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Abstract—High-performance hard-switched converters suffer
from significant voltage overshoot and ringing upon switching
transitions. This increases switch stress and electromagnetic
interference, while also reducing reliability. Attempts to mitigate
these drawbacks with increased gate resistance, or a slower
switching device, yield reduced efficiency. Large bulk capacitors
are typically required to meet voltage ripple constraints under
load. As such, their package inductance is considerable and they
may be placed far from the power path. A smaller decoupling
capacitor is often placed near the switching devices in order
to reduce overshoot. In this work, a circuit model is developed
to describe converter operation during the switching transition,
and a simple empirical equation for optimal decoupling capacitor
sizing is proposed. The analyses are validated via experimental
measurement of double pulse tests on a variety of hardware
prototypes.

I. INTRODUCTION

For a power converter operating under hard-switching con-
ditions, significant dv/dt and di/dt will occur during the
switching transition. When a device turns on, its conducted
current must rise rapidly while its blocking voltage falls,
and the reverse is true during turn-off. Ideally, these changes
would happen instantaneously and the overshoot/settling time
would be minimal. In reality, there is a parasitic inductance
associated with the loop connecting the switching components,
known as commutation loop inductance [1]. This causes the
circuit to have a high quality factor, leading to large voltage
overshoot and oscillation during switching transitions. As
such, switch stress and electromagnetic interference (EMI) are
increased, while reliability is diminished. These problems are
especially relevant for wide-bandgap devices such as gallium-
nitride high-electron-mobility transistors (GaN HEMTs) [2]–
[5], which offer an improved figure of merit as compared
to other technologies [6]. The small on-resistance and output
capacitance of these devices causes the switching circuit to be
especially underdamped, so excessive overshoot can occur.

In order to mitigate these issues, the quality factor of the
circuit must be reduced. This is typically done by increasing
the gate resistance, thereby slowing the switching transition,
but converter efficiency will be reduced due to the increased
overlap loss. Another option is to decrease the commutation
loop inductance. This can improve performance somewhat, but
large bulk capacitors are typically required to meet voltage
ripple constraints under load. As such, their package induc-
tance is considerable and they may need to be placed far from
the power path. The use of a much smaller capacitor located
closer to the switches, called a decoupling capacitor, allows
for a reduced commutation loop inductance. Advanced layout

techniques can be used to reduce this inductance further, but
they are not always feasible as they require extra board area
and increase manufacturing cost [7]–[9].

The process for decoupling capacitor sizing in power de-
livery networks (PDNs) has been studied [10], [11]. Power
converter switching transitions differ from PDN load steps,
however, because both the voltage and current at the converter
input change throughout the switching interval. A detailed
analysis specific to this application is therefore in order. Prior
art has developed analytical models for transistor switching
performance [12], [13], but these works focus on a boost-
type switching circuit and utilize simplified models which
neglect non-linear effects that are shown in this paper to be
important. Reference [14] determined the proper sizing of
decoupling capacitance to minimize EMI, but did not include
the dependence on load current. This work builds upon these
efforts by developing a model of the switching dynamics
which provides insight for an empirically determined optimal
decoupling capacitance in GaN-based power converters. The
remainder of this paper is organized as follows: Section II
introduces a simplified circuit model describing the switching
dynamics and uses it to draw conclusions about decoupling
capacitor sizing. Next, Section III validates the proposed
model with simulation results and experimental measurement
of double pulse tests on a variety of switching cells. Finally,
Section IV concludes the paper.

II. MODEL ANALYSIS

A. Simplified Circuit Model

Fig. 1a shows the simplified schematic of a synchronous
buck converter undergoing a high-side turn-on, with the switch
node voltage, VSW , labeled. Subsequent analysis will focus
on this circuit. The input voltage source may be ignored
because it is assumed to have a higher impedance path than
CIN . The output filter and load can be treated as a current
sink because the current through the large filter inductance
will be roughly constant during the short switching interval.
These simplifications yield Fig. 1b. Next, the input capacitor
is separated into bulk and decoupling capacitance, each with a
corresponding series parasitic inductance. Mutual inductance
between these paths is neglected. The large bulk capacitance
may be approximated as a voltage source because its voltage
will be constant during the switching event. This gives Fig.
1c. QLS is off during the high-side turn-on, so its equivalent
circuit is COSS in parallel with a body diode. The diode is on
during the dead-time, but not during the transition itself, so it
affects the initial conditions of the model but can be excluded



Fig. 1: Switching transition circuit models. (a) Synchronous buck converter high-side turn-on, (b) Input voltage removed and
output filter treated as current sink, (c) Input capacitance separated into bulk and decoupling loops with bulk capacitance
approximated as voltage source, (d) Low-side transistor replaced with output capacitance, (e) High-side transistor device model
included, (f) Gate drive removed with channel modeled as controlled resistance.

