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Abstract—Wide band gap (WBG) semiconductors, such as
gallium nitride (GaN), have become popular among switching
power modules. In pursuing power conversion efficiency, power
module’s high-speed and high-power operation leads to electro-
magnetic (EM) noise in a very wide frequency range, potentially
interfering with nearby wireless communications [e.g., long-term
evolution (LTE)]. This letter analyzes the source of EM noise from
the power modules using GaN transistors in half-bridge circuits.
EM noise was clearly observed in the proximity of power modules
and attributed to two primary sources in the frequency range
of interest up to 6 GHz: 1) the periodical switching operation of
GaN transistors in the output stage and 2) the logic operation
of complementary metal–oxide–semiconductor digital circuits to
control gate drivers, in the lower and upper side of frequencies,
respectively. Measurements analyzed the EM noise characteris-
tics at different probing locations over the assembly of two GaN
power modules as well as in different operating conditions by
strategically supplying source signals. The influence of EM noise
on LTE receiver performance is evaluated with wireless system-
level simulation and related to the degradation of its minimum
receivable input power.

Index Terms—DC–DC power conversion, electromagnetic
interference (EMI), mobile communication, noise measurements,
power semiconductor devices.

I. INTRODUCTION

W IDE band gap (WBG) semiconductors, such as gal-
lium nitride (GaN), have become more widely adopted

into power supply electronics in comparison to traditional sil-
icon (Si) devices [1]. WBG semiconductors (e.g., GaN) have
superior material properties compared to Si, and their use
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in the output stage of power supply enables power device
operation at higher temperatures, higher voltages, and faster
switching speeds, in comparison to traditional Si [2], [3].
Therefore, WBG semiconductors make power modules more
efficient and compact and become widely adopted among
a variety of applications (e.g., the Internet of Things, automo-
tive electronics, robotics, and so on) [4]. However, there is an
inevitable tradeoff between power efficiency and noise emis-
sion, where the faster switching and the higher voltage for the
lower energy loss conversely increase the magnitude of power
noise due to periodical switching currents flowing through
power semiconductors [5], [6], [7]. This also brings about
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Fig. 1. Configuration diagram of the GaN-based power modules and
experimental setup.

Fig. 2. Measurement setup in wide frequency range.

near-field electromagnetic interference (EMI) problems among
electronic modules in proximate placements. The adoption
of such high energy-efficient power converters in electronic
systems expedites the maturity of power modules with the
WBG devices, such as GaN and Si carbide (SiC), while
necessitates the EM compatibility (EMC) measurements in
the frequency range wider than ever. Traditionally, the EMC
requirements of power modules are generally defined in the
frequency range up to 1 GHz [8]. According to our previous
study on a commercial wireless power transmission (WPT)
system adopting GaN power modules with a high wattage
capacity (e.g., 7 kW), the influence of EM noise on the
sensitivity of wireless receivers in serving LTE is not negli-
gible in nearby locations with a few meters distance [9]. The
EMI between WBG semiconductors and wireless communica-
tion systems has become problematic universally among IoT
devices. This letter presents an EM noise analysis of GaN-
based power modules in the frequency range (up to 6 GHz)
for mobile communications.

II. EM NOISE IN GAN-BASED POWER MODULES

A. GaN-Based Power Modules

In this study, we prepare two power modules, GaN mod-
ules A and B; both consist of GaN-based half-bridge circuits
and isolated gate drive circuits using CMOS devices. While
the block diagram of Fig. 1 is common to both modules,
the assembly structures are different according to respective
design parameters as listed in Table I. The output stage is
populated with two GaN-based discrete transistors and config-
ured as a half-bridge circuit. The control unit mainly includes
gate drive circuits. An auxiliary power source at 12 V exter-
nally powers on-board voltage regulators to produce 5 and
12 V for each component on the control unit. Another main
supply defines the operated voltage level of GaN transistors
in the half-bridge power stage. The pair of GaN transistors
is driven by complementary pulse signals (noninverted and
inverted) generated by the gate drive circuits. The frequency
and duty ratio of input pulse signals are set by a pulse pattern

TABLE I
SPECIFICATION OF TWO POWER MODULES USING GAN TRANSISTORS

Fig. 3. Identification of EM noise source by external source signals (GaN
module A).

Fig. 4. Identification of EM noise source by probe position (GaN module B).

generator. In this work, the parameters of external source sig-
nals were configured as follows: 1) the main power supply: 0
and 12 V; 2) the pulse frequency: 100 kHz and 1 MHz; and
3) the pulse duty ratio: 50%.

