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Abstract This paper investigates the use of simula-
tions of the electromagnetic emission (EMI) caused by
the switching activity of a gallium nitride half bridge
used in a power electronics application to predict
the maximum generated conducted emission at the
power supply lines. By using a simulation model of
the voltage method defined in the CISPR25 standard,
the important parasitic elements of the electronic
components and the measurement setup are taken
into account, but complicated modeling and simula-
tion techniques are avoided. It shows that a simple
circuit simulation is an effective alternative to predict
emissions at an early design stage. Examples of sim-
ulation models and simulation setups as well as the
measurement of the emissions are presented. The
simulation data match the measurements well and
provide a good estimate of electromagnetic interfer-
ence already in the initial phase of new developments.
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Effiziente Modellierung der Elektromagnetischen
Interferenz einer Gallium-Nitrid-Halbbrücke

Zusammenfassung In diesem Beitrag wird die Ver-
wendung von Simulationen zur Vorhersage der an den
Stromversorgungsleitungen einer leistungselektroni-
schen Anwendung maximal erzeugten leitungsgebun-
denen Störemission untersucht, die durch die Schalt-
aktivität einer Gallium-Nitrid-Halbbrücke verursacht
wird. Der Ansatz, der ein Simulationsmodell der in
der CISPR25-Norm definierten Spannungsmessungs-
methode verwendet, berücksichtigt die wichtigen pa-
rasitären Elemente der elektronischen Komponenten
und des Messaufbaus, vermeidet jedoch komplizierte
Modellierungs- und Simulationstechniken und zeigt
eine einfache Schaltungssimulation als effiziente Al-
ternative zur genauen Vorhersage der Emission in
einer frühen Entwicklungsphase. Es werden Beispiele
für die Simulationsmodelle und den Simulationsauf-
bau sowie die Messung der Emissionen vorgestellt.
Die Simulationsdaten stimmen mit den Messungen
überein und ermöglichen bereits in der Anfangsphase
von Neuentwicklungen eine gute Abschätzung der
elektromagnetischen Störungen.

Schlüsselwörter Elektromagnetische
Störemissionssimulation · Kapazitive Kopplung ·
Gleichtakt- und Gegentaktstörung · Gallium-
Nitrid · Halbbrücke · Leistungshalbleiter ·
Schaltungssimulation · Elektromagnetische
Störbeeinflussung

1 Introduction

The electrification of vehicles makes an important
contribution to achieve the global goal of de-car-
bonization. But, we are nowadays faced with the
challenge of providing the required electrical energy
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in a low-loss, environmentally friendly, CO2-neutral
and resource-saving manner. Power semiconductors
based on wide-bandgap materials such as gallium
nitride (GaN) or silicon carbide (SiC) are increasingly
being used to improve efficiency of power electronic
systems. Thanks to their low switching losses, power
electronic components can nowadays be accom-
modated in a very confined space. This saves not
only space but also weight, two important factors in
the construction of electric vehicles. Wide-bandgap
semiconductors have many advantages over conven-
tional silicon-based semiconductors. Among other
things, the switching frequencies can be significantly
increased. However, this also means that the gener-
ated electromagnetic emissions shift to ever higher
frequency ranges and cannot be handled so easily.

In order to estimate the generated electromagnetic
emission of the final product as precisely as possible,
it is necessary to consider all components in simu-
lation, from the ICs used (e.g. the power semicon-
ductors) to the printed circuit board with the wiring
loops and the passive components, to the housing
with connected cable harness. Such simulations must
be easy to use even for engineers not particularly
trained in Electromagnetic Compatibility (EMC) and
provide a useful result as quickly as possible to check
if the application complies to EMC regulations.

To achieve a good agreement between simulation
and the final electromagnetic emission measurement
performed in an EMC lab, the simulation should be
based on standardized EMC measurements and in-
clude accurate replicas of all components used in the
measurement, such as EMI receiver, line impedance
stabilization network, power supply, wiring harness,
etc.

