 V when they are turned ON, during which time the energy
stored in Cm1_b and Cm2_b is dissipated in the channels of the
devices. However, the voltage variations on Cm1_c, Cm2_c, and
Cb_c are more complicated instead of pulsating between 0 V and
Vbus. There will be five voltage levels in one switching cycle as
depicted in Fig. 7, which will be explained in the following
demonstration.

The carrier phase-shifted (CPS) pulsewidth modulation
(PWM) doubles the equivalent frequency of the filter inductor,
providing the possibility of shrinking the passive components
without increasing the switching loss. Detailed control themes
and analysis of the circuit modes have been reported in [29].
A full bridge converter with CPS PWM is adopted in this
article. Fig. 7 shows the key waveforms of the converter. The
inductor current ripples twice in one switching cycle. Therefore,
it is reasonable to separate one switching cycle (Ts) into two
equivalent cycles (Ts_eq). There is only one pair of turn-ON and
turn-OFF actions in a single equivalent cycle.

As for the dc model, all the mean values of the voltage across
the devices and parasitic capacitance are easy to be derived and
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Fig. 6. Simplified ac and dc models of Fig. 5. (a) AC model. (b) DC model.

Fig. 7. Key waveforms of CPS full bridge converter. The inductor current
ripples twice in one switching cycle. Ts is the switching period and Ts_eq is the
equivalent switching period. Deq is the equivalent duty ratio.

marked, as shown in Fig. 6(b). The voltage drops on R1 and R2

are both 1/2 Vo owing to the symmetry of the differential voltage
dividing resistor network. The relation of the dc bus voltage and
the output voltage is derived as

Vo = DeqVbus = (2D − 1)Vbus (9)

Fig. 8. Further simplified ac models of Fig. 6 in one equivalent switching
cycle. (a) t0−t1 and t2−t3. S1 and S4 are in ON-state. (b) t1–t2. S2 and S4 are
in ON-state. (c) t3–t4. S1 and S3 are in ON-state.

where D is the duty ratio of the active devices and Deq is the
equivalent duty ratio.

According to the switching actions of the devices, Fig. 6(a)
is further simplified into three modes as shown in Fig. 8. As
illustrated in Fig. 7, S1 and S4 are both in ON-state during t0–t1
and t2–t3, and the equivalent circuit is shown as Fig. 8(a). It
transforms to Fig. 8(b) after t1 since S2 and S4 are ON at the
same time. With the turn-ON action of S3 at t3, the equivalent
ac model turns from Fig. 8(a) into Fig. 8(c). The voltage on the
parasitic capacitance satisfies{

V1 = Vbus + V4

V2 = Vbus + V5.
(10)

According to charge conservation at t1 and t3, the equations
could also be given as{
Cm1_c (V1 − V3) + (Cm2_c + Cb_c) (V4 − V3) = 0

Cm1_c (V2 − V1) + Cm2_c (V2 − V4) + Cb_c (V5 − V4) = 0.
(11)

Fig. 7 shows that there are three levels on all the voltage
of Cm1_c, Cm2_c, and Cb_c. For the mean values of these
voltages that correspond to the proposed dc model in Fig. 6(b),
three equations are obtained as presented in the following
equation:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
Vm1_c_avg =

2DeqV1+(1−Deq)(V2+V3)
2 = 1

2Vo

Vm2_c_avg =
2DeqV4+(1−Deq)(V2+V3)

2 = − 1
2Vo

Vb_c_avg =
2DeqV4+(1−Deq)(V3+V5)

2 = − 1
2Vbus.

(12)

By combining (10)–(12), the voltage levels V1–V5 are calcu-
lated and presented in Table I, where Δ is defined as

Δ = Cm1_c + Cm2_c + Cb_c. (13)

Also, the voltage variations on all the parasitic capacitance
are listed in Table II.
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TABLE I
VOLTAGE LEVELS OF CONTROL RELATED CAPACITANCE

Fig. 9. Selection of testing points in capacitance measurement. A–D are chosen
as the nodes of Midpoint I, dc bus, the control ground, and Midpoint II on the
power board.

III. CALCULATION AND REDUCTION OF PCB PARASITIC

CAPACITANCE LOSS

A. PCB Parasitic Capacitance Measurement and Loss
Calculation

An L/C/R is used in this article to measure the discussed
parasitic capacitance, which can be directly measured on PCBs
due to the voltage independence. The filter inductor and all the
GaN HEMTs are removed to diminish their influence on the
measurement results. Also, the dc+ and dc− buses, as well as
the output port, are shorted to imitate the ac model in Fig. 6(a).
Four testing points A to D are chosen on the nodes of Midpoint
I, DC−, the control ground, and Midpoint II as shown in Fig. 9,
and the measurement results are presented in Table III. All the
values are measured at the switching frequency fs, which is
160 kHz in this design. As a matter of fact, the PCB parasitic
capacitance with certain overlap areas shows little correlation
with the frequency because of the flat permittivity-frequency
curve of the FR4 material [30], leading to high credibility of the
measured results. Note that the measured values are the equiv-
alent capacitance of the capacitor networks in Fig. 9 instead of
the desired capacitance. The relations between the measurement
results and the desired capacitance are listed in Table III as well.
The values of each capacitance are solved accordingly and given
in Table IV. Moreover, the value of EPC of the filter inductor is
measured as 6.37 pF with a network analyzer.

