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Prediction of Common Mode Far-Field Radiation for
a Low-Side Buck Converter With Cables via Feko
Electromagnetic Simulation

Weixin Wang ', Junping He

Abstract—The electromagnetic radiation emitted from the
power converter is readily capable of inducing failure of the electro-
magnetic compatibility certification. The development of an accu-
rate and reliable radiation model, as well as a prediction method,
could be effectively beneficial in resolving these challenges. This
article examines the equivalent driving sources and the electromag-
netic prediction of the common mode (CM) radiation of a low-side
Buck converter with cables. Based on the crucial concept of CM
voltage mutation, two distinct types of CM driving sources in such
a Buck converter are examined: the same-direction sources and
the opposite-direction sources. The radiation transfer functions
for various types of driving sources are then obtained using three-
dimensional modeling with an electromagnetic simulation tool, and
then the far-field CM radiation is methodically evaluated via the
superposition principle. Finally, a 30-MHz low-side Buck prototype
with shielded cables is appropriately fabricated and tested, two sup-
pression schemes are methodically suggested and verified, and the
influence of the cable and printed circuit board size on the transfer
functions is discussed in simulation. The proposed electromagnetic
radiation mechanism, prediction method, and suppression schemes
are anticipated to be of excellent significance in the analysis and
optimization design of CM radiation in dc/dc converters.

Index Terms—Common mode (CM) voltage mutation,
electromagnetic simulation, far-field electromagnetic radiation,
low-side buck converter, radiation mechanism.

1. INTRODUCTION

T IS well known that a power converter easily generates
I strong electromagnetic radiation due to its fast-switching
operation, which often causes the failure of electromagnetic
compatibility (EMC) certification or unexpected delays in prod-
uct development [1], [2]. Researchers have conducted a lot
of research work on this EMC issue, such as the formation
mechanisms, prediction approaches, and suppression techniques
of electromagnetic radiation of power converters [3], [4], [5].
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However, far-field radiation in nature is unintentional electro-
magnetic radiation, and its driving sources and radiator charac-
teristics are completely hidden and complex. The large number,
size, and densely packed passive/active components installed
in power converters further increase the complexity of analyz-
ing the radiation mechanisms [6]. Even worse, with the fast
application of wide-bandgap semiconductor switches in power
converters in recent years, their switching speed, which is on
the order of nanoseconds (ns) tends to generate stronger electro-
magnetic noise compared with the traditional silicon switches
[7], [8]. This brings more stringent EMC challenges to power
electronics researchers and designers, who urgently need to be
thoroughly examined and solved.

Up till now, researchers from all over the world have investi-
gated the mechanism of electromagnetic radiated emission (RE)
and reported that common mode (CM) currents on cables are the
main cause of electrical or electronic products exceeding the RE
standard below a few hundred MHz [9], [10], [11], [12], [13],
[14], [15], [16]. The equivalent voltage/current driven source
method and the imbalance difference method are two popu-
lar methodologies for examining unintentional CM radiation
sources and radiators in electronic products [9], [10], [11], [12],
[13], [14]. Unfortunately, for products such as switched-mode
power supplies (SMPS), there are many active or passive compo-
nents among the power cables, which makes it difficult to utilize
the above-mentioned methods. Yao et al. [15], [16] proposed the
equivalent antenna impedance approach to predict the far-field
radiation of Flyback power supplies and a nonisolated Buck
converter. However, the proposed approach was difficult to
handle scenarios with multiple CM driving sources or complex
layout cables. He et al. proposed the concept of generalized
CM potential (GCMP) to identify the longitudinal CM voltage
mutation and carefully examined the equivalent CM driving
mechanisms and parasitic radiator’s analytical calculations for a
Buck and a Boost converter [17], [18]. This methodology could
effectively identify multiple CM radiation driving sources, but
these investigations employed approximate antenna structures
and analytical formulas, which could readily lead to errors. In
particular, the aforementioned radiator’s analytical method is
difficult to apply to main circuits or power cables with complex
structures, and its calculation process was also cumbersome,
which thereby cannot be recommended for power supply de-
signers. Fortunately, commercial electromagnetic simulation
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software has now been vastly developed, and physical modeling
and far-field calculation methods of complex radiators have also
matured. Therefore, this article aims to combine the GCMP
method with electromagnetic simulation tools for the first time
to explore the accurate mechanism model and quantitative pre-
diction method of far-field radiation in SMPS. Specifically, this
study identifies several radiation driving sources for a very high
frequency (VHF) low-side Buck converter with shielded cables,
adopts the Feko electromagnetic software to precisely model
and quantify the radiation characteristics of the multisegment
radiator structure, and ultimately achieves precise prediction,
characteristic analysis, and suppression design of the converter’s
far-field radiation.

The rest of this article is organized as follows. First, based on
the GCMP concept, the same-direction voltage driving mode
and the opposite-direction voltage driving mode for cables
with two CM voltage mutations are methodically introduced.
In Section II, the preliminary prediction methodologies for
the CM far-field radiation of the cables are proposed. Then,
a low-side Buck converter with shielded cables is introduced
in Section III, and the equivalent CM driving sources of the
main circuit are analyzed and decomposed using the method
proposed in the former section. In addition, for complex radi-
ators with multiple driving sources, the Feko electromagnetic
software is utilized for 3-D modeling, and the far-field radia-
tion transfer functions of various submodes are calculated in
Section IV. Thereafter, the far-field radiation prediction, radia-
tion characteristics, and two suppression schemes of the low-side
Buck converter are verified in some detail within Section V.
Finally, the effects of dimension changes of the main circuit and
cable on the radiation propagation are appropriately simulated
and discussed. The methodologies and results of this article
are anticipated to have very good significance for the analysis,
prediction, and improvement of far-field REs encountered by
power electronic converters.

