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Abstract—This article develops a model to predict the measured
near-field radiation via a monopole antenna based on the test setups
specified by the EMI standards such as CISPR 25, DO-160E, MIL-
STD-461E. The article first identified a major near-field radiation
source in a de—dc power converter. The operation principle of the
monopole antenna is then studied, and a model is developed to
predict the output voltage of the antenna. Next, the transmission
line effect in the EMI test setup is identified and its impact on
the measured radiated EMI is modeled. A prediction technique
is developed for the low-frequency near-field radiation. Finally,
experiments validated the developed theory.

Index Terms—Electromagnetic interference (EMI), monopole
antenna, near-field radiation, radiated emission.

1. INTRODUCTION

ITH the development of high-speed semiconductor

devices such as wide bandgap devices in modern power
electronics, switching frequencies have been increased to reduce
the size of passive components for high power densities [1],
[2]. However, high switching frequencies lead to high radiated
electromagnetic interference (EMI) even in the low-frequency
range from 150 kHz to 30 MHz. EMI standards such as CISPR
25, DO-160E, and MIL-STD-461E, specify the radiated EMI
limits and measurement setups from 150 kHz to 30 MHz. The
radiated EMI from 150 kHz to 30 MHz has not been well
understood and there is no enough existing literature addressing
it. It is, therefore, necessary to develop a model to characterize
and predict the radiated EMI at low frequencies.

The existing papers focused on developing radiation models
for the EMI from 30 MHz to 1 GHz emitted from power cables
measured with a log-periodic/biconical hybrid antenna [3], [4].
However, the radiated EMI from the components of a power
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converter was rarely investigated. In the case when the radiation
from the components in the power converter is dominant, the
models cannot predict the radiated EMI. Furthermore, the im-
pact of the operating principle of the monopole antenna on the
measured results is unknown. A theory to model and predict the
radiated EMI from 150 kHz to 30 MHz should be developed.

In the cases where the radiation from the input and output ca-
bles of a converter is dominant, the existing literature focuses on
the relationship between switching voltages, the common-mode
(CM) excitation voltages applied across the input and output
cables (antenna), and the measured radiated EMI via an antenna.
The radiated EMI issues are generally addressed in studies [5]
for nonisolated converters and [6] for isolated converters. Power
converters, which act as CM noise sources for radiation, are
modeled by applying the Thevenin equivalence at their input
and output ports [7]. The excitation voltages in nonisolated
converters are mainly the voltage drops of switching currents
on the parasitic impedance of a ground layer [4], [8]. In isolated
converters, the excitation voltages also include the unbalanced
CM impedance of a transformer [6], [9]. Cables, an undesired
radiation antenna, are primarily modeled with extracted gains
from CM voltage [12] or CM current [11] to the measured
radiated EMI. These gains are usually expressed in scattering
parameters [10] or transfer functions [11]. The techniques to
derive these gains include experimental extractions [10], [11],
[12] and theoretical calculations based on the dipole antenna
model [13], [14]. Different techniques to reduce radiated EMI
have been proposed in the article [3], which include printed cir-
cuit board (PCB) layout optimization [8], [15], a cross-capacitor
implementation [8], and the CM inductor and Y-capacitor design
[16]. The radiated EMI has not been sufficiently modeled from
an electromagnetic field perspective.

Regarding the radiated EMI, in the low frequency (LF) range
(150 kHz-30 MHz), due to the long wavelength (>10 m), for
the measurement with a monopole (rod) antenna I m away from
the converter as specified in EMI standards, the measured is near
electric field. The near electric field due to the voltage pulsating
components in the converter could be a major source of the
measured EMI. Some existing works have explored the near
field of devices other than the cables, such as the PCB traces
[17], IGBT modules [18], commutation loops [19], and wireless
charging coils [20]. Some research revealed that the LF radiated
EMI was dominated by the near electric field emitted from the
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power inductor instead of cables in a buck—boost converter [21],
[22], [23].

For the radiated EMI measurement, Song et al. [24] revealed
that the measurement was impacted by the receivers, preampli-
fiers, and connectors in the setups. Some studies have included
information on test setups other than cables in their models [25].
Qiang and Yinghua [26] disclosed that the measurement was
very sensitive to the antenna types, directivity, and phase center.
Therefore, there has been exploration into including antennas
in simulation models for more accurate predictions [27], [28],
as well as attempts to use analytical methods for antenna gain
calculation [29]. The antenna gain and phase center were used
to characterize the antenna’s output voltage for far-field electric
field. As the phase center and antenna gain are calibrated in
the far-field context, they are invalid for near electric field
analysis. To overcome this barrier, investigating the operating
principle of monopole antenna in near electric field measurement
is necessary to accurately predict the measured LF radiated EMI.