According to Table II and Fig. 7, the voltage on Cm1_b and
Cm2_b pulsates between 0 V and Vbus with the frequency as

Fig. 10. Configuration diagram of the discussed converter system. Cm1_b_pb,
Cm2_b_pb, Cm1_c_pb, Cm2_c_pb, and Cb_c_pb are the PCB parasitic capac-
itance on the power board. Cm1_b_cb, Cm2_b_cb, Cm1_c_cb, Cm2_c_cb, and
Cb_c_cb are the PCB parasitic capacitance on the control board.

same as the switching frequency fs, while the voltage on CL

pulsates between −Vo and Vbus−Vo with 2fs. Therefore, the
corresponding losses of CL, Cm1_b, and Cm2_b are calculated
as follows, in which fs, Vbus, and Vo are assumed to be 160 kHz,
400 V, and 80 V, respectively:

PCL = 2fs
CL

2

(
(Vbus − Vo)

2 + Vo
2
)
= 0.111 W (14)

PCm1_b = fs
Cm1_b

2
Vbus

2 = 0.072 W (15)

PCm2_b = fs
Cm2_bVbus

2

2
= 0.188 W. (16)

Also, the power losses on Cm1_c, Cm2_c, and Cb_c could be
calculated based on the voltage variations by combining Table I
and Fig. 7 and presented as follows:

PCm1_c = fs
Cm1_c

2

[(
V1

2 + V3
2
)
+
(
V1

2 − V2
2
)]

= 0.166 W

(17)

PCm2_c = fs
Cm2_c

2

[(
V4

2 − V3
2
)
+
(
V2

2 + V4
2
)]

= 0.141 W

(18)

PCb_c = fs
Cb_c

2

(
V5

2 − V3
2
)
= 0.366 W. (19)

The measured parasitic capacitance and loss calculation re-
sults in Table IV and (14)–(19) show that Cb_c is the highest
among all the PCB parasitic capacitance and contributes to
nearly one-third of the total extra losses. Also, it is observable
that Cm2_b is larger than Cm1_b, while Cm1_c is much larger
than Cm2_c.
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TABLE II
VOLTAGE VARIATIONS OF PARASITIC CAPACITANCE

TABLE III
MEASURED CAPACITANCE BETWEEN TESTING NODES

a“+” means parallel connections and “||” means series connections.

TABLE IV
VALUES OF PCB PARASITIC CAPACITANCE

B. Causes of High PCB Parasitic Capacitance

Fig. 10 shows the configuration diagram of the discussed
converter system. Only the ground connections of the control,
sensing, and gate driving circuits, along with the power loops, are
presented for simplicity. As illustrated in Fig. 10, the returns of
bottom gate driving power supplies are connected to the dc−bus,
and those of the top gate driving power supplies are connected
to Midpoint I and II, respectively.

Parasitic capacitance exists on the power board (noted with
the postfix of “pb”) and control board (noted with the postfix
of “cb”), as well as the external isolated power supplies and the
connecting wires between the PCBs. The capacitance on one
of the boards is considered as in parallel with its counterparts
from the other boards, and the parasitic capacitance presented
in Fig. 5 is the corresponding lumped result. For instance, Cb_c

is the equivalent capacitance of the parallel of Cb_c_pb, Cb_c_cb,
and the bus-to-control parasitic capacitance from other positions
all over the converter system.

As mentioned in Section II, the values of the discussed para-
sitic capacitance are highly dependent on the PCB layout of the
converter and distributed on the PCBs, connectors, and wires
between them. They are difficult to be accurately calculated in
practice. Nevertheless, some key coppers and strays are found
responsible for the high values in Table IV and could reveal their
trends.