II. CABLES WITH MULTIPLE EQUIVALENT CM DRIVING
SOURCES AND THE FAR-FIELD RADIATION FORMULAS

The CM voltage mutation methodology could readily identify
the equivalent CM driving source in cables. This section first
briefly reviews this approach, then investigates the CM voltage
mutation phenomena when there are multiple active or passive
components among cables, and proposes prediction formulas
for the CM far-field radiation of cables with multiple driving
sources.

A. Equivalent CM Driving Source Produced by CM Voltage
Mutation

Recent studies and experiments have revealed that CM voltage
mutations on cables or components are the equivalent driving
sources with clear physical meanings for the formation of CM
currents [10], [15]. It is convenient to identify various CM
voltage mutation phenomena in cables or circuits via the GCMP
concept, and the key viewpoints of this approach can be sum-
marized as follows.
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Fig. 1. CM voltage mutation between two transmission lines.

In Fig. 1, the left cable A and the right cable B are con-
nected through two voltage sources Vg and V. The cable A is
composed of conductors 1 and 2, and the cable B is composed
of conductors 3 and 4. Vi or Vp can represent the voltage on
small-scale active or passive devices at the interface. Based on
the principle of equal total charge to ground [15], the generalized
CM voltage of the left cable and the right cable, which are,
respectively, denoted by Vona and Vous, can be expressed by
(1) and (2)

Ci Ca
1% = V; Vo = k1 V4 1—Fk)Va
CMA 11t Coa 1+C'11+C’22 2 Vi +( 1)Va
(D
C3 Caa
Vens = 1% Vi = ksV + (1 — k3) Vi
CMB CoatCoua 5+C’33+C44 4 3 Vs + ( 3)Va

2

where the coefficients k; and k3 are simplified representations
of the capacitance relationship, i.e., the asymmetry coefficients
as displayed in [10]. In addition, V; denotes the voltage of the
ith conductor with respect to ground, Cj; represents the self-
capacitance unit length of the ith conductor, and the numerator
factor i signifies the serial number of the conductor.

A sudden CM voltage change will happen at the interface, i.e.,
CM voltage mutation AV in (3), and it is also shown by the
dashed voltage source symbol in the middle of Fig. 1. Vpya and
Vbums in (3) denote the differential mode (DM) voltages of cable
A and cable B, respectively. The voltage mutation is determined
by the conductor structure parameters and the voltage in DM
channels only, so it can be treated as an independent equivalent
driving source in CM channels

AVem =Vema —Vems =k1Ve+(1—k1) Ve + (k1 —ks) Vous.
3
There are two type causes for the CM voltage mutation
occurring at the interface. The first is that the longitudinal voltage
sources between the cables can become a CM voltage driving
source, i.e., the expression k; Vg+(1-k1)V . The second is that
the transverse DM voltage between the conductors can also
become a CM voltage driving source as the cross-section of
the two cables alters, i.e., the term “(k1-k3)Vpump™ in (3).
This equivalent CM voltage driving source, AV is capable
of driving the left cable and the right cable to form a parasitic
radiator and produce CM far-field radiation [10], [13], [14], [15].
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Fig. 2. Cables with two CM voltage mutation sources. (a) Cables structure.
(b) Simplified CM driving sources and cables.

B. Cables With Two CM Driving Sources and Their Radiation
Predictions

For a piece of electrical or electronic equipment, multiple CM
voltage mutations often occur between input and output cables
[13]. This section takes three cables with two CM voltage mu-
tations as an example to introduce the CM radiation prediction
method.

1). Two CM Driving Sources and Radiation Prediction:
Fig. 2(a) illustrates three cables with two CM voltage muta-
tion interfaces among them. Setting the left side CM voltage
mutation as AVcyp, and the right side one as AVeyr, then
these CM voltage mutations will act as the CM driving sources.
Furthermore, the above three cables with voltage sources can be
redrawn as Fig. 2(b) [18]. It can be easily understood that this is
a complex radiation structure with multiple driving sources and
multiple conductors.

According to the superposition theorem of a linear system, the
total radiation of these radiators with multiple driving sources
can be considered as the superposition of the radiation produced
by every individual driving source. To this end, the transfer func-
tion of the radiators is set as T avcomr, when AV, acts alone,
and the transfer function is taken as Tavcvmr wWhen AVeur
acts alone; then, the total radiation E;.:,; can be calculated via
the following equation:

Ea(r, 0, h) = AVemr T avemr(r, ¢, h)
+ AVemrT avemr (7, ¢, b) “4)

where r, p, and & represent the cylindrical coordinates of the
observation point. Equation (4) also means that as long as the
driving sources and transfer functions are specified, the radiation
intensity can be rationally predicted.

2). Two Type CM Subdriving Sources and Their Radiation
Prediction Method: Furthermore, the two CM driving sources
of Fig. 2(b) can be decomposed into a dual-sub-driving source
model with the same direction and magnitude, as illustrated in
Fig. 3(a), and a dual-subdriving source model with the same
magnitude but opposite direction, as demonstrated in Fig. 3(b).
The values of the subdriving sources, namely AVcnss and
AVemso, can be evaluated via (5) and (6), respectively, [18]

opposite-direction sources mode.

