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Abstract—Power switching circuits like those used in inverters
and DC-DC converters are usually investigated with the purpose
of increasing the power efficiency or lowering the electromagnetic
emissions. Considered that, the reliability of such modules is
also a key aspect, especially in safety critical applications, this
work focuses on the susceptibility of such circuits to radio
frequency interference. To this purpose, an e-mode GaN power
switching leg in a real application environment is considered. A
circuit comprising the nominal active and passive components,
their stray inductances and capacitances as well as those due
to the PCB wiring is presented. The effect of radio frequency
interference injected into the output terminal by means of a
bulk current injection clamp is analyzed with the purpose of
evaluating the risk that such interference propagated through
the circuit could induce temporary or permanent failures.

Index Terms—e-mode GaN Power HEMT, Radio Frequency
Interference, Isolated Gate Drivers, Integrated Circuit Suscepti-
bility.

I. INTRODUCTION

The safety of modern electric and electronic systems is
tightly related with the operation of their power units. Besides
common reliability issues, temporary or permanent failures
occur also when the system is exposed to the electromagnetic
field delivered by radio frequency transmitters such as those
used for radio and TV broadcasting or in wireless commu-
nication systems. For instance, power cables like those used
in electric vehicles to connect the traction inverter to the
electric motor or those connecting the power inverter to the
battery pack, behave like receiving antennas that collect the
disturbances into the power units.
According to [1], the disturbance induced by a plane wave
impinging on a cable laid above a metal ground plane can be
modeled by a transmission line driven by a set of equivalent
voltage sources (VRF−x) at their terminations. The DC inputs
are usually protected against such disturbances by an EMI
filter, which is present to avoid the switching noise generated
inside the power module, to be propagated outside. The AC
outputs comprise differential mode filters only, therefore the
common mode interference injected into the outputs is allowed
to propagate in the power module, especially at high frequency
where parasitic elements are effective. Therefore, the AC
outputs of common power inverters like that shown in Fig.
1 are affected by the radio frequency voltages and currents
induced by the equivalent voltage sources VRF−x. This means

Fig. 1. Three phase traction inverter connected to the battery pack and to the
electric motor by cables.

that the operation of the power transistors, and that of their
respective gate drivers can be affected by such disturbances,
causing temporary or permanent failures.
This work investigates how the interference injected into the
AC outputs of a power inverter propagates through a power
module with the aim to evaluate the level of interference
affecting the power transistors and the gate driver signals.
The analysis is carried out referring to a power leg based
on e-mode GaN power transistors, which are among the
most promising devices in terms of switching speed and
power dissipation but also among the most susceptible to the
switching noise because of their low threshold voltage.
The paper is organized as follows. Section II introduces the
power circuit of interest its main components and features.
Section III deepens of the parasitic elements related to the
circuits component and its PCB wiring. Section IV shows
the circuit considered for simulations and a comprehensive
analysis of the simulation results is provided. Some concluding
remarks are drawn in Section V.

II. CIRCUIT UNDER ANALYSIS

A common circuit to drive an inductive power load consists
of two equal power transistors connected in a stacked fashion
as shown in Fig. 2. The switching circuit drives an inductive
load at one end (the other is connected to the star center
- SC) to module the average current. The high side (HS)
transistor T1 provides current to the load in the active phase
(Ton), the low side (LS) T2 allows the load current to recycle



Fig. 2. Single leg schematic view.

Fig. 3. Gate driver power supply circuit.

in the remainder of the switching time (Toff ). The transition
of the output voltage VOUT from high to low (or low to
high) is carried out in two steps. The HS, which is initially
switched on, is turned off for a small time interval td, the
dead time. Therefore, the current flowing in the inductive
load drives the LS, which is driven to be switched off, in the
reverse conduction mode, thus allowing the free wheeling.
At the end of td, the recycling transistor T2 is turned on to
reduce its power losses.
As far as high voltage switching legs based on last generation
e-mode GaN power transistors are concerned, the switching
frequency fsw can take values in the range 100 kHz−1 MHz,
the rising (tr) and the falling (tf ) times of the switching
waveforms is between 2 ns and 20 ns, and the dead time td
is between 50 ns and 100 ns.
The commutation of each power transistor is managed by its
gate driver, which output section is isolated from the input
one. DC isolation is mandatory for the HS transistor, because
its driving voltage vGS−HS is referred to the output node
(OUT). Furthermore, the isolation avoids the switching noise
generated in the power section to affect the low voltage input
signals. To sum up, each transistor is driven by an isolated
gate driver, and the circuits providing the power supply to the
output section has to be galvanically isolated as well, as it