In recent years, researchers have focused on im-
proving the accuracy and reducing the complexity of
EMC simulations. A modeling approach that is capa-
ble of describing EMC behavior as accurately as the
functional behavior of power electronic devices is cru-
cial. In [1] a macro modeling technique of a power
of electronic diode was presented that allows the re-
duction of the complexity of simulation models with
adequate accuracy.

Techniques for modeling the components of a con-
verter circuit based on a parameter tuning method
for simulating the magnetic field are discussed in [2].
The modeling and simulation of four different types
of power electronic converters are studied in [3]. In
this paper the generated electromagnetic emission is
categorized into differential and commonmode inter-
ference. The parasitic behavior of resistors, capacitors
and inductors is taken into account in the simulation
of conducted emission by using a model of a Line
Impedance Stabilization Network (LISN).

The modeling effort is essentially a function of the
frequency range under consideration. Three ranges
exist, which are displayed in Fig. 1. The impact of
control is usually seen in the lower kHz range, where

Fig. 1 In EMC modeling, different frequency ranges require
different modeling approaches. The focus of this paper is in
the 100kHz to about 30MHz region

control strategies must explicitly be modeled using
simulators like Simulink or PLECS®. Above, in the
range from some 100kHz to some MHz, Spice solvers
are best applied. Prominent Spice solvers are PSpice®
and LTSpice®, and Spice solvers are also used in-
side electromagnetic simulation tools like CST Studio
Suite® or Ansys Designer. In this article, LTSpice®
is used. The frequency range from 100kHz is very
important. The CISPR25 [4] emission limits come
into play at 150kHz, and, at these frequencies, fil-
ter elements are very large. An early understanding
of the emission in the 100kHz . . . 1MHz range is
hence crucial to estimate the efforts required for EMC
design. Above about 30MHz, parasitic elements dom-
inate and intricate electromagnetic computations are
needed—model effort increases significantly. In this
paper we focus on the medium frequency range, be-
cause it is both fairly easy to model and essential to
examine.

The remainder of this paper is organized as follows:
In Sect. 2, a short introduction to the model con-

struction of such an EMC simulation based on an im-
portant automotive emissionmeasurement technique
is derived. In Sect. 3 the measurement setup is shown
together with the modelling results of the electromag-
netic emission simulation. The validation of the mod-
els is performed by a comparison of the simulation
and measurement results. Finally, in Sect. 4 we sum-
marize the proposed modeling approach in a table
that may serve as a comprehensive modeling recipe.
We end with conclusions in Sect. 5.

2 Model construction

A. Conducted emission measurement according to
CISPR 25—Voltage method

The conducted emission test based on the so-called
voltage method defined in the CISPR25 standard [4]
is one of the most prominent measurements to ex-
amine the EMI of battery-driven electronics. It pro-
vides information about the test setup to characterize
the conducted electromagnetic emission of compo-
nents/modules together with emission limits in the
radio frequency bands from 150kHz (Long Wave) to
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Fig. 2 Schematic Drawing of a CISPR25 Conducted Emis-
sion Test Setup

108MHz (FM band). In power electronics, the domi-
nant source of emission is the power transistor. The
emission spectrum that is caused by the switching ac-
tivity of these transistors decays with increasing fre-
quency depending on the switching time as well as
the corresponding rise- and fall time [5]. At the low
frequency end, the emission is strongest. In order to
reduce the emission in the low frequency range addi-
tional filter elements are often needed to reduce the
emission below the limits. Such filter elements are ex-
pensive and large. Sometimes they can only appropri-
ately be dimensioned in the course of the prototype
test phase, in which the final electromagnetic emis-
sion is measured and the filters adjusted to reduce
the emission below the required limits. For these rea-
sons, an early assessment of the conducted emission
of a power electronic system according to CISPR25 is
essential, because the result determines volume and
hence cost of the EMI filter.