In this design, Cb_c is mainly introduced by the overlap of
the coppers of the control ground and the dc bus nodes from
two aspects. On one hand, an oversized control ground plane in
the sensing circuit overlaps with the dc bus on the inner layers
of the power board as shown in Fig. 11(a) and (b), leading to a

Fig. 11. PCB layouts and the formation of parasitic capacitance. (a) Top view
of the sensing circuit on the power board. (b) Inner layer of the sensing circuit.
The control ground plane overlaps with the copper of dc bus on the adjacent
layer. (c) Return strays of the gate driver power supplies on the control board.
DC−, Midpoint I, and Midpoint II correspond to the return strays of the gate
driving power supplies of the bottom devices, S1, and S3, respectively. (d) Top
view of the power loops. (e) Inner layer of the power loops. More overlap is
found between dc bus and Midpoint II than I.

high Cb_c_pb. On the other hand, Fig. 11(c) shows the long return
strays of the bottom driving power supply on the control board,
which is in one of the inner layer adjacent to the control ground
plane, leading to a high Cb_c_cb. Although the power loops are
usually intentionally separated with the gate driving and control
circuits to diminish the noise coupling between the power loops
and the signal loops, attention should also be paid to the overlap
between the output side power supply of the driving ICs and the
control circuits.

Because Midpoint II also acts as the return terminal of the
output port, a larger overlap area is found between the coppers
of Midpoint II and dc buses comparing with that between the
coppers of Midpoint I and dc buses, which are illustrated in
Fig. 11(d) and (e) as Cm2_b_pb and Cm1_b_pb. This leads to a
higher Cm2_b than Cm1_b. Fig. 11(c) also shows that high Cm1_c

is mainly caused by the overlap between the long return strays
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Fig. 12. Optimized PCB layouts. (a) Top view of the power loops and the
sensing circuit on the power board. (b) Inner layer of the power board. The
overlaps between dc bus and the sensing circuit, and Midpoint II are reduced.
(c) Return strays of the gate driver power supplies and the control ground plane
on the control board. The power supply and return strays are separated from the
control ground plane.

of the top driving power supply of Phase-leg I and the control
ground plane, which is marked as Cm1_c_cb.

C. Layout Optimization and Comparison

Some optimization methods could be employed for the PCB
layouts in order to reduce the PCB parasitic capacitance and
corresponding losses. One of the most vital concerns for the
optimization is to minimize the overlap between different nodes,
including not only the midpoints of phase-legs and dc buses in
the power loops but also the gate driving power supply strays for
all the GaN HEMTs, sensing circuits and control ground plane
in the control circuits.

Fig. 12(a)–(c) shows some examples of PCB optimization
based on the original design of Fig. 11. As shown in Fig. 12(a)
and (b), the oversized control ground plane is removed from
the sensing circuit. Meanwhile, the sensing circuit is squeezed
up to the border to avoid direct overlap with the dc buses in
the inner layers. The power supply and return strays of the gate
drivers are separated from the control ground plane in the control
board, which is indicated in Fig. 12(c). Both these approaches
benefit for the reduction of Cb_c, while the latter could also
remarkably reduce Cm1_c and Cm2_c. Fig. 12(b) also shows the
layout optimization of Midpoint II and the output terminal. The
overlap area of the coopers is reduced by around 56% and will
lead to a smaller Cm2_b.

The parasitic capacitance shown in Figs. 11 and 12 are
extracted by Ansoft Q3D to verify the proposed optimization
approaches. The extraction results are presented in Table V.
The measured values of parasitic capacitance with optimized
layouts are listed in Table VI. Most of the parasitic capacitance
is reduced comparing with Table IV, especially for Cb_c and

TABLE V
COMPARISON OF Q3D EXTRACTION RESULTS

TABLE VI
VALUES AND LOSSES OF PARASITIC CAPACITANCE AFTER OPTIMIZATION

aThe losses are calculated at fs = 160 kHz.

TABLE VII
KEY PARAMETERS OF THE PROTOTYPE

Cm1_c, which are reduced by 76% and 78%, respectively. Cm1_b

is slightly increased because of the closer distance between S1
and S2 gate driving power supply strays, which is the cost of
the separation between power supply strays and the control
ground plane. Table VI also shows the power losses of each
parasitic capacitance, and significant reductions are observed
on the power losses of Cm1_b, Cm2_b, and Cb_c.

It should be noted that, due to the high sensitivity of the
gate driving for GaN HEMTs, special attentions are usually
paid to the gate driving layouts to reduce loop inductance and
eliminate the unexpected coupling between power loops and the
gate driving loops. Gate driving circuits with vertical structures
are usually employed for high speed GaN HEMTs [31], [32].
However, the midpoint-to-bus parasitic capacitance tends to
increase if there are large overlaps between the coppers of
midpoints and dc buses. Moreover, the midpoint-to-control and
control-to-bus capacitance must be taken into consideration as
the potential of the control ground is also pulsating referring
to the dc bus. It is recommended to reduce the overlaps of the
coppers between all the static nodes and voltage pulsating nodes
with enough distance to reduce this capacitive loss.

IV. EXPERIMENTAL VERIFICATION

A. Implementation of Prototype and Testing Platform

Two full bridge converter prototypes are built to verify the
proposed analysis. The key parameters and the photographs of
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Fig. 13. Photographs of the converter prototypes. (a) and (b) Control board
and power board before layout optimization. (c) and (d) Control board and power
board after layout optimization. The layouts are kept as same as possible except
for the changes mentioned in Fig. 12 to provide fair comparisons.