B. EM Noise Sources on Power Modules

We use a magnetic field probe to capture the near-field EM
noise to the device under test (DUT), as shown in Fig. 2.
Everything is placed inside an anechoic box to eliminate the
environmental noise. This measurement setup was extended
from the high sensitivity measurement system of our previous
work detailed in [10]. The frequency range of interest is
6 GHz to cover the wireless communication bands for LTE and
fifth-generation (5G) wireless systems. The following mea-
surements were performed with no load at the output stage of
a power module for simplicity; however, it was initially con-
firmed that the EM noise components in the bands of interest
above 500 MHz were insensitive to the sizes of resistive loads.

The EM sources are experimentally analyzed on the respec-
tive DUTs, as shown in Figs. 3 and 4, with different operating
conditions by strategically supplying source signals, and also
at different probing points over the assembly of GaN mod-
ules. The power supply module was operated in two different
states by varying the settings of the external signal source.
One was set as the basic operating state, with mains: 12 V,
operating frequency: 100 kHz, and duty ratio: 50%, with all
circuits driven. Therefore, the radiated noise generated from
the GaN device and the control unit was measured. The other
is with the main power supply set to 0 V and the switching
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Fig. 5. Frequency characteristics of EM noise from the output stage and the
control unit in GaN module A.

Fig. 6. Frequency characteristics of EM noise from the output stage and the
control unit in GaN module B.

operation of the GaN device is stopped. In this case, the only
radiated noise observed is the noise component generated by
the control unit. Thus, the source of radiated noise in the power
supply module was analyzed by changing the circuit operation
state and comparing the observed radiated noise components.
The following experimental results (Figs. 5 and 6) show the
results when the output stage is operating (including EM noise
from the output stage and the control unit, as shown by the
blue line) and not operating (excluding EM noise from the
output stage, as shown by the red line).

The probing point was set as shown in Fig. 3 for EM mea-
surements of GaN module A. Once the probe is set on the front
side of the control unit with an air distance of 3 mm, the total
distance becomes 7 mm from the output stage in its stacked-
board assembly structure. The typical EM noise is measured
by a spectrum analyzer, as shown in Fig. 5. EM noise from
the output stage is observed below 1.5 GHz, which is domi-
nated by the harmonic components to the switching frequency
given to the GaN transistors set by the pulse generator.

In GaN module B, the frequency characteristics of EM noise
from the output stage and the control unit were measured from
the respective side of the double-sided assembly structure. EM
noise from the output stage was dominantly observed below
2 GHz, as given in Fig. 6.

It is of interest to note commonly from the measured
frequency components on the modules A and B that the EM
noise sources of power modules are primarily divided into
two components: 1) the periodical switching operation of GaN
transistors in the output unit and 2) the logic operation of
CMOS digital circuits to control gate drivers on the control
unit. We generally find that the EM noise from the output stage
dominates the lower frequency side, while the others from the
control circuit are more likely present at the upper frequency
side. The crossover frequency is from 1 to 2 GHz, depending
on the design parameters.

The control unit emanates the equally spaced spurious units,
more particularly in the module A. The fundamental frequency

Fig. 7. Uniqueness of the EM noise components from GaN module A.

Fig. 8. Uniqueness of the EM noise components from GaN module B.

of the four spurs from the control units was 550-MHz band,
and their harmonics were observed at 6 GHz even when the
pulse signals were not supplied. The transformer coil in the
isolation part and the undervoltage lockout device (UVLO) are
presumed to be the sources of the EM noise since they operate
independently of the pulse signals.

The uniqueness of such EM noise components from the
output and control units was also evaluated. The EM noise
was measured among two samples, for each module A and B,
as compared in Figs. 7 and 8, respectively. In general, the
repeatability of measurements is confirmed. The EM noise
below 1 GHz dominated by the output unit is not different
among the two samples, as seen in both modules. On the other
hand, the four consecutive spurs apparently seen in the con-
trol unit regime of the module A are almost equivalent but in
different positions on the frequency axis among the samples,
as magnified in the 4-GHz band. The frequency components
in the same regime of the module B exhibit slight differences
among the samples.

In summary, EM noise generated by the control unit is
independent of the operating conditions of the power sup-
ply module while dependent on the inherent characteristics
of circuit structures (e.g., ULVO). This requires EM noise
evaluation to be executed for a given product and EMI
countermeasures to be tailored thereof.