Fig. 4. Schematic view of the power circuit including stray inductances and
capacitances.

is shown in Fig. 2. An example of an isolated power supply
circuit is provided in Fig. 9. A full bridge drives the primary
winding of a transformer, which secondary is loaded by a
rectifier and a linear voltage regulator. The latter is needed
to avoid the positive and the negative power supply voltage
exceeding the maximum and the minimum gate source
voltages over which the power transistor can be damaged
permanently. The value of the positive power supply Vplus is
set to the maximum declared by the transistor manufacturer
but far enough from its absolute maximum. This allows one
to lower the on resistance as much as possible. The negative
power supply (Vmin) is needed to avoid self immunity issues,
i.e., to keep one of the two transistors switched off while the
other is switching on [5]. However, it should be reminded
that the lower the minimum voltage (Vmin) , the higher the
power dissipation of the power transistor during the dead
time. For this reason, in several applications, the negative
power supply is zeroed just after the commutation of the
other transistor [6]. Finally, it is worth reminding that the
switching current needed to turn the power transistors on
and off is taken from the decoupling capacitors Cplus, Cmin.
These should be placed as close as possible to the gate driver
to the power supply pins to reduce the stray inductances .

III. HIGH FREQUENCY MODEL OF THE POWER CIRCUIT
FOR SUSCEPTIBILITY ANALYSIS

The magnitude of the continuous wave (CW) interference
affecting the components composing the phase leg was in-
vestigated referring to the equivalent circuit shown in Fig. 4.
It comprises of two eGaN power transistors, their package
parasitic elements (not shown), the related gate drivers and the
PCB wiring parasitic inductances. In particular, LG−H, LS−H,
LG−L, LS−L, model the wiring connecting the output of the
gate drivers to the power transistor gate-source terminals,



RG−H and RG−L represent the resistors that limit the gate
currents at the turn on (off). Cp−drv,L and Cp−drv,H model the
isolation capacitance of the gate drivers, Cp−tr,L and Cp−tr,H

are those of the power supply isolation transformers. The
Y capacitors of the EMI filter, which collect the common
mode switching noise generated by the power transistors are
modeled by CY−H, LY−H, and CY−L, LY−L, respectively.
The capacitive coupling of the LS (HS) drain terminal with
the heatsink, thus with the inverter metal case, is modeled
by CHS−L (CHS−H). Furthermore, CDC represents the high
frequency impedance of the DC link capacitors, LF and CF

that of the output filter inductance.

IV. INTERFERENCE INJECTION CIRCUIT

The bulk current injection method was considered for in-
jecting the interference into the output of the phase leg [2] [3]
[4].
For this purpose, the simulation setup shown in Fig. 5 was de-
veloped. The interference is injected into the cable connecting
the EUT, i.e., the power circuit shown in Fig. 4, to the power
load (ZL) by a high frequency transformer (TR). The cable
connecting the the EUT to the load is modeled by a uniform
transmission line of length L and characteristic impedance Z0.
About the RF source driving the injection clamp (TR), the
closed loop method specified in [3] was considered. In the
real test setup, the injection clamp is driven by a wide band
RF amplifier, which in turn receives the input signal from
an RF source. The RF current IC, which flows in the cable
harness is monitored by an RF current probe (not shown in
Fig. 5). According to the closed loop method, the level of
the RF signal driving the amplifier should be increased step
by step while monitoring the operation of the EUT as long
as a failure takes place, or the maximum current level IS is
reached, or the maximum available power delivered by the RF
amplifier is reached. The test should be repeated for a set of
interference frequency in the range 1 MHz − 400 MHz.
Aiming to evaluate the maximum level of disturbance affecting
the EUT nominal signals, the equivalent injection circuit
shown in Fig. 5 was used. The RF source driving the injection
clamp TR is modeled by a current controlled voltage source
(CCVS) RM driven by the error current IE = IS − AIIC.
IS is the current we want to make flow in the power cable,
IC is the current that flows in the cable actually, AI is a gain
factor. Wanting to keep the error current IE as low as possible,
the simulations were carried out setting RM = 100 kΩ and
AI = 1. The CCVS output resistance R0, which models the
RF amplifier output resistance, was set to 50 Ω.