TABLE VIII
INSTRUMENTS USED FOR MEASUREMENT

the prototypes are given in Table VII and Fig. 13. The instru-
ments used for measurement are listed in Table VIII. Fig. 13(a)
and (b) is the control board and the power board before layout
optimization, while Fig. 13(c) and (d) is of those after layout
optimization. The control boards and the power boards are
connected through several pairs of connectors. The control and
sensing circuits and the gate driving ICs are supplied by external
isolated power modules. The layouts are kept as same as possible
except for the changes mentioned in Fig. 12 in order to provide
fair comparisons. Therefore, other parameters of the converter,
such as the parasitic inductance, are barely changed.

Fig. 14(a) and (b) shows the experimental waveforms of
the voltage across the inductor, midpoints to dc bus voltage,
midpoints to control ground voltage, and control ground to
dc-voltage. The waveforms show agreement with the theoretical
waveforms depicted in Fig. 7.

It is commonly known that the power losses on the devices
lead to temperature rises. The temperature rise of the device
is approximately in proportion to its power loss if the thermal

Fig. 14. Experimental waveforms of the voltage across the inductor, midpoint-
to-control capacitance, midpoint-to-bus voltage, and control-to-bus capacitance.

Fig. 15. Testing platform and the prototype. The temperature is measured with
Agilent 34970A data acquisition unit and Omega TT-T-36 thermocouples. The
thermal-couplers are stuck on the cases of the devices.

resistance is assumed to be constant in the same cooling condi-
tions. As for the converter prototype in this article, most of the
losses are produced by GaN HEMTs and the filter inductor. In
fact, the temperature of the inductor shows little effect on the
devices for the large distance separation between the inductor
and the power board. Therefore, the losses of the devices could
be measured by monitoring their temperature [33], [34].

Power devices are usually characterized by the junction tem-
perature Tj by the manufactures. However, Tj is difficult to be
measured for practical power converters. Therefore, the case
temperature Tc is measured instead of Tj in this article. The
testing platform is shown in Fig. 15. The temperature monitoring



4296 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

Fig. 16. Loss calibration circuit. The filter inductor is disconnected and all
the GaN HEMTs are set to ON-state with a constant current source. The case
temperature of GaN HEMTs is measured and the total power losses are calculated
with Iconst and Vbridge.

system consists of an Agilent 34970A data acquisition unit and
Omega TT-T-36 thermocouples. The thermocouples are stuck
on the cases of the devices, which are air-cooled with a heatsink
using the bottom side cooling method [35].

B. Loss Calibration and Measurement Methods

The loss calibration circuit is shown in Fig. 16 and the
calibration procedures are as follows.

1) The filter inductor is disconnected from the power loop.
2) The gate-to-source voltage is set at a high level to guar-

antee the ON-state for all the GaN HEMTs. Meanwhile, a
current limiting resistor Rd is added.

3) The dc input voltage source is replaced with a constant
current source. With the conduction of a suitable current
Iconst, Tc is measured until its thermal steady-state value
Tc_st.

4) The voltage drop on the phase-legs Vbridge is measured at
the same time with the data acquisition unit.

5) The total power loss on the devices is then calculated.
By repeating Steps 3) and 4) with different Iconst, the curve of
Ploss versus Tc_st is obtained.

Ploss = VbridgeIconst.. (20)

Note that Vbridge is increasing along with the device tempera-
ture during Step 4), owing to the positive temperature coefficient
of the ON-state resistance. Therefore, the value of Vbridge at
thermal steady-state should be utilized for Ploss calculation.

Fig. 17(a) shows the measured Tc at Iconst = 4.3 A as an
example. Tc_st can be easily obtained from the Tc curve. The
measurement results of Tc_st and Ploss with different Iconst are
presented in Fig. 17(b) as triangular marks. A strong linear
relationship is observed between Tc_st and Ploss, and the linear
fitting result is shown as the solid line, which is expressed as

Tc_st = 7.488Ploss + 35.71◦ C. (21)

When the converter operates in normal conditions, the power
losses on GaN HEMTs consist of conduction loss, turn-ON loss,
turn-OFF loss, parasitic capacitance loss, dead-time loss, etc.
Although the loss calibration is based on the conduction loss, it
is believed that a certain amount of loss will generate identical
temperature rising in the same cooling conditions, regardless of
the causes of the losses. Therefore, the total losses of the devices

Fig. 17. Case temperature measurement results of the loss calibration. (a)
Measured Tc curve at Iconst = 4.3 A. Tc reaches its thermal steady-state after
about 45 min. (b) Relation between Tc_st and the Ploss. The triangle marks are
the measurement results. The solid line is the linear curve fitting result.