AVemss = (AVewmr, — AVemr)/2 ®)

AVemso = (AVemr + AVomr)/2. (0)

Similarly, the far-field radiation generated by AVeyp, and
AVemr in Fig. 2(b) can also be considered as the sum of the
far-field radiation generated by the AVcnss and AVeusos
respectively, as illustrated in Fig. 3(a) and (b). The following
equation is able to clearly represent the above-mentioned rela-
tionship:

Eioar(r, 0, h) = AVemssT avouss (7, ¢, h)
+ AVemsoT avemso(r, ¢, ) (7)

where Tavcenvss denotes the radiator transfer function when
AVeoumss acts alone, and Tayemso represents the radiator
transfer function when AVenmso acts alone.

By the way, the proposed subdriving source models in Fig. 3
possess fairly clear mathematical definitions and physical mean-
ings in fact. In particular, when the size of cable B is rela-
tively small, AVenmssTavemss represents the radiation driving
source between cable A and cable C, and its role. In addition,
AVeomsoT avemso represents the radiation driving source from
cable B to cable C and cable A, and its role. In Section III, a
low-side Buck converter with cables is taken as a typical example
for detailed analysis and application.

III. FAR-FIELD RADIATION MECHANISM MODEL OF A
Low-SIDE BUCK CONVERTER WITH CABLES

The low-side Buck converter is a common nonisolated power
supply and is often utilized in the field of power semiconductor
switching characteristic tests and LED lighting, etc. This section
investigates the CM radiation mechanism and model of the low-
side Buck converter with horizontal cables using the proposed
CM voltage mutation and dual-driving-source approach.

A. Low-side Buck Converter With Cables and its CM
Radiation Analysis

Except for the switch on the negative bus, the function of a
low-side Buck converter is similar to a normal Buck converter.
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Fig. 4. Low-side Buck converter and its main structure. (a) Main circuit.
(b) Main geometrical structure of the converter.

The CM driving sources of the low-side Buck can be readily
identified and quantified via the preceding CM voltage mutation
approach.

Fig. 4(a) illustrates the circuit topology of a low-side Buck
converter, and Fig. 4(b) demonstrates the main geometrical
structure of the studied low-side Buck converter with horizontal
input and output cables. For the convenience of analysis and
experiment, the size of the active and passive components in
this converter is set smaller than that of the printed circuit board
(PCB) trace of the main circuit. The cross-sectional area of the
PCB traces also remains generally constant and straight. As
a result, the dominant electromagnetic field between the PCB
traces would chiefly be the quasi-transverse electromagnetic
mode (QTEM). The inductor L and the semiconductor switch M
can be viewed as longitudinal voltage sources due to their small
geometric dimensions.

Fig. 4(b) also presents the meaning and positive direction of
each voltage symbol. According to the CM voltage mutation
analysis in Section II-A, this Buck converter possesses four CM
voltage mutations at interface 1 to interface 4 in total, namely
AVembi to AVenpy, as illustrated at the top of Fig. 4(b). These
are the interface between the input cable and the PCB traces, the
two terminals of the switch M, the two terminals of the inductor
L, and the interface between the PCB traces and the output cable.

The values of these four CM voltage mutations can be evalu-
ated as follows:

AVempi = (kpcp — Kincab) Vin (3)
AVemsz = kpegVr — (1 — kpeB) Viop: ©)
AVemss = kpcs Ve +(1 — kpcs) Vot (10)
AVemss = (kpcs — Koutcab) Vour (11

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

Output cable
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Fig. 5. Simplified two equivalent CM driving sources model of the low-side
Buck converter with input and output cables.

in which kiycab, kpcoB, and koyteap in order represent the asym-
metry factors of the input cable, the PCB traces, and the output
cable; Vi, and Vi, denote the input voltage and output voltage
of the converter, respectively; Vs and Vi, in order signify the
voltage crossing the semiconductor switch and the inductor; and
finally, Vop2 and Vo1, represent the voltage drop of the PCB
trace just above the switch and under the inductor, respectively.

Under the driving of the CM voltage mutations mentioned
above, this Buck converter and its cables generate CM cur-
rent and electromagnetic radiation. The number of four driving
voltage sources listed above is still relatively large, and if each
driving source is considered separately, the radiation treatment
will be time-consuming. Since AVcypy is very small because
the V;, ripple is generally small and the two driving sources on
the left side are very close in space, AVcyp: and AVeyge can
be rationally merged into one source to simplify the processing,
namely AVeypr. Similarly, the two driving sources on the right
side, AVcmps and AVenpy, can be merged into one source,
AVeumr. Then a simplified CM model with two driving sources
of the low-side Buck converter can be obtained in the following
form as Fig. 5:

AVemr = AVemsi+AVems?
AVemr = AVemes+AVemss.

12)
(13)

It can be observed that the CM model presented in Fig. 5 is
almost identical to that demonstrated in Fig. 2(b); therefore, (7)
can be applied to CM radiation prediction of the low-side Buck
converter with horizontal cables.

B. CM Radiation Model of the Low-Side Buck Converter With
Shielded Cables

Fig. 6 demonstrates the overall layout and detailed structure
of the low-side Buck converter with horizontal shielded input
and output cables in the present investigation. Several special
designs are adopted here to avoid the effects of DM radiation.
For example, shielded input and output cables are utilized to
eliminate their DM radiation. The input battery and load resistor
are commonly designed with the same diameter as the cables and
are also shielded. The small M-switch driver circuit is shielded
by a metal shell. Therefore, the radiation structure of Fig. 6
is mainly CM in nature, and its CM far-field radiation can be
calculated via the formulas in Section II after determining the
CM driving sources and radiation transfer functions.