III. EM NOISE CHARACTERISTICS AND INTERFERENCE

A. EM Noise in Different Operating Conditions

EM noise for the different switching frequencies of 100 kHz
and 1 MHz given to the output unit is measured as in
Figs. 9 and 10, respectively. EM noise enlarges around 20 dB
in magnitude in the whole 6-GHz band as commonly observed
among both modules. The magnified plots in the 2-GHz band,
dominated mainly by the output stage and often used in
wireless communication, are given in Fig. 11. The spurious
components regularly space each other with the respective
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Fig. 9. Operating frequency dependence (100 kHz and 1 MHz) of EM noise
characteristics in GaN module A.

Fig. 10. Operating frequency dependence (100 kHz and 1 MHz) of EM
noise characteristics in GaN module B.

Fig. 11. Spurious components from the output stage operating at 100 kHz
and 1 MHz.

operating frequency. On the other hand, the noise level from
the control unit was not changed since their internal clocking
frequency is independent. From these results, the operating
frequency of power modules critically affects the EM noise
frequency components.

B. EM Noise Interference on Cellular Communications

We analyzed the interference of EM noise on cellular wire-
less communications through wireless system-level simulation
based on the recorded EM noise data [9]. The simulation relies
on the models with RF parameters derived from receiver phys-
ical circuits in cellular communication and analyzes the impact
of EM noise on the minimum sensitivity of the receiver. There
is some error in the antenna gain compared to the actual
one. The data throughput of downlink signals, the carrier sig-
nal from a base station to user equipment (UE) in a cellular
network system, is calculated, considering the noise level at
the front end of a receiver. The minimum receivable signal
power density Pmin, is derived at 95% of the data throughput,
which is defined in the third-generation partnership project
(3GPP) [11].

EM noise from GaN module A in the bands of 800 MHz
and 4.5 GHz were measured and captured, as in Section II,
and then given to the wireless system simulation assuming
LTE and 5G cellular channels. The Pmin was degraded for 3
and 16 dB, in response to EM noise dominated by the output
stage in 800 MHz and that by the control unit in 4.5 GHz,

Fig. 12. Impact of EM noise from the output stage and the control unit on
cellular communications with 100-kHz switching.

Fig. 13. Impact of EM noise from the output stage and the control unit on
cellular communications with 1-MHz switching.

respectively, as shown in Fig. 12. The simulation framework
and RF models are detailed in [9].

In the case of high switching operation at 1 MHz, the Pmin
becomes more degraded by 17 dB in the 800-MHz band, as
is compared to the case in 100-kHz switching operation. On
the other hand, the impact by the control unit was almost
unchanged in the 4.5-GHz band, as shown in Fig. 13. The
wireless system-level simulation relates the EM noise to the
potential interference on wireless systems of interest.

IV. CONCLUSION

A power module using GaN transistors at its output stage
emanates the EM noise up to 6 GHz that covers the entire
frequency bands of sub-6 GHz for LTE and 5G. EM noise
power is not negligible for EMI in the nearby location of
wireless modules. The expedited adoption of WBG transistors
for energy efficient and area compact IoT devices makes the
problem more universal and the countermeasures necessary to
mitigate EM noise interference.

There are two primary noise sources: 1) an output stage
using WBG power transistors with periodical switching and
2) the control and gate driver stages with CMOS digital circuits
with clock signal externally given or even internally generated.
EM noise from the output stage circuit using GaN elements
was dominantly observed below 1.5 GHz in the setup of this
work. In addition, the frequency range and the noise level of
the EM noise based on GaN transistors depend on the operat-
ing frequency of switching power modules. EM noise from the
control circuit was mainly observed above 1.5 GHz. However,
this noise constantly emanated in the 6-GHz band regardless of
the behavior of GaN transistors. These observations are com-
monly confirmed among the two power modules using GaN
in the different assembly styles.

The targets of the noise countermeasures for wireless com-
munications are not only output stage circuits but also control
circuits in switching modules. The necessary level of noise
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reduction can be estimated through wireless system-level sim-
ulation that combines the measured EM noise and behavioral
models of wireless transceiver (radio-frequency) circuits as
demonstrated.

Further study will be continued for a more gener-
alized EM noise analysis over power modules in dif-
ferent WBG transistors and diversified power circuit
topologies.
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