Fig. 18. Schematic waveforms of the inductor current. (a) fs = 160 kHz.
(b) fs = 80 kHz and doubled filter inductance. The peak and valley values of
the inductor current remain the same when the switching frequency is reduced
by half and filter inductance is doubled.

are obtained referring to Figs. 17(b) and (21) by monitoring Tc_st

of the devices in normal operating conditions.
Among all the loss components, conduction loss is inde-

pendent of the switching frequency, while the others are in
proportion to it. Therefore, the switching-related loss is de-
fined as the sum of the loss components that are related to
the switching frequency, including turn-ON loss, turn-OFF loss,
parasitic capacitance loss, dead-time loss, etc. The former three
occupy most of the switching-related loss in this design, making
the other parts negligible. In order to separate the conduction
and switching-related loss from the total losses, Tc_st is also
measured at the switching frequency of 80 kHz, other than the
original design of 160 kHz. Two filter inductors are connected
in series to provide a doubled inductance and guarantee the
same turn-ON and turn-OFF current as illustrated in Fig. 18, and
therefore the same Eon/Eoff for the devices. The measured total
losses Ploss when the switching frequency is 160 and 80 kHz are
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expressed as

Ploss(160kHz) ≈ Psw(160kHz) + Pcond(160kHz)

= Psw_other(160kHz) + PCL(160kHz)

+ Pcond(Tc_st1) (22)

Ploss(80kHz) ≈ Psw(80kHz) + Pcond(80kHz)

= Psw_other(80kHz) + PCL(80kHz) + Pcond(Tc_st2)

(23)

where Pcond is the conduction loss and Psw represents the
switching-related loss, which is divided as the capacitive loss
of CL (PCL), and other parts of the switching-related loss
(Psw_other). Tc_st1 and Tc_st2 are the corresponding steady-state
case temperature of the devices in each case. It should be
noted that Psw_other, which consists of V-I overlap loss, junction
capacitance loss, and PCB parasitic capacitance loss as described
in Section II, is in proportion to the switching frequency fs.
Therefore, Psw_other satisfies

Psw_other(160kHz) = 2Psw_other(80kHz). (24)

With the same turn-ON and turn-OFF current, Pcond only
depends on the temperature-related Rds(on) of GaN HEMTs.
Rds(on) at a certain temperature Tc could be easily obtained
during Step 4) of the loss calibration with

Rds(on)(Tc) =
Vbridge(Tc)

Iconst
. (25)

Therefore, Pcond in each case satisfies

Pcond (160kHz) =
Rds(on)(Tc_st1)

Rds(on)(Tc_st2)
Pcond (80kHz). (26)

Moreover, the relation of the capacitive loss of CL in each
case is expressed as (27) according to (14) for CL is cut by half
with doubled inductance

PCL (160kHz) = 4PCL (80kHz). (27)

By combining (22)–(27), Psw and Pcond in each case could
be calculated. The switching and conduction losses are therefore
separated from the total losses of the devices.

C. Comparison of Calculated and Measured Losses

With the aforementioned calorimetric method, the total losses
on the GaN devices of the original prototype when fs = 160
and 80 kHz are measured as 5.2 and 3.17 W, respectively.
Meanwhile, the total losses on the GaN devices of the optimized
prototype when fs = 160 and 80 kHz are measured as 4.46
and 2.76 W, respectively. The loss separation results based on
(22)–(27) and the calculated losses are presented in Fig. 19.
Fig. 19(a) shows the loss breakdown without the consideration of
PCB parasitic capacitance. Fig. 19(b) and (c) shows the compar-
ison of measured losses and modified calculated results before
layout optimization, while Fig. 19(d) and (e) shows that after
optimization. The turn-ON and turn-OFF losses in Fig. 19(a) are
obtained according to the Eon/Eoff curves from DPT simulation
with GS66502B LTSpice model. On one hand, the capacitive
losses in the modified turn-ON and turn-OFF losses are calculated

Fig. 19. Comparison of the calculated and measured losses at fs = 160 kHz.
Parasitic capacitance causes 26% extra loss of the switching-related loss in
the original design. It is significantly reduced with the proposed optimization
methods. (a) Calculated losses without the consideration of parasitic capacitance.
(b) Modified calculated losses of the original design. (c) Measured losses of the
original design. (d) Modified calculated losses after layout optimization. (e)
Measured losses after layout optimization.

based on the values in Tables I, IV, and VI, and (14)–(19). On the
other hand, the overlap loss is modified according to the relation
between tvf and Qtotal as described in Section II.