Figure 2 shows a sketch of the test setup. Inside
a shielded enclosure there is a table with a metallic
surface on top, acting as a ground/reference plane
on which the Device-under-test (DUT) and the cable
harness is located. The DUT is separated to this sur-
face by a 50± 5mm support made of a non-conduc-
tive, low relative permittivity material (εr≤ 1.4). Often,
polystyrene is used as the non-conductive material.

The DUT is connected to its load by a wire harness.
If applicable, the load can be attached to the power
supply. The two power supply wires, plus and mi-
nus, are routed separately and each is terminated by
a Line Impedance Stabilization Network (LISN), which
are connected to the power supply. The length of the
supply wires between DUT and LISNs should be be-
tween 20 and 40cm. An EMI receiver is used to mea-
sure the voltage at either of the LISNs. The load used
in this article is passive and has no connection to the
power supply.

B. The DUT and an initial simulation model

The DUT is a printed circuit board with a GaN half
bridge stage. The half bridge is made from two 600V
CoolGaNTM IGOT60R070D1 by Infineon [6], the gate
signal is generated with an external waveform gen-
erator and processed on the board with an auxiliary

Fig. 3 Schematic of the power stage of the GaN half bridge

gate driving circuit. There is an overview of the power
stage of the half bridge in Fig. 3. From the left to the
right, there is the Direct Current (DC) supply of 10V,
two CERA Link DC link capacitors [7] of nominally
1µF each, and the two GaN transistors. The load is
composed of an R-L circuit of 10Ω and an inductance
of 10µH. The gate signals are in 180° phase shift, they
have a clock frequency of 200kHz, a rise and fall time
of about 10ns, and an on-time of 2.4µs.

The power stage, consisting of the switching tran-
sistors and two DC link capacitors CDC,1 and CDC,2,
as well as power supply and load, provide an excel-
lent starting point to predict the EMI. The required
circuit schematic is available early in product devel-
opment, because the hardware engineers need them
for performance optimization. In fact, they are much
more complex because they focus for instance on
gate-driver design. The hardware engineer usually
has such a model ready, and it is efficiently adopted,
because it contains the correct models of transistors,
capacitors and the load. Next, this model must be
adapted to EMC simulation.

C. Modeling the EMC Conducted Emission Setup

In order to evaluate the electromagnetic interference
in the simulation, the standardized EMC measure-
ment setup must be modeled accurately. A good
agreement between the measurement and simulation
result can only be achieved, if accurate models of the
whole setup and all measurement devices (e.g. LISN,
cable harness, coupling to the reference plane, EMI
receiver . . . ) are used.

The first extension consists of the two LISNs, which
are attached to the plus and minus supply lines of
the half bridge. The circuit schematic of a LISN can
be found in its data sheet. Here, the CISPR25 au-
tomotive standard is chosen, the measurement was
performed with a NNHV8123 by Schwarzbeck [8]. An
essential part of the measurement setup is the table
with the conductive surface, because it provides the
return path for the common mode current. In the
conducted emission setup, the electric ground of each
LISN is connected to the table; in the present mea-
surement also is the minus pole of the battery. The cir-
cuit schematic of a LISN is shown in Fig. 4. The LISNs
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Fig. 4 Simulation model of the LISN according to the
CISPR25 standard

are connected to the metallic surface of the conducted
emission setup. Each LISNs provides a connector for
a 50Ω measurement using an EMI receiver.

The electromagnetic emission is evaluated by
means of an EMI receiver in the frequency domain in
defined frequency bands (A–E) by prescribed CISPR
bandwidths that are specified in the CISPR 16 stan-
dard [9]. For bands A to D, the measurement band-
widths are listed as 6dB bandwidths, and for band E
as pulse bandwidths in Table 1.