1). CM Driving Source AV o1, and AV oy and Their Mea-
surement: The main CM driving voltages of the low-side Buck
converter (AVenr and AVeyr) can be readily determined in
fact, and their derivation details are explained below. Since
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the shielded cable is utilized for the input and output parts,
kincab and kouicap Would be reasonably equal to zero. The PCB
trace width of the top and bottom layers is the same here, so
kpcp is rationally equal to or very close to 0.5. According to
the definition of the CM voltage AV, it is evaluated as
Vin/2+(Vyr —V1op2)/2, and coincidentally, this voltage can be
simplified to V¢ according to the following equation:

AVemr = Vin/2 + (Var — Vror2)/2
= (Vb + Viou + Vr + VBorr + Viropt + Virop2
+ Viops + Vir — Vigp2) /2
=Vp/2+ Vot + Var + Vaor

= Vos'- (14)

In this relation, the value of Vo, is almost equal to the value
of Vpot; below it, because the widths of the upper- and lower-
layer PCB traces are the same, that is, the impedance and the
working current through them are almost the same. Therefore,
it can be finally found that AV, is equal to the voltage Vg,
which is just the voltage between the midpoint O of the diode
D and the outer skin point S* of the input coaxial cable. This
O point can be made by connecting two series resistors R with
appropriate resistance to the diode D in parallel. That is, the Vg
can be measured directly, as demonstrated in Figs. 4(b) and 6.

Similarly, AVoyug can also be determined as Vg based on
(15), and it can be measured by the voltage between point O and
the outer skin point S of the output coaxial cable, as illustrated
in Figs. 4(b) and 6

AVemr = (Vour + VL + Vo) /2 = VD /2 + Var = Vos.
(15)
2). CM Driving Source AV opyss and AV eyso and Their
Physical Meanings: Utilizing the measured AV, or AVeur
voltage, the decomposed CM subdriving voltage sources
(AVemss and AVenso) can be calculated with the given details
as follows:

2AVvCMSS = AVvCML - AVvCMR - os’ - V:)s = Vsg’ (16)
AVemso = (AVem+AVemr)/2 = (Vin+Vie+Var) /2. (17)

It can be seen that AVcoyss and AVeuso of the radiation
model have clear physical meanings as mentioned in Sec-
tion II-B2. For example, 2AV\ss, that is, Vg, represents the
longitudinal CM voltage difference between the input and output
cables, which s also close to the Vj; of the M-switch. In addition,

Overall structure of the low-side Buck converter and its horizontal shielded cables.

AVemso can be determined by the input voltage Vi, the voltage
drop V1, on the upper-left PCB, and the voltage drop Vg on
the lower-right PCB. Due to the closeness of Vi, to dc, AVemso
can be reasonably determined by the latter two, representing the
transverse voltage from the main circuit of the low-side Buck
converter to the shielded cables. The abovementioned features
can be directly utilized for the RE analysis, prediction, and
suppression design of this power converter.

C. Total Far-Field Radiation Formula for Horizontal Cables
With Two Subdriving Sources

When the input cable, output cable, and converter are horizon-
tally laid out above the ground plane during RE testing, the CM
far-field radiation essentially remains the horizontal component.
Under such a circumstance, the total horizontal CM radiation
intensity of the cables would be the sum of the field intensity
formed by the same-direction driving sources AVcnss and the
opposite-direction driving sources AVciso, and the calculation
expression is given by

E (¢, h) = AVoumssT avemsse (7, ¢, h)

+ AVemsoT avemsoy (1, 0, h) - (18)

where Eyota1, Tepresents the total horizontal field intensity
generated by AVeyss and AVenso.

The driving voltage values can be obtained through the above
measurement, but it is difficult to evaluate the radiation transfer
functions through the analytical antenna calculation. Therefore,
this article uses the electromagnetic simulation tool for its rea-
sonable calculations. For this purpose, the specific modeling and
simulation process are introduced in Section IV.

IV. ELECTROMAGNETIC MODELING AND TRANSFER FUNCTION
SIMULATION OF THE RADIATOR WITH TWO DRIVING SOURCES

The 3-D modeling of the radiator composed of shielded
cables and PCB is first presented using the Feko electromagnetic
software, and then the simulation results of the spatial radiation
transfer functions are introduced in this section.

A. Three-Dimensional Electromagnetic Model of the Radiator
With Two CM Driving Sources

The horizontal shielded cables and PCBs form an uninten-
tional radiator with a complex structure. Establishing an accurate
3-D electromagnetic simulation model is necessary to precisely
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Fig. 7. Three-dimensional electromagnetic simulation model utilized for the
shielded cables and PCBs. (a) Overall view of the Feko model. (b) Enlarged
PCBs model of the converter.

determine the radiation transfer functions of the parasitic radia-
tor. Feko software is a powerful full-wave 3-D electromagnetic
simulation tool that supports various algorithms such as the
method of moments and finite element analysis, and is particu-
larly suitable for modeling and analyzing various antennas. This
study uses it for modeling and simulating transfer functions [19].