Fig. 2: Linear second order circuits. (a) Decoupling loop, (b) Bulk loop, (c) Simulation illustrating initial decoupling loop
overshoot followed by bulk loop overshoot for VSW .

from Fig. 1d. The device model of QHS is considered in Fig.
1e. Most of the current through QHS will be conducted by
the channel, ich, and drain-to-source capacitance, CDS , so the
gate drive can be treated separately. Miller feedback is still
considered, but the current through CGD is not included in
the main circuit. Finally, the voltage across and current into
QHS are both strictly positive during the switching transition,
so its channel can be viewed as a variable resistance controlled
by the gate voltage, as in Fig. 1f.

B. Linear System Model
If a linear charge-equivalent capacitance value is used for

COSS , and Rch is assumed roughly constant, the circuit in
Fig. 1f can be treated as a linear fourth order system. These
assumptions will be dropped later, but are useful for intuition.
In the following analysis, it will be assumed that both the bulk
and decoupling loops are underdamped, which is reasonable
for a well-designed, high-efficiency converter. In addition, it is

assumed that LD is much smaller than LB . This is always true
in practice, because otherwise the decoupling path serves no
purpose. Given these assumptions, the circuit can be treated as
two weakly coupled linear second order systems. The linear
loop models are shown in Fig. 2, along with simulation results
demonstrating the decoupling and bulk overshoots.

The initial dynamics are due almost entirely to the decou-
pling loop, which acts first before the current in LB ramps
up. CD begins fully charged to the input voltage. During the
switching transition, charge transfers to the output capacitance
and load current. If CD is too small, it loses all of its voltage
during this process. The underdamped bulk loop will then
generate significant overshoot as it charges up COSS the rest
of the way. If CD is large enough, however, it will maintain
its voltage, so the bulk overshoot will be small because COSS
is already charged up. If CD is too large, it causes excessive
decoupling loop overshoot on the switch node.



Fig. 3: Simplified schematic highlighting QHS device model.

C. Non-Linear Effects

The gate-to-drain capacitance of QHS is a non-linear com-
ponent which significantly affects the switching dynamics. Fig.
3 shows a simplified circuit model without inductances, which
are neglected here so that a useful analytical derivation of VSW
may be computed.

˙VGS =
igs
CGS

=
ig − igd
CGS

(1)

igd = CGD ˙VGD ≈ CGD ˙VSW (2)

˙VSW =
ich − IL
CSW

(3)

˙ich =
∂ich
∂VGS

∂VGS
∂t

≈ gm ˙VGS (4)

Equations (1)-(3) can be obtained through visual inspec-
tion, while (4) is derived from the saturation model of a
transistor. Here, ig = (VG − VGP )/RG, where VGP is the
gate plateau voltage of the device for the given load current.
CSW = COSS + CDS , is the total capacitance on the switch
node. The approximation in (2) is valid because the dv/dt of
the switch node is much greater than that of VGS . Combining
(1)-(4) leads to (5).

˙ich =
gm
CGS

(ig−CGD ˙VSW ) =
gm
CGS

(ig−CGD
ich − IL
CSW

) (5)

The differential equation in (5) can be solved for ich, with
an initial value of IL.

ich = IL + γCSW (1− e−αt) (6)

V̇SW can be computed by combining this result with (3).

˙VSW = γ(1− e−αt) (7)

Here, γ = ig/CGD and α = (gmCGD)/(CGSCSW ). It
is clear by looking at (7) that the maximum derivative of
the switch node voltage is γ. VSW cannot change faster
than this because of the negative feedback loop with the
gate drive through CGD. When the device begins to turn on,
this capacitance is small, so LD and LB restrict the rise of

VSW . As the drain-to-source voltage drops, however, the value
of CGD rises dramatically. For example, the EPC2218 GaN
HEMT exhibits a 50x increase in the value of CGD when its
VDS value goes to zero [15]. This is a non-linear characteristic
which causes more damping at higher switching speeds. Skin
and proximity effect are also increased at higher switching
speeds [16]. As a result, the decoupling loop overshoot is
damped more than the bulk loop overshoot, and much more
than the linear model predicts. Decoupling loop overshoot
is actually not a concern in practice due to these non-linear
effects, and large CD values do not increase overshoot. Fig.
4 plots simulation results with linear CGD versus non-linear
CGD and illustrates this damping effect.