Different detectors (such as Peak, Quasi-peak, Aver-
age, Root Mean Square, Average, CISPR-Average and
CISPR-Root Mean Square) are used to rate the elec-
tromagnetic emission over frequency. For continuous
sinusoidal interference signals the measurement re-
sult with the different detectors shows the same read-
ing independent of the used bandwidth. For inter-
ference signals that are pulsed, modulated, or slowly
changing, the detectors give different values because
they weigh the rate of change differently. Such in-
terference signals occur in power electronics appli-
cations, for example, when using spread spectrum
clocking of the switching frequency to reduce the elec-
tromagnetic emissions. Depending on the setting of
the spread spectrum parameters, the emission which
normally appears as narrowband is spread in the fre-
quency range and thus measured by the EMI receiver
as broadband interference. This significantly reduces
e.g. the measured values when using the Average
or Quasipeak detector. To correctly detect emissions
caused by single pulses or pulses with low repeti-
tion frequencies, the CISPR16-1-1 standard also as-
signs time constants, which increases the measure-
ment time for the final evaluation to about one sec-
ond. In order to appropriately evaluate the time repe-
tition rate as well as broadband and narrowband dis-
turbances in the simulation and finally to compare the
simulation values with the specified limit lines, it is
important to take the behavior of the EMI receiver into
account. In many cases it is not sufficient for the sim-
ulation to use only a simple Fourier transformation of
the interference signal from the time domain. A cor-

Table 1 Frequency bands defined in CISPR 16
CISPR Band A B C D E

Frequency range 9–150kHz 150kHz–30MHz 30–300MHz 300MHz–1GHz 1–18GHz

Bandwidth 200Hz 9kHz 120kHz 120kHz 1MHz

Fig. 5 The conducted emissions measurement setup
sketched as a circuit schematic

responding post-processing of the FFT results in the
frequency domain for the evaluation of the distances
of the individual interference amplitudes in the fre-
quency range is essential. Additionally, the temporal
occurrence of the interference amplitudes within the
measurement bandwidth of the measuring receiver
must be considered.

In [10], a simulation model of an EMI receiver is
presented that emulates the measurement procedure
of a CISPR 16 compliant test receiver [9]. The model
uses a Fourier transform algorithm and transfers the
time-domain input signal at the 50Ω input of the EMI
receiver into frequency domain. It provides the simu-
lated electromagnetic emission in CISPR Band-B/C/D
with peak, average, and quasi-peak detector values.

Including the LISNs, we end up with a model as
displayed in Fig. 5. Now, the metallic surface of the
table is the ground reference. Voltage supply and the
LISNs are connected to this reference. The EMI re-
ceiver monitors the voltage at the measurement con-
nectors M+ and M–. In the simulation, we also record
the voltages at these nodes, and the data is processed
by software to yield the correct EMI receiver spectrum.

D. EMC Modeling in power electronics: Capture the
CommonMode

The model of Fig. 5 describes the differential mode
only, because there is no current return path, neither
a galvanic nor a capacitive one, from the LISNs to the
half bridge. The most dominant return path in power
electronics is via capacitive coupling, generated by the
displacement currents between DUT and the metal-
lic table. This effect is demonstrated in Fig. 6. The
differential mode current flows from the positive ter-
minal of the battery into the DUT and returns via the
negative terminal. Using the notation of [5], we de-
fine this differential mode current as half the differ-
ence between the currents I1 and I2, which are the
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Fig. 6 Capacitive coupling of the DUT to the metallic table
generates a common mode current. This mechanism is the
most important driver of EMI at high frequencies

currents in the two supply wires with current direc-
tion from the supply into the battery. In a two-wire
system above a metallic ground, a second mode can
exist, which is the common mode. According to [5],
this current is the average of the currents I1 and I2.
The common mode exists because the two LISNs are
connected to the table, and because the capacitive
coupling between DUT and loads offers a return to
close the current loop.