As apractical example, the main dimensions of the cables and
PCBs in Fig. 6 are as follows. The input cable of the converter,
including the battery’s shielded shell, is 1.2 m long, and its ex-
ternal diameter is 9.2 mm. The output cable, including the load’s
shielded shell, is 0.5 m long, and its external diameter is 3.6 mm.
The entire PCB of the low-side converter is about 6.0 cm long,
1.43 cm wide, and 0.4 mm thick. The PCB is roughly divided into
three segments with lengths of 14.3, 28.7, and 14.3 mm. During
the electromagnetic modeling of the unintentional radiator, the
input cable, output cable, and PCBs are modeled according to
the above dimensions, and the insulation layers of the cables
are ignored. Fig. 7(a) illustrates the entire 3-D electromagnetic
model of the radiator using Feko Suite 7.0 software. In this
figure, the height / is set as 1 m, and the main dimensions of the
cables and PCBs are also specified clearly. The red-blue dots
in the middle of the figure represent the CM driving voltages
along the main circuit PCBs. The bottom plane is the metal
ground, and the cylindrical coordinates are also demonstrated.
Fig. 7(b) illustrates the magnified electromagnetic model of the
PCBs of the low-side Buck converter. The detailed dimensions
of PCBs are also provided, and the two types of CM subdriving
sources are clearly marked as red-blue stripes, which represent
just red-blue dotted marks in Fig. 7(a).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

B. Radiation Transfer Function Simulations at Different
Observation Positions

According to the structure of Fig. 7(b), the voltage of the
two driving sources AVcygss should be set as +1 and +1
V in the 3-D Feko model, then the horizontal field intensity
at a certain observation point in space can be simulated and
calculated. In fact, the value of this field intensity is just the
horizontal radiation transfer function Tavcmss, of the driving
source AVevss. In the present study, three observation points
are selected as typical observation positions: (r = 10 m, ¢
=90° h =1 m), (10 m, 90°, 4 m), and (10 m, 45°, 1 m).
The magnitude and phase curves of the horizontal transfer
function Tavcmss, are obtained via Feko electromagnetic
simulation at the observation point (10 m, 90°, 1 m), and they
are demonstrated in blue in Fig. 8(a) and (b), respectively.

Similarly, the horizontal transfer function Tavcmso, under
the driving sources AVcnso can be simulated after setting the
two AVenso voltage sources as +1 and +1 V in Fig. 7(b). The
simulated magnitude and phase curves are also demonstrated
in red in Fig. 8(a) and (b), respectively. It can be seen that the
magnitude of the Tavcmso, is generally smaller than that of
the Tavcmss,, indicating that its radiation capacity is smaller
than that of the former. This actually corresponds to the direction
of the CM currents on the input and output cables.

Furthermore, Figs. 9 and 10 demonstrate the Feko simulated
horizontal transfer function curves produced by AVyss and
AVenmso at (10m, 90°,4 m) and (10 m, 45°, 1 m), respectively.
Although their magnitudes are dissimilar, the magnitude curves
of Tavcmsoy are overall smaller than that of Tavemsse-

To verify the effectiveness of Feko simulation, this study
utilizes ANSYS HFSS electromagnetic software to simulate the
magnitude transfer functions at every observation point too [20].
The results of the HFSS-based simulations are also exhibited
with dashed green and light purple curves in Figs. 8(a)-10(a),
and it can be seen that the Feko results are reasonably consistent
with the HFSS results in general.

V. EXPERIMENT AND VERIFICATION

To validate the proposed far-field radiation models and predic-
tion method, a prototype of a 30-MHz low-power VHF low-side
Buck converter is fabricated and described in this section. The
main specifications and structure of the prototype are first in-
troduced, and then the radiation prediction and verification are
carried out. The radiation characteristics of different exciting
sources are investigated, and two effective suppression designs
are implemented at the end.

A. 30-MHz Low-Side Buck Converter Prototype

Fig. 11 illustrates the prototype of the 30 MHz low-side Buck
converter fabricated in this study. This power converter uses GaN
chips to achieve high-speed switching of several tens of MHz.
The key components and PCB traces are generally the same, as
demonstrated in Fig. 4(b), and the main geometric dimensions
are also mentioned in the photograph. It should be noted that
the PCB length between GaN and L is relatively long, which
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is supposed to be closer to the QTEM mode and also leads to
increased switching oscillation. The low-side GaN is placed on
the top layer of the PCB for ease of installation and welding, but
it is modest and has little impact on the CM driving source and
radiation. Therefore, it is still evaluated here using the layout of
Fig. 4(b).

The main performance indicators and parameters of the
low-side Buck converter are listed in Table I. In this table,
C; denotes paralleled ceramic capacitors with Cj, to improve
high-frequency impedance. Cs acts similarly and is connected in
parallel to Cy,. The PCB of the converter represents a two-layer
thin plate with a thickness of only 0.4 mm, which reduces the
radiation of the DM current of the main circuit as small as
possible.

Fig. 12 depicts the actual layout and main geometrical param-
eters of the low-side Buck converter with shielded cables, which
are actually identical to those presented in Fig. 7. The input and

TABLE I
MAIN PERFORMANCE INDICATORS AND PARAMETERS

Parameter (symbol) Magnitude (unit)

DC input voltage (Vi,) 12 (V)
DC output voltage (Vou) 6.5 (V)
Output load 10 (Q)
Switching frequency (f;) 30 (MHz)
Inductor (L) 0.56 (uH)
Capacitor (Cini Cour1) 47 (uF)
Capacitor (C;— C,) 0.022 (uF)
Duty cycle ratio 50 %

GaN (M)
Diode (D)

GS61004B, 100 V, 38 A
PMEG4020EPK X2,40 V,2 A

output cables of the converter adopt coaxial cable to effectively
eliminate the influence of DM radiation. The input cable model



12836

=20

-40—

Magnitude (dB)
&
S
|

-80—
-100—““““‘;' = Tavemsss'FEKO = T)vemso-FEKO H
=== Thvomss-HFSS Txvemso-HFSS

-120 T T T T T T 1

30 60 90 120 150 180 210 240 270 300

Frequency (MHz)
(a)
Fig. 10.