Fig. 4: Simulation results demonstrating effect of non-linear
CGD on voltage overshoot. Using actual datasheet gate-drain
capacitance curve for EPC2218.

D. Optimal Decoupling Capacitor Sizing

An approximate optimal value for CD can be estimated
based on the previous conclusions, using voltage overshoot
and decoupling capacitor size as the performance metrics. The
decoupling loop must source the initial load current before
the bulk inductor current ramps up. During this time, as the
switch node voltage rises from 0V to the input voltage, U , the
average voltage across LB is approximately U/2. Given the
fundamental inductor equation, diL/dt = vL/L, the following
equation calculates the time necessary for the bulk inductance
to carry the full load current, in the worst case.

tD =
2LBIML

UML
(8)

Here, IML is the max load current and UML is the minimum
input voltage for which that current will be drawn. The charge
required from the decoupling capacitance during this time is

QR =
2LBI

2
ML

UML
(9)

while the charge on CD is



Fig. 5: Hardware setup with double pulse testing motherboard and half-bridge switching cell daughterboard.

Fig. 6: (a) Experimental waveforms demonstrating minimal overshoot at CD = C∗
D, (b) Experimental results showing inflection

point at CD = C∗
D and that overshoot percentage is small for CD > C∗

D.

QD = CDUML (10)

These equations can be rearranged to determine the required
capacitance value to source the load current.

CR1 =
2LBI

2
ML

U2
ML

(11)

The decoupling capacitor must be large enough to charge
up COSS as well.

CR2 = COSS (12)

CD must be larger than these two requirements; if CD =
CR1 or CD = CR2, the voltage on the decoupling capacitor
will drop all the way to zero during tD. It is empirically
determined that a margin of 10x provides enough charge to
source these loads, without excess size. Larger values of CD
require bigger packages with more package inductance, which
is detrimental to performance, while smaller values exhibit

more overshoot. As such, CD = C∗
D is deemed optimal. This

is the inflection point in Fig. 6b, yielding the following design
guideline for the optimal sizing of CD.

C∗
D = 10 ∗max{COSS ,

2LBI
2
ML

U2
ML

} (13)

III. HARDWARE RESULTS

In order to validate the proposed model and conclusions, a
system for double pulse testing (DPT) is employed. The design
utilizes a motherboard which houses the large inductance
and capacitance required for the test. Modular daughterboards
can be swapped in, each containing a different half-bridge
switching cell. This setup allows for the following param-
eters to be swept: blocking voltage, load current, switching
device, decoupling capacitance, bulk capacitance, decoupling
loop inductance, and bulk loop inductance. For switch node
measurements, a 1.5 GHz, 5 GSa/s, Keysight InfiniiVision
MSOX4154A oscilloscope is used with 750 MHz N2894A



passive probe connected to a surface-mount uFL connector.
EPC GaN HEMTs are used as the switching devices for all
of the tests. Fig. 5 shows the setup.

Fig. 6a shows VSW waveforms for three different values
of decoupling capacitance, with a blocking voltage of 30
V, load current of 27 A, 10 Ohm gate resistance, 1 nH
decoupling loop inductance, 3.5 nH bulk loop inductance,
and EPC2218 switching device. The overshoot percentage
is very large (80%) with CD = 5.6nF , and much smaller
(13%) for the optimally sized CD = 60nF . When the
decoupling capacitance is increased beyond the optimal point,
to CD = 300nF , the peak overshoot percentage increases
slightly to (23%).

More than 200 DPT measurements are made across various
operating points. Table 1 lists the parameter variations for
these tests. Fig. 6b plots the percent overshoot of VSW as
a function of CD/C∗

D. The inflection point at CD = C∗
D

is clearly visible. Experimental data shows consistently that
throughout all measurements, a CD value below C∗

D leads to
increased overshoot, while increasing the value of CD beyond
C∗
D has little effect. According to the linear model, there

would be excessive decoupling loop overshoot at high values
of CD/C∗

D, but the damping effect of CGD counteracts this so
that overshoot remains constant beyond the inflection point.

IV. CONCLUSION

This work has presented a simplified circuit model describ-
ing converter operation during the high-side turn-on switching
transition of a synchronous buck converter. Weakly coupled
linear second order systems are derived and it is determined
that separate decoupling and bulk loop overshoots will oc-
cur. The most important deviation from the linear model
is described: non-linear gate-drain capacitance, which causes
decoupling loop overshoot to be highly damped. Finally, a
simple empirical optimal point is found for the sizing of CD,
which achieves minimal overshoot without excess size. Future
work will expand these results to other switching transitions
and devices.
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