Capacitive coupling is described by the equation

I (t)CM =C
dU (t)

dt
(1)

where C is the capacitance between two metallic con-
ductors, U(t) is the voltage between them, and ICM(t)
is the common mode current. In a complex system
and, in particular, at high frequencies, several com-
mon mode paths exist. There is a network of capac-
itances, and various voltage drops on the board con-
tribute to ICM. For an accurate computation, the appli-
cation of 3D electromagnetic solvers is indispensable,
as for instance done in [11]. However, at 3MHz, the
wave length is 100m, and we identify the common
mode return path by a single capacitance only: since
the time derivative of the voltage causes the common
mode current, we look for the nodes in the DUTwhere
the largest voltage derivative occurs, and estimate the
capacitance between this node and the metallic table.

The switching transistors cause the largest voltage
drops. In particular at the switching node, which is the
node between the two transistors to which the load is
attached, the entire voltage range is swept through. In
addition, the load of a power electronic system usually
constitutes a large capacitance, because to dissipate
the heat large metallic structures for cooling are used
(see the shape of the power resistor in Fig. 8). A mea-
surement of the load was performed and yielded a ca-
pacitance of 14pF between the load and the metallic
table (see [11] for details). It is important that in this
measurement, the load has the same distance to the
table as it has in the conducted emission setup, i.e.
50mm. In the simulation model, we place the mea-
sured 14pF at the switching node.

Fig. 7 The final circuit includes the model of the DC link
capacitors and the common mode capacitance between the
switching node/load and the metallic table

To finalize the model, we need to consider the data
sheets of the DC link capacitors and the transistors.
CERA Link capacitors of TDK are used [7], and the in-
spection of the data sheet reveals that at 10V, where
the validation measurements are performed, the ca-
pacitance of the CERA Link capacitors is only 55% of
the nominal capacitance. Consequently, we use a ca-
pacitance of 0.55µF for both capacitors in our model.
We also add the resistance of the capacitors (12mΩ

at 1MHz) and its inductance (3nH), which are values
from the data sheet. Secondly, the transistors of the
half bridge, the IGOT60R070D1 CoolGaN of Infineon
[6], have rise and fall times tr and tf of less than 15ns
(if operated correctly; a measurement of the rise and
fall times is very helpful in this respect). Hence, their
emision spectrum is dominated by the properties of
the clock frequencies and not of the rising/falling edge
of the drain-source voltage at least up to a frequency
of 1/(π tr)= 20MHz [5]. We conclude that up to this
frequency, any simple switch, which switches on and
off with a clock frequency of 200kHz, is a suitable ex-
citation model1. We note that a typical signature of
transistors in the emission spectrum is a resonance
caused by the intrinsic drain-source capacitance of
the transistor and the parasitic inductance of the com-
mutation loop. In the investigated half bridge, this
resonance occurs, above frequency range considered
here, at about 80MHz, caused by some 10nH parasitic
inductance and a GaN transistor capacitance of about
200pF. Slower transistors like MOSFETs might have
a capacitance, which is ten times higher. In this case,
this resonance appears at frequencies of 30MHz and
less, and a suitable transistor model becomes more
complex. Eventually, we obtain the circuit of Fig. 7.

1 It is important that the switch model generates a differentiable
signal. A too-simple on-off switch causes erroneous high emis-
sions in the frequency domain because many spectral compo-
nents are needed to describe the unrealistic sharp change of the
voltage over time.
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Fig. 8 Measurement setup of the half bridge (HB) board

Fig. 9 Comparison of the measurement (green) with the sim-
ulations in a frequency range from150kHz to 40MHz. The blue
curve corresponds to the model shown in Fig. 5 and describes
only the differential mode. The black curve results from the
model of Fig. 7 and includes the common mode return path
via the load

3 Modeling results

A conducted emission measurement was performed
with the GaN half bridge in operation at a DC supply
voltage of 10V, as depicted in Fig. 8.