Finally, the equivalent circuit of the RF injection clamp
(TR in Fig. 5) proposed in [9] was used. The circuit is
shown in Fig. 6 and its parameters are reporter in Tab. II for
convenience.

V. CIRCUIT ANALYSIS

With the purpose of investigating the propagation of con-
tinuous wave (CW) interference through the circuit shown
in Fig. 4, that in Fig. 5 was analyzed performing frequency

Fig. 5. Simulation set up implementing the closed loop bulk current injection
method.

Fig. 6. Model of the bulk current injection clamp.

domain simulations with the HS switched on and the LS
switched off, permanently. Indeed, AC analysis can be carried
out only once the bias point of the nonlinear devices are
defined. Other bias points were also considered obtaining
results similar to those showed below, thus they have not been
included in this paper for brevity.
The eGaN transistor considered for the analysis is the GS-
66508-B [11]. According to the manufacturer data sheet, its
main features are VDS−max = 650 V, RON−typ = 50 mΩ,
VGS−TH,typ = 1.7 V, VGS−MIN = −10 V, VGS−MAX = 7 V.
The gate driver considered is Si8271 [12]. It shows ROH =

TABLE I
PARAMETERS OF THE CIRCUIT SHOWN IN FIG.6.

Parameter Value Parameter Value
L1 4 nH L3 15 nH

L2 = L4 2 µH L6 30 nH
L5 15 nH C2 7 pF

C1 = C3 = C4 2 pF R1 700 Ω
R2 300 Ω K 0.99



TABLE II
NOMINAL VALUES OF THE COMPONENTS OF THE CIRCUIT SHOWN IN FIG.

4.

Parameter Value Parameter Value
LF 48 µH CF 12 pF

CY−H = CY−L 1 µF LY−H = LY−L 38 nH
LG−H = LG−L 16 nH RG−H 2 Ω
LS−H = LS−L 9 nH RG−L 0 Ω

Cp−tr,H = Cp−tr,L 8 pF Cp−drv,H = Cp−drv,L 0.5 pF
CHS−H 41 pF CHS−L 41 pF

2.7 Ω, ROL = 1 Ω, Cp−drv = 0.5 pF. The parameters of the
passive components as well as those of the stray inductances
and capacitances in Fig. 4 are listed in Tab. II.
The nominal values of the passive components resulted from
the design specifications of a low power three-phase power
inverter. Those of the parasitic elements related to the passive
components were derived from the component data sheets.
The parasitic inductances of the PCB wiring were obtained
from the 3D electromagnetic simulation of the PCB layout.
About the DC link capacitors (CDC in Fig. 4), it comprises
two capacitors CDC−1 = 45 µF each, CDC−2 = 2.2 µF,
CDC−3 = 390 nF. The equivalent circuit was composed
including the ESL and ESR of each capacitor provided by
the manufacturers.
The simulation results showing the magnitude of the inter-
ference affecting each power transistor gate source voltage
(VGS−L, VGS−H) and the gate drivers (VISO−L, VISO−H) are
plotted in Fig. 7 and Fig. 8, respectively.
They were obtained using the closed loop injection method,
i.e., referring to the equivalent circuit shown in Fig.5 to set
IS = 100 mA.
Moreover, the power cable connecting the eGaN leg output
terminal to the load is unshielded and it is assumed to
run parallel to the ground plane for L = 1 m at distance
h = 50 mm. Based on this last parameter and being the cable
diameter D = 12 mm, the characteristic impedance of the
equivalent transmission line is Z0 = 170 Ω [7].
According to the simulation results shown in Fig. 7, the
gate-source voltages take values comparable to the transistor
threshold close to 113 MHz. The HS, which is driven to
be switched on, is concerned by lower level of interference
(dashed line) and even in the worst case, it cannot be switched
off by the interference because the overdrive is always above
the maximum interference magnitude. About the LS, which
is driven to be switched off, the interference exceeds the
threshold for frequencies around 113 MHz as well. This means
that the LS transistor can be turned on and off cyclically by
the interference although it is driven by the gate driver to be
switched off. Therefore, with the HS switched on purposely,
the activation of the LS causes unwanted cyclical shoot-
through currents that could result in temporary or permanent
failures of the power unit.
The operation of the gate drivers can be also affected by
the interference injected into the output terminal. A measure
of such disturbances is given by the magnitude of the AC

Fig. 7. Magnitude of the interference superimposed onto the gate source
voltages VGS−L (continuous line), VGS−H (dashed line) vs. frequency.