=

Fig. 11.  30-MHz VHF low-side Buck converter prototype.

Shielded battery g‘« i

Fig. 12.  Actual layout of the low-side Buck converter and its shielded cables.

is taken as RG-214/U, whose outer shielding diameter is 9.2
mm, and the output cable model is taken as RG-58/U, whose
outer shielding diameter is 3.6 mm. In this study, the method
of connecting 8 small AAA 1.5 V cylindrical lithium batteries
in series and applying copper foil shielding with a diameter
almost the same as the input coaxial line at the same time is
effectively employed to avoid the nonideal effect caused by a
common large-volume 12 V power supply battery; similarly,
the above-mentioned copper foil shielding method is utilized
for the load resistance of 10 2 to also avoid the influence of
DM radiation. Finally, the input cable with the battery is 1.2 m
long, the output cable with the load is 0.5 m long, and the main
circuit PCB is 6 cm long. A 6-V button lithium battery powers the
driving signal circuit, which is housed in a thin copper shell. The
copper shell is located just below the PCB and is connected to the
negative electrode of Vi, and the driving signal is transmitted
to the GaN gate via short wires.
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B. CM Far-Field Radiation Prediction and Verification

1) CM Driving Sources and Their Spectrum: The main CM
driving voltages of the low-side Buck converter (AVgyyr, and
AVeumr) can be directly measured by a digital oscilloscope,
that is, V¢ and Vg in Fig. 6. The same-direction driving source
AVeuss, and the opposite-direction driving source AVenmso
can be calculated by (5) and (6), respectively. Then, the fast
Fourier transform (FFT) technique is utilized to obtain their
alternating spectrum.

Fig. 13 demonstrates the measured voltage waveforms of
Vin, Vs, Vp, and Vpr, by a Tek MSO 44 oscilloscope with an
input impedance of 10 M//3.9 pF. The oscillation of the diode
voltage Vp in the figure is somewhat large, which is essentially
attributed to the fact that the PCB trace length is not deliberately
minimized. Overall, the waveforms show that the VHF converter
is working properly. Fig. 14 illustrates more of the measured CM
voltage waveforms of AV, and AVenr by the Tek MSO 44,

Fig. 15 demonstrates the calculated CM voltage waveforms
of AVemss and AVeymso. The spectrum of AVeyss and
AVemso can be evaluated via the FFT-based approach, and
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(a) Calculated AVcmss. (b) Calculated AVenso.

their magnitude and phase curves are illustrated in Figs. 16 and
17, respectively.

It should be noted that the voltage divider resistor R of diode
D in parallel is set to 100 §2, so the load effect impact of the
oscilloscope probes can be rationally ignored in the present
investigation. This also means that the calculated spectra in
Figs. 16 and 17 are almost the same as their actual values when
the oscilloscope probes are disconnected.

2). CM Radiation Prediction and Verification

Taking into account the spectra of CM driving voltages and
the horizontal transfer functions T, in (18), the horizontal field
intensity formed by the same-direction driving source AVcnss,
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the field intensity formed by the opposite-direction driving
source AVcowmso, and the total horizontal field intensity Eiotal,
can be predicted.

The total horizontal field intensity Eiota1, can also be mea-
sured at a standard RE test site. The actual scenario of a far-field
RE test in a 10 m commercial semi-anechoic chamber has been
presented in Fig. 18. The coordinate system in Fig. 18 is the
same as that in Fig. 7(a).

Fig. 19 illustrates the measured and predicted horizontal
electric field intensity at three typical observation positions.
The cylindrical coordinates of the observation positions are
represented by (10m, 90°, 1 m), (10 m, 45°, 1 m), and (10 m,
90°, 4 m). It can be seen that the predicted electric intensities
are generally consistent with the measured electric intensities.
At most harmonic frequencies, the prediction error is approxi-
mately 3—6 dB, with a few exceptions at frequency points below
300 MHz.

To quantify and evaluate the consistency between the pre-
dicted data and the measured data, the feature selective valida-
tion methodology is most commonly used [21]. The overall con-
sistency results are very good, indicating that the predicted data
exhibit very good consistency. Therefore, the above-mentioned
measurement results generally confirm the feasibility and valid-
ity of the proposed prediction method.

C. Radiation Roles Analysis of Two Type CM Driving Sources

Based on the above-mentioned prediction model, the role of
the specific radiation AVenmss and AVenso can be analyzed
separately. Fig. 20 illustrates the predicted radiation field inten-
sity generated by AVenmss and AVenso in the typical position
(10 m, 90°, 1 m). The plotted results are indicative of the fact
that the radiation field generated by AV\ss is generally much
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higher than that of AVyiso in most of the frequency bands from
30 to 300 MHz. The reason behind this fact is that the parasitic
antenna between the input cable and the output cable exhibits a
higher radiation efficiency than the parasitic antenna between the
PCBs and the input/output cables. Although Eavcmso, reaches
its maximum at the points of 210 and 240 MHz, the magnitude
of Eiotaly 18 still close t0 EavoMss,-
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It should be noted here that the radiation structure demon-
strated in Fig. 6 can also be considered as an asymmetric antenna
and its excitation source is the voltage V), passing through the
GaN switch from the traditional point of view [16]. The voltage
waveform of 2AVcss, i.€., Vg can be found to be very close
to the voltage waveform of V; according to the circuit diagram
of Fig. 4(b) and the measured voltage waveforms in Figs. 13
and 15(a), so the proposed radiation model could include and
explain the traditional radiation analysis model. In addition,
this new proposed model is able to clearly identify the second
cause of far-field radiation exceeding the CISPR22 Class B
standard from 75 to 300 MHz, which is the radiation Evycmso,
generated between the high dv/df conductors in the main circuit
and the input/output cables. From the perspective of radiation
suppression design for the EMC certification of the product, all
causes must be considered and carefully investigated. Therefore,
this new model provides a more accurate physical picture and
could promote an up-to-date understanding of EMI for power
designers [22].