Two LISNs are connected to the board with wires
of about 20cm length. The board and the resistive
and inductive load are located on a 5cm polystyrene
support above a metallic table plate. The LISN sig-
nal is evaluated by an EMI receiver. The simulation
results are compared to the measurement in Fig. 9.
The measurement result is shown in green. Up to
frequencies of 1MHz, we observe the characteristic
decay of the spectrum of a rectangular periodic signal
with 1/n, where n is the number of the harmonic, or,
respectively, 20dB/decade. The simple model of Fig. 5
accurately describes this behavior as long as the differ-
ential mode is dominant. Above 1MHz, at the 7th har-
monic, the measured spectrum shows a plateau. This
plateau is generated by the common mode capaci-
tance of the load. At about 1MHz, the impedance

Table 2 Overview of the subcomponent models needed
to calculate the conducted emission of a CISPR25 setup at
low frequencies
Required Subcompo-
nent

Model Information From

Functional model, valid in upper kHz Range up to few MHz

Supply Voltage Data Sheet/Hardware Engineer

Transistor On/Off Switch with given Clock Frequency

DC Link Capacitor Data Sheet/Hardware Engineer—functional Value

LISN Data Sheet Schematic

Measurement Re-
ceiver

Needed if Clock Frequency is smaller than EMI Re-
ceiver Bandwidth prescribed by CISPR16

Load Model Data Sheet

EMC Model estimating Common and Differential Mode, valid up to 30MHz

Transistor Rise- and Fall Time

Load Model Parasitic Capacitance to metallic Table Surface, by
Measurement or Simulation

DC Link Capacitor Data Sheet functional Value and paracitic Inductance
and Resistance

caused by the capacitance between load and metal-
lic table is sufficiently low to turn the common mode
into the dominant interferer. The augmented simu-
lation model of Fig. 7 describes this broadband noise
accurately up to 10MHz. Above 10MHz, themeasured
spectrum exhibits some resonances, which are caused
by more intricate couplings of inductances and capac-
itances, which cannot be predicted by such a simple
circuit model. Still, an accuracy of about 10dB within
the frequency range from the fundamental harmonic
to at least 40MHz is an excellent match, considering
the few ingredients that are needed to assemble the
model. We like to add that with this model, the impact
of the common mode capacitance can be studied. Re-
ducing this capacitance to a lower value shifts the fre-
quency, from which the common mode dominates,
to higher values; increasing it increases the impact of
the common mode. This simple model can be used
to study the impact of the geometry of load on the
electromagnetic emission.

4 A modeling recipe

Table 2 summarizes the subcomponents that are
needed to model the CISPR25 conducted emission.
In a very simple functional model, which describes
the differential mode, the supply voltage, the val-
ues of the DC link capacitor and the load and the
clock frequency must be known, as used by the hard-
ware engineer who designs the circuit. Furthermore,
a model of the Line Impedance Stabilization Network
(LISN) is needed and a model of the EMI receiver,
if the clock frequency is smaller than the frequency
band of the EMI receiver. Such a model works fine as
long as the differential mode is dominant. Using an
application with the given rise and fall times of the
transistor and some 10pF parasitic capacitance, the
break-even range is at about 1MHz. To extend the
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model, the parasitic capacitance of the load must be
hooked to the switching node. The break-even point
can be estimated by simulation, simply adding the ca-
pacitance and studying the behavior of the common
versus the differential mode. To improve the model
at frequencies above a frequency of 1/π tr. the rise
time of the drain-source voltage must be modeled
for the switch (or the fall time, whichever is larger).
Eventually, the parasitic inductance and resistance of
the DC link capacitor must be included.

5 Conclusion

Using a GaN half bridge we demonstrate, at fre-
quencies between some 100kHz and 30MHz, the
simulation of conducted emission of a power elec-
tronic system according to the CISPR25 standard. The
fundamental harmonics are accurately predicted with
a model made of subcomponents that each hard-
ware engineer can readily provide. Merely the EMC
measurement equipment needs to be added. With
increasing frequency, parasitic elements must be con-
sidered. To achieve a reasonable estimation up to
30MHz, the capacitive coupling of the load to the
metallic table must be measured and added to the
switching node. We show that the estimation of the
conducted emission within the given frequency range
is straightforward if the rules presented in this paper
are taken into account.
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