Fig. 8. Simulation results. Magnitude of the interference superimposed
onto the gate driver isolation voltages VISO−L (continuous line), VISO−HS

(dashed line) vs. frequency.

isolation voltages Viso−LS, Viso−HS vs. frequency shown in
Fig. 8. Both voltages take the maximum of about 40 dBV
at 113 MHz, which is much larger than that taken by the
gate source voltage. Furthermore, the interference affecting the
isolation voltage is well above the maximum level required by
OEMs in the qualification tests of integrated circuits, which is
about 33 dBV for global IC pins [10]. This means that, the
isolated gate drivers currently on the market, which comply
to common immunity specifications [10], could fail the bulk
current injection test, or even worse, they could fail in actual
application environments. With such a high interference level
applied to the DC isolation barrier, the RF communication
channel between the low voltage and the high voltage sections
[13] could be impaired because of time jittering or false
commutations induced by the interference in clock and data
signals [14], [15] [16].



Fig. 9. Magnitude of the interference superimposed onto the gate driver DC
power supply vs. frequency.

Finally, the interference affecting the power supply voltage of
each gate driver (not shown in Fig. 4) was evaluated obtaining
the AC plots shown in Fig. 9. Also in this case, the LS gate
driver is more affected than the HS one, and the maximum
level of about 0 dBV is reached at 113 MHz. The interference
superimposed onto the power supply voltage at the chip level
can affect subcircuits like the undervoltage lockout (UVLO),
i.e., the on chip voltage comparator and the bandgap voltage
reference integrated in the gate driver output section [17] [18]
[19].
Wanting to understand the reasons of such a high level of
interference close to 113 MHz, the circuit in Fig. 4 was
simplified obtaining that shown in Fig. 10. In particular, the
HS transistor was replaced by a short circuit between drain
and source and the transistor gate-source capacitance CGS−HS.
Similarly, the LS transistor was replaced by the drain-source
capacitance COSS and the gate-source capacitance CGS−LS.
Furthermore, the DC link capacitors (CDC) was replaced by a
short circuit and the CY,x capacitors by their stray inductances
LY,x.
The AC analysis of the reduced circuit showed that its
frequency response is in good agreement with that of the
complete one (that shown in Fig. 4) in the range 50 MHz
- 200 MHz. Therefore, from inspection, it resulted that the
voltage peaks at about 113 MHz deal with the parallel reso-
nance of the CY,x stray inductances with the sum of the stray
capacitances Cp−drv,H, Cp−tr,H, Cp−drv,L, Cp−tr,L, CHS,L,
CHS,H. This was also highlighted by the parametric analysis
carried out for Cp−tr,L (the power supply transformer stray
isolation capacitance), which results are shown in Figs. 11 and
12. Moreover, the reduced circuits highlighted that VGS−LS

and VGS−HS are affected by the currents flowing through
Cp−tr,L and Cp−tr,L, which causes the voltage drop across
LS,L and LS,H, respectively.

Fig. 10. High frequency equivalent circuit derived from that shown in Fig. 4.

Fig. 11. Magnitude of the interference superimposed onto the LS gate-source
voltage , VGS−L vs. frequency, for Cp−tr,L = 1, 6, 13, 20pF.

Fig. 12. Magnitude of the interference superimposed onto the LS gate driver
isolation voltage , VISO−LS vs. frequency, for Cp−tr,L = 1, 6, 13, 20pF.



VI. CONCLUSIONS

The susceptibility to the radio frequency interference super-
imposed onto the AC outputs of switching circuits based on
eGaN power transistors was investigated. A high frequency
circuit of a switching leg comprising the stray inductances
and capacitances of the active and passive components along
with those due to intra and inter PCB wiring was defined. The
analysis was carried out in the frequency domain referring to
the closed loop bulk current injection test method.
The simulations highlighted that an RF current of magnitude
100 mA, which is induced in the output cable, affects the gate-
source voltage of the HS and LS transistors. Particularly, that
of the device driven to be switched off (the LS in the consid-
ered case) exceeds the transistor threshold, therefore cyclical
commutations of the LS transistor induced by the interference
occur. These cause unwanted shoot-through currents that can
lead to temporary of permanent failures. Furthermore, it was
highlighted that the gate drivers are also concerned by RF
voltage across the isolation barrier, because its magnitude can
exceed that required for global pins in DPI susceptibility tests.