It is indicated in Fig. 19 that the capacitive loss of parasitic
capacitance is 0.93 W and the calculated switching-related loss
is 3.54 W before layout optimization, which means that the
extra loss caused by parasitic capacitance occupies as high as
26% of the switching-related loss. After layout optimization, the
parasitic capacitance loss is reduced by around 40% and down
to 0.51 W for the calculated results. Also, a reduction of 0.44 W
is noticed on the sum of calculated parasitic capacitance loss,
turn-ON loss, and turn-OFF loss and of 0.48 W on the measured
switching-related loss with the proposed optimization methods.
The calculated switching-related losses show agreement with
the measured results within error permissibility. It is proved that
PCB parasitic capacitance needs to be taken into consideration
for accurate loss analysis of GaN HEMTs, especially in high
switching frequency and high power density applications.

V. CONCLUSION

The extra switching loss caused by PCB parasitic capacitance
is studied in this article. The mechanism of parasitic capacitance
loss is demonstrated and the full bridge model with PCB parasitic
capacitance, in which both the power loops and the control
circuits are included, is proposed. Theoretical analysis shows
that remarkable loss is introduced by this parasitic capacitance
due to the voltage pulsation. The cause of high PCB parasitic ca-
pacitance is analyzed in detail according to the layouts, and some
optimization methods are proposed to reduce it. The theoretical
analysis is verified on two full bridge converter prototypes. The
measurement method of the capacitance is presented, along with
the waveforms of the voltage across the parasitic capacitance.
The losses of the GaN HEMTs are measured with a calorimetric
method. The comparison of calculated and measured results
shows the validity of the proposed analysis.

Conclusions could be drawn as follows.



4298 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

1) PCB parasitic capacitance exists between different nodes
in the converter system. As the voltage across the parasitic
capacitance pulsates with the switching actions of the GaN
HEMTs, the energy of the capacitance is dissipated in the
channels of GaN HEMTs, therefore leading to extra losses.

2) PCB parasitic capacitance is found not only between the
pulsating nodes and the static nodes in the power loops
but also between the strays in the control circuits, sensing
circuits, and the isolated power supplies, which may easily
be omitted.

3) The voltage between the control ground and the static
nodes of power loops is also pulsating in practical con-
verters. It is determined by the PCB parasitic capacitance
network. The voltage pulsation on each capacitance could
be drawn from the ac and dc models. Thus, the capacitive
loss is calculated.

4) The overlaps between different nodes lead to high parasitic
capacitance, which could be effectively reduced by layout
optimization. An extra loss reduction of 40% is observed in
this design when the PCB parasitic capacitance is reduced.

5) Experimental results show that the extra loss caused by
PCB parasitic capacitance could be as high as 26% of the
total switching-related loss. The overlook of PCB parasitic
capacitance will lead to a significant deviation in loss
calculation.

REFERENCES

[1] 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. Top. Power Electron., vol. 4, no. 3, pp. 707–719, Sep. 2016

[2] Q. Huang and A. Q. Huang, “Review of GaN Totem-Pole bridgeless PFC,”
CPSS Trans. Power Electron. Appl., vol. 3, no. 2, pp. 187–196, Sep. 2017.

[3] E. A. Jones et al., “Characterization of an enhancement-mode 650-V
GaN HFET,” in Proc. IEEE Energy Convers. Congr. Expo., Sep. 2015,
pp. 400–407.

[4] A. Lidow, J. Strydom, M. de Rooij, and D. Reusch, GaN Transistors
for Efficient Power Conversion, 2nd ed. El Segundo, CA, USA: Efficient
Power Conversion Corporation, 2015, pp. 2–14.

[5] A. Q. Huang, “Wide bandgap (WBG) power devices and their impacts
on power delivery systems,” in Proc. IEEE Int. Electron. Devices Meet.,
Dec. 2016, pp. 20.1.1–20.1.4.

[6] J. Millan, P. Godignon, X. Perpina, A. Pérez-Tomás, and J. Rebollo,
“A survey of wide bandgap power semiconductor devices,” IEEE Trans.
Power Electron., vol. 29, no. 5, pp. 2155–2163, May 2014.

[7] F. Xue, R. Yu, S. Guo, W. Yu, and A. Q. Huang, “Loss analysis of GaN
devices in an isolated bidirectional DC-DC converter,” in Proc. IEEE 3rd
Workshop Wide Bandgap Power Devices Appl., Nov. 2015, pp. 201–205.

[8] X. Huang, Z. Liu, Q. Li, and F. C. Lee, “Evaluation and application of
600 V GaN HEMT in cascode structure,” IEEE Trans. Power Electron.,
vol. 29, no. 5, pp. 2453–2461, May 2014.

[9] Y. Li, Z Ye, N. He, J. Wu, C. Hu, and D. Xu, “Efficiency improvement
of a SiC-MOSFET 500 kHz ZVS inverter,” in Proc. IEEE 7th Int. Symp.
Power Electron. Distributed Generation Syst., Jun. 2016, pp. 1–8.