D. CM Far-Field Radiation Suppression Designs

For the CM driving source AVcvss, the low-side Buck
converter is directly applied between the input cable shield layer
and the output cable shield layer, so that strong radiation is easily
generated. This voltage is physically generated by the V;; of
GaN and cannot be reduced simply. For instance, an RC snubber
design could lessen part of the spectrum of V;, thus reducing the
far-field radiation, but it increases the Buck converter loss during
switching. To reduce the parasitic radiator driving voltage, this
study proposes two suppressions. The first is to place a CM filter
between the input and output cables, and the second is to change
the position of the inductor L to the negative bus.

1). CM Filter Suppression Design: Fig. 21(a) demonstrates
the principle of the CM filter and its position, which consists
of a high-frequency CM choke Lcy and two C'y capacitors. Its
suppression principle is briefly explained as follows: The CM
driving voltage 2A Vg is mainly borne by Lcyg, while 2Cy
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Fig. 21. CM filter suppression design at the output port. (a) Circuit principle
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further causes a voltage decrease of V.. The snapshot of the
low-side Buck converter with the filter is presented in Fig. 21(b).
Here, a large metal ground board is utilized to reduce the ground
impedance of the Cy capacitors.

The inductance of this CM choke is 0.59 mH, it has a Mn—Zn
toroidal core and a 10-turn coil, and the Cy is set as 22 nF.
Fig. 22 demonstrates the CM filter’s suppression effect on the
CM voltage Vgs and the radiation at the typical position (10m,
90°, 1 m). According to the measured voltage waveforms in
Fig. 22(a), it can be seen that the amplitude of Vgg- significantly
decreases after applying the CM filter. From the measured radi-
ation intensity in Fig. 22(b), it can also be seen that the radiation
intensity is reduced by more than 20 dB between 30 and 210
MHz and is also reduced up to 300 MHz. The test results reveal
that this CM filter design provides a good suppression effect.

2). Position Change Design of the Inductor L: Fig. 23(a)
shows the suppression design of changing the position of the
inductor L to its negative bus. Fig. 23(b) and (c) illustrates the
actual prototype of this suppression design. In this suppression
design, the PCB size is basically taken the same as Fig. 9, the
positive bus trace is considered on the top layer, and the switch
M and the inductor L are welded at the bottom layer.

Since the voltage V), in the switch M is directly borne by the
inductor L, the V¢ voltage is substantially reduced, which could
effectively lessen the CM radiation. In other words, V4 would
be equal to Vyut -Vin+Vrpep as shown in Fig. 23(a), and Vi, and
Vout are close to dc, so, Vi is chiefly determined by Vrpcp. The
positive bus impedance is relatively small, resulting in a small
voltage drop value related to Vrpcg. Fig. 24 demonstrates the
suppression effect of the new position design on Vgg> and the
radiation at the typical position of (10 m, 90°, 1 m). According
to the measured voltage waveforms in Fig. 24(a), it can be seen
that the amplitude of Vgg clearly decreases when L is moved
to the negative bus side. From the measured radiation intensity
in Fig. 24(b), it can also be seen that the radiation intensity is
reduced by more than 10 dB between 30 and 180 MHz, except
for a 5 dB reduction at 90 MHz. The results of this experiment
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show that the inductor’s position change design also provides a
good suppression effect.

VI. DISCUSSION

The radiation measurement results of the low-side Buck con-
verter in Section V show that the proposed prediction method-
ology is effective. However, the predictions are made under
certain conditions such as fixed power cable and layout, PCB
layout, and load. For a real product, there may be large changes
in the physical structure of the main circuit, component size,
cable length, and diameter. These changes will undoubtedly
cause variations in the voltage of the switches, input or out-
put voltage ripple, as well as the distribution and intensity
of far-field radiation. The detailed analysis, testing, and study
of the specific influence of these factors on far-field radiation
definitely brings more technical challenges and requires more
in-depth work. This is also beyond the scope and purpose
of this article at present. Therefore, as an effort, this section
essentially analyzes and discusses the influence of cable and
PCB size factors on the radiation transfer functions from 30 to
150 MHz.
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A. Influence of the Output Cable Length for the Case of
Unchanged Input Cable and PCB Dimensions

1). Transfer Function Tavcuss,e Simulations and Discus-
sions: By keeping the input cable length of 1.2 m and the
PCB length of 6 cm, Feko software is then utilized to simulate
the transfer functions Tavcmss, for various scenarios where
the output cable length is set equal to 0.1, 0.5, and 1.2 m.
Fig. 25 illustrates the simulated magnitude-frequency curves of
the transfer function T'avcwmss, at a typical observation point
with coordinates (10 m, 90°, 1 m). The plotted results indicate
that as the output cable length increases, the frequency of the
first peak decreases, and at the same time, the magnitude of
the transfer function before the first peak increases. This also
means that shortening the cable length is beneficial to reduce
the radiation efficiency of the SMPS in the lower frequency
band.