REFERENCES

[1] T. Liang, G. Spadacini, F. Grassi, S. Pignari, “Coupling of wideband
radiated IEMI to cables above ground,” IEEE Trans. on Electromagn.
Compat., vol.62, pp. 589–597, Apr. 2020.

[2] -, Immunity to radiated electromagnetic fields — bulk current injection
(BCI) method, SAE J1113-4, Feb. 1998.

[3] -, Road vehicles - component test methods for electrical disturbances
by narrowband radiated electromagnetic energy — part 4: Bulk Current
In- jection (BCI), ISO 11452-4, Apr. 2002.

[4] -, Requirements for the control of electromagnetic interference character-
istics of subsystems and equipment, MIL-STD-461E, Aug. 20, 1999.

[5] - W. J. Zhang, J. Yu, W.T. Cui; Y. Leng; J. Liang; Y. Hsieh, H. Tsai,
Y. Juang; W. Yeh, W. Ng, “A smart gate driver IC for GaN power
HEMTs with dynamic ringing suppression,” IEEE Trans. on Power
Electronics, Vol. 36, pp. 14119–14132, Dec. 2021.

[6] - B. Zojer, “Driving CoolGaN 600 V high electron mobility transistors,”
in Infineon Tech. Application Note, 2018, pp. 1–25. [Online]. Available:
http://www.infineon.com

[7] H. W. Sands, “Reference data for radio engineers”, International Tele-
phone and Telegram Corporation Inc., Sixth Edn., New York, 1983.

[8] -, F-140 Injection current probe characterization: Fischer Custom Com-
munication (FCC), 2020.

[9] B. P. Nayak, A. Das, S. R. Vedicherla, D. Gope, “Circuit models for
bulk current injection (BCI) clamps with multiple cables,” 2018 IEEE
Int. Symp. on Electromagnetic Compatibility and 2018 IEEE Asia-
Pacific Symposium on Electromagnetic Compatibility (EMC/APEMC),
pp. 1160–1163, Singapore, 2018.

[10] -, Integrated circuits - Measurement of electromagnetic immunity 150
kHz to 1 GHz - Part 4: Direct RF power injection method, IEC 62132–4,
2006.

[11] -, GS-66508B datasheet, 2009. [Online]. Available:
https://www.gansystems.com

[12] -, Si827x datasheet, 2022. [Online]. Available:
https://www.skyworksinc.com

[13] H. Kuo; J. Lin, “Implementation of miniaturized monolithic isolated
gate driver,” IEEE Eurasia Conference on IOT, Communication and
Engineering (ECICE), pp. 129–132, Taiwan, Oct. 2020.

[14] F. Fiori, S. Benelli, G. Gaidano, V. Pozzolo, “Investigation on VLSIs’
input ports susceptibility to conducted RF interference,” IEEE Int. Symp.
on Electromagnetic Compatibility, pp. 326–329, Austin, Aug. 1997.

[15] J. G . Sketoe, “Integrated Circuit Electromagnetic Immunity Handbook”,
Boeing Information Space and Defense Systems, Seattle, WA, Aug.
2000.

[16] C. Bona, F. Fiori, “A new front-end for binary data recovery in EM
polluted environment”, IEEE Trans. on Circuit and Systems I: Regular
Papers, Vol. 59, pp. 2232–2243, Oct. 2012.

[17] F. Fiori, P. Crovetti, “Investigation on RFI effects in bandgap voltage
references” Microelectronics Journal, vol. 35, Issue 6, Elsevier, June
2004, pp. 557–561.

[18] Y. Gao, K. Abouda, A. Huot-Marchand, “Bandgap circuitry with high
immunity to harsh EMC disturbances,” IEEE Asia-Pacific Symposium
on Electromagnetic Compatibility, pp. 389–392, Singapore, May 2012.

[19] F. Fiori, “Susceptibility of CMOS voltage comparators to radio fre-
quency interference,” IEEE Trans. on Electromagnetic Compatibility,
Vol. 54, pp. 434–442, Apr. 2012.