[10] Y. Li, T. Q. Zheng, Y. Zhang, M. Cui, Y. Han, and W. Dou, “Loss
analysis and soft-switching behavior of flyback-forward high gain DC/DC
converters with a GaN FET,” J. Power Electron., vol. 16, no. 1, pp. 84–92,
Jan. 2016.

[11] R. Ramachandran and M. Nymand, “Analysis of capacitive losses in GaN
devices for an isolated full bridge DC-DC converter,” in Proc. IEEE 11th
Int. Conf. Power Electron. Drive Syst., Jun. 2015, pp. 467–472.

[12] E. A. Jones, F. Wang, D. Costinett, Z. Zhang, and B. Guo, “Temperature-
dependent turn-on loss analysis for GaN HFETs,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2016, pp. 1010–1017.

[13] J. L. Lu and D. Chen, “Paralleling GaN E-HEMTs in 10 kW–100 kW
systems,” in Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2017,
pp. 3049–3056.

[14] Z. Liu, X. Huang, W. Zhang, F. C. Lee, and Q. Li, “Evaluation of high-
voltage cascode GaN HEMT in different packages,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., Mar. 2014, pp. 168–173.

[15] P. Bharadwaj, A. Kumar, and V. John, “Design and fabrication of switching
characterization set-up for GaN FETs,” in Proc. IEEE Int. Conf. Power
Electron. Drives Energy Syst., Dec. 2016, pp. 1–6.

[16] Z. Zhang et al., “Methodology for switching characterization evaluation of
wide band-gap devices in a phase-leg configuration,” in Proc. Appl. Power
Electron. Conf. Expo., Mar. 2014, pp. 2534–2541.

[17] K. Wang, M. Tian, H. Li, F. Zhang, X. Yang, and L. Wang, “An improved
switching loss model for a 650V enhancement-mode GaN transistor,” in
Proc. Annu. Southern Power Electron. Conf., Dec. 2016, pp. 1–6.

[18] K. Wang, X. Yang, H. Li, H. Ma, X. Zeng, and W. Chen, “An analytical
switching process model of low-voltage eGaN HEMTs for loss calcula-
tion,” IEEE Trans. Power Electron., vol. 31, no. 1, pp. 635–647, Jan. 2016.

[19] Y. Xin et al., “Analytical switching loss model for GaN-based control
switch and synchronous rectifier in low-voltage buck converters,” IEEE J.
Emerg. Sel. Top. Power Electron., vol. 7, no. 3, pp. 1485–1495, Sep. 2019.

[20] GaN Systems. Application Brief GaN Switching Loss Simulation Using
LTSpice. 2018. [Online]. Available: https://gansystems.com/wp-content/
uploads/2018/05/GN008-GaN_Switching_Loss_Simulation _LTspice_
20180523.pdf.

[21] R. Hou, J. Xu, and D. Chen, “A multivariable turn-on/turn-off switching
loss scaling approach for high-voltage GaN HEMTs in a hard-switching
half-bridge configuration,” in Proc. IEEE 5th Workshop Wide Bandgap
Power Devices Appl., Oct. 2017, pp. 171–176.

[22] M. Hartmann, “Ultra-compact and ultra-efficient three-phase PWM recti-
fier systems for more electric aircraft,” Ph. D. dissertation, Dept. Inform.
Tech. Elect. Eng., ETH Zurich, Zurich, Switzerland, 2011.

[23] B. Liu et al., “Effects of junction capacitances and commutation loops
associated with line-frequency devices in three-level AC/DC converters,”
IEEE Trans. Power Electron., vol. 34, no. 7, pp. 6155–6170, Jul. 2019.

[24] R. Hou, J. Lu, and D. Chen, “Parasitic capacitance Eqoss loss mechanism,
calculation, and measurement in hard-switching for GaN HEMTs,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2018, pp. 919–924.

[25] S. Walder and X. Yuan, “Effect of load parasitics on the losses and ringing
in high switching speed SiC MOSFET based power converters,” in Proc.
IEEE Energy Convers. Congr. Expo., Sep. 2015, pp. 6161–6168.

[26] Silicon Labs. Si827x Data Sheet. 2016. [Online]. Available: https://www.
silabs.com/documents/public/data-sheets/Si827x.pdf

[27] W. Zhang, X. Huang, F. C. Lee, and Q. Li, “Gate drive design considera-
tions for high voltage cascode GaN HEMT,” in Proc. IEEE Appl. Power
Electron. Conf. Expo., Mar. 2014, pp. 1484–1489.

[28] W. Meng, F. Zhang, Z. Fu, and G. Dong, “High dv/dt noise modeling and
reduction on control circuits of GaN-based full bridge inverters,” IEEE
Trans. Power Electron., vol. 34, no. 12, pp. 12246–12261, Dec. 2019.