2). Transfer Function Tavcouso Simulations and Discus-
sions: By keeping the input cable length of 1.2 m and the PCB
length of 6 cm, the transfer functions Tavcmso, are simulated
similarly in the presence of the output cable lengths of 0.1,
0.5, and 1.2 m. Fig. 26 demonstrates the simulated magnitude-
frequency curves of the transfer function at the observation point
with coordinates (10 m, 90°, 1 m). The illustrated results reveal
that as the length difference between the input and output cables
decreases, the value of the radiation transfer function generally
lessens. In addition, as the output cable length reaches the same
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1.2 m as the input cable, the radiation transfer function dras-
tically reduces below 100 MHz. This indicates that designing
equal-length input and output cables is substantially beneficial to
reduce TavcMsog- It is also worth mentioning that this feature
is significantly different from Tavcmsse-
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B. Influence of the PCB Dimensions for the Case of
Unchanged Input Cable and Output Cable Size

1). Transfer Function Tavcuss, Simulations and Discus-
sions: By taking the input and output cable lengths of 1.2
and 0.5 m, respectively, the transfer functions Tavcmss, can
also be simulated for various scenarios where the lengths of
the main circuit of PCB are set equal to 1.4, 6, and 10 cm.
Fig. 27(a) illustrates the simulated magnitude-frequency curves
of the transfer function Tavcomss, at the observation point of
coordinates (10 m, 90°, 1 m). It is observed that both the first
peak frequency and the radiation efficiency remain essentially
unchanged when the PCB size is much smaller than the input
and output cables, that is, the resulting impact is not significant
when the PCB size is relatively small. So, the PCB dimension
is further altered to examine its radiation effect.

The PCB dimensions are set to 6 cm in length with 1.4, 6,
and 10 cm in width, respectively, and the simulation results are
shown in Fig. 27(b). It is observed that the effect is also not
significant when the PCB size is relatively small.

2). Transfer Function Tavcyso, Simulations and Discus-
sions: Through maintaining the input cable length of 1.2 m
and the output cable length of 0.5 m, the transfer functions
TAavceMsoy are also simulated for the different scenarios, mainly
considering the PCB length of the main circuit equal to 1.4,
6, and 10 cm. Fig. 28(a) illustrates the simulated magnitude-
frequency curves of the transfer function Tavcmso, at an
observation point of coordinates (10 m, 90°, 1 m). The plotted
results are indicative of the fact that the frequency of the first
peak slightly decreases when the length of the PCB length
increases. However, the magnitude of the curves substantially
reduces, which is very different from the case of Tavomsse
in the previous section. This simulation reveals that the size of
the high dv/dt conductor area has a noticeable impact on the
Tavemso, mode.

In continuing, the PCB dimension is further altered to examine
its radiation influence. To this end, let us set the PCB length as
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PCB dimensions. (a) Effect of the PCB length. (b) Effect of the PCB width.

6 cm with 1.4, 6, and 10 cm width, and the simulation results
are presented in Fig. 28(b). The results reveal that the transfer
function Tavomso, exhibits a similar trend as the previous
Fig. 28(a).

According to the previous simulation results, it can be seen
that the changes in cable and PCB dimensions have dissimilar
effects on the radiation transfer functions in the presence of
various driving modes, and therefore, their impact on the overall
radiation intensity is definitely dissimilar. In general, the input
and output cables have a greater impact on CM radiation, which
also indicates that more attention should be paid to the control of
their driving sources during design stage. Although the number
of simulations mentioned is limited, the Feko simulation results
not only show the complexity of the radiation mechanisms and
phenomena but also demonstrate the role and useful value of
electromagnetic simulation in the quantitative study of power
electronics radiation, which is very worthy of further investiga-
tion and application.
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VII. CONCLUSION

This study investigates the CM driving sources of a low-side
Buck converter in-depth, utilizes electromagnetic simulation
tools to obtain the radiation transfer functions of the uninten-
tional radiators, and finally achieves an effective prediction of
the converter’ s CM far-field radiation. The main conclusions
and scientific contributions are summarized as follows.

1) The CM voltage driving sources of the low-side Buck
converter are methodically examined and quantified. The
far-field radiation formulas of horizontal cables with dual
driving sources are suitably derived after rationally de-
composing these CM driving sources into same and op-
posite direction modes.

2) The CM far-field radiation prediction of a 30-MHz low-
side Buck converter with horizontal shielded cables is
performed via an appropriately proposed prediction ap-
proach, and the efficacy of the prediction performance
is verified in the case of 10 m length via experimental
findings in the interval of 30-300 MHz.
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3)

4)

5)

The performed investigation and analysis demonstrate that
the main CM driving source of the low-side Buck con-
verter possesses the same-direction driving source, and the
opposite-direction source are also able to cause excessive
radiation emission.

The CM filter design and inductor position change design
are methodically proposed, and the effectiveness of the
new suppression designs are verified using 10-m experi-
mental measurements.

The Feko electromagnetic tool is utilized to quantitatively
simulate the various effects of changing the cable and PCB
size on the radiation transfer functions of the two driving
modes. In general, the smaller size helps to reduce the
magnitude of the transfer function in the lower-frequency
range.

This research proposes a systematic and effective approach
to analyze and predict the far-field CM radiation of a low-side
Buck converter. The crucial findings of the current research
scrutiny can also be of high benefit in analyzing, predicting, and
suppressing the CM electromagnetic noise in other nonisolated
power converters.
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