[29] T. Su, F. Zhang, J. Xie, W. Meng, and J. Wang, “A high power density dual-
buck full-bridge inverter based on carrier phase-shifted SPWM control,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., Mar. 2015, pp. 1715–1721.

[30] S. Khan, “Comparison of the dielectric constant and dissipation factors of
non-woven aramid/FR4 and glass/FR4 laminates,” Circuit World, vol. 26,
no. 2, pp. 33–37, Jun. 2000.

[31] K. Wang, L. Wang, X. Yang, X. Zeng, W. Chen, and H. Li, “A mul-
tiloop method for minimization of parasitic inductance in GaN-based
high-frequency DC–DC converter,” IEEE Trans. Power Electron., vol. 32,
no. 6, pp. 4728–4740, Jun. 2017.

[32] D. Reusch and J. Strydom, “Understanding the effect of PCB layout on cir-
cuit performance in a high-frequency gallium-nitride-based point of load
converter,” IEEE Trans. Power Electron., vol. 29, no. 4, pp. 2008–2015,
Apr. 2014.

[33] M. Amyotte, E. S. Glitz, C. G. Perez, and M. Ordonez, “GaN power
switches: A comprehensive approach to power loss estimation,” in Proc.
IEEE Energy Convers. Congr. Expo., Sep. 2018, pp. 1926–1931.

[34] H. Li, X. Li, Z. Zhang, J. Wang, L. Liu, and S. Bala, “A simple calorimetric
technique for high-efficiency GaN inverter transistor loss measurement,” in
Proc. IEEE 5th Workshop Wide Bandgap Power Devices Appl., Oct. 2017,
pp. 251–256.

[35] GaN Systems. Application Note: PCB Thermal Design Guide for
GaN Enhancement Mode Power Transistors. 2018. [Online]. Avail-
able: https://gansystems.com/wp-content/uploads/2018/01/GN005PCB-
Thermal-Design-Guide-Enhancement-Mode-031815.pdf

https://gansystems.com/wp-content/uploads/2018/05/GN008-GaN_Switching_Loss_Simulation ignorespaces _LTspice_20180523.pdf
https://www.silabs.com/documents/public/data-sheets/Si827x.pdf
https://gansystems.com/wp-content/uploads/2018/01/GN005PCB-Thermal-Design-Guide-Enhancement-Mode-031815.pdf


MENG et al.: RESEARCH ON LOSSES OF PCB PARASITIC CAPACITANCE FOR GaN-BASED FULL BRIDGE CONVERTERS 4299

Wuji Meng (Student Member, IEEE) was born in
Jiangsu Province, China, in 1990. He received the
B.S. degree in electrical engineering in 2013 from the
Nanjing University of Aeronautics and Astronautics,
Nanjing, China, where he is currently working toward
the Ph.D. degree with the Jiangsu Key Laboratory of
New Energy Generation and Power Conversion.

His research interests include wide band-gap
devices application, dc–dc converters, and high-
performance inverters.

Fanghua Zhang (Member, IEEE) received the B.S.
degree in automation and electrical engineering from
the Jinan University, Jinan, China, in 1999, and the
Ph.D. degree in electrical engineering from Nanjing
University of Aeronautics and Astronautics (NUAA),
Nanjing, China, in 2004.

He is a Professor with the Department of Electrical
Engineering, NUAA. His research interests include
high-frequency and high-density power conversion,
high-frequency magnetic components, and dc micro
grid.

GuangDong Dong (Student Member, IEEE) was
born in China, in 1988. He received the B.S. degree
in electrical engineering from Anyang Normal Uni-
versity, Anyang, China, in 2012, and the M.S. de-
gree in electrical engineering from Xidian University,
Xi’an, China, in 2015. He is currently working toward
the Ph.D. degree in electrical engineering with the
Nanjing University of Aeronautics and Astronautics,
Nanjing, China.

His main research interests include electromag-
netic interference (EMI) filter modeling, transformer

modeling, EMI prediction, and EMI reduction techniques in switched-mode
power supply.

Jianping Wu (Student Member, IEEE) was born in
Jiangsu, China, in 1995. He received the B.S. degree
in 2018 from the Nanjing University of Aeronautics
and Astronautics, Nanjing, China, where he is cur-
rently working toward the M.S. degree in electrical
engineering.

His current research interests include high-
frequency power converter, intelligent gate drivers,
and protection and application of GaN devices.

Lin Li was born in Hebei Province, China, in 1996.
She received the B.S. degree in 2018 from the Nanjing
University of Aeronautics and Astronautics, Nanjing,
China, where she is currently working toward the
M.S. degree.

Her research interests include high-frequency and
high-density power converter and wide band-gap de-
vice applications.



<<
  /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 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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /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 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