For the LF-radiated EMI test setups in CISPR 25, DO-160E,
and MIL-STD-461E, the measurement is impacted by the reso-
nance due to the structure of the measurement setups [30], [31].
Existing papers focused on developing techniques to reduce
the impact of the resonance [32], [33]. However, resonance
is an intrinsic characteristic of the measurement setups, so to
accurately predict the measured EMI, the radiated EMI under
the influence of the resonance should be modeled.

The contributions of this article include the following.

1) A theory was developed and quantified to predict the
output voltage of a monopole antenna under the near-field
condition instead of a plane wave assumption. It is valid
for LF near-field radiation measurements.

2) The impact of transmission line effect of the measure-
ment setup was studied for CISPR 25. The mechanism
was revealed and a technique to quantify the impact was
developed to predict the measured EMI.

3) Radiation models for three power converters were de-
veloped to predict the LF radiated EMI, and they were
validated with the measurements.

The rest of this article is organized as follows. In Section II,

a power inductor is identified as a major source for the LF
radiated EMI under the setup of CISPR 25. In Section III, the
operating principle of a monopole antenna is studied and a model
is developed to predict the measured near electric field EMI.
The developed model is further validated with experiments. In
Section IV, the impact of measurement setup in CISPR 25 is
studied. A technique to model the impact of transmission line
effect is developed and verified. Finally, Section V concludes
this article.

II. POWER INDUCTOR AS THE RADIATION SOURCE
A. Converter Under the CISPR 25 Test Setup

A buck—boost converter, which is used as an automotive LED
driver, will be studied in this article. Fig. 1 is the schematic
of the converter. Both input and output voltages are 12 V. The
load is four series LED light bulbs with a load current 1.2 A.
The converter’s switching frequency is 1 MHz. The inductor L
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Fig. 1. Schematic of the buck—boost converter under investigation.
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Fig. 2. Test setup specified in CISPR 25 for electric field measurement
(150 kHz-30 MHz).

has an inductance of 4.7 ;sH. The MOSFET SW and the diode D
are integrated into the power IC MPQ7200, a single-chip power
module manufactured by Monolithic Power Systems, Inc.

According to the CISPR 25, a test setup in Fig. 2 is used to
measure the radiated EMI from 150 kHz to 30 MHz. In this
setup, the converter has a 1.5-m input power cable and a 0.5-m
output power cable. The input cable connects the converter to a
12-V battery. The output cable connects the converter to the load.
Two line impedance stabilization networks (LISNs) are inserted
between the battery and the input cable to isolate the battery from
the EMI measurement. The EMI measurement was conducted in
a 3-m semianechoic chamber. The copper tabletop is grounded
to the chamber’s walls with copper strips as a reference plane.
The converter and the cables are 5 cm above the reference ground
plane. A 1.04-m long monopole antenna is used to measure
electric field.

B. Identify the Inductor As the Major Source of Radiated EMI

In the existing literature, the radiated EMI model was devel-
oped in Fig. 3. The input and output cables were modeled as
a dipole antenna with antenna impedance Ry +R,+jX 4. Based
on Thevenin equivalence, the converter was modeled as a CM
noise voltage source Vyy in series with a CM impedance Zcyy.
The switching operation of the converter leads to excitation
voltage V4 across the antenna, resulting in CM current Iy for
the radiation. With this model, the antenna’s transfer gain from
V 4 to the measured EMI can be further derived based on the
experiments. This gain is independent of the converter and is a
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Fig.3. Radiated EMImodel based on the assumption that the cable contributes
to the dominant part in the measured EMI.
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Fig. 4. High radiated EMI at LFs was not due to cables below 10 MHz.

function of the test setup only. This derivation avoids developing
the model to predict the transfer function from V4 to the near
electric field launched to the antenna and the model to predict
the transfer function from the electric field to the output voltage
of the antenna.

However, if the converter and cables have been optimized
to minimize V4 and the CM current /c; on the cables, other
radiation mechanisms could be dominant, so the model may not
be able to predict the radiated EMI anymore.

As analyzed in [8] and [15], Voum in Fig. 3 was due to
the voltage drops of switching currents on critical parasitic
impedances across the input and output cables, which includes
the PCB ground impedance between nodes Ng; and N, and the
impedances of capacitor C; and C, in Fig. 1. For the converter
under investigation, the PCB ground and capacitor impedances
have been significantly reduced by the optimal design so V4 is
very small, and the cables’ radiation can be ignored at LFs.

To identify the major radiated EMI source at LFs, two tests
were conducted. In the first test, the input and output cable
lengths were reduced from 1.5 m and 0.5 m to 0.2 m and 0 m,
respectively. The measured radiated EMI is compared in Fig. 4.
Based on antenna theory, because the wavelength is much larger
than the cable lengths, the radiated EMI should be decreased
after the cable length is reduced [8]. In Fig. 4, the measured
EMI below 10 MHz almost has no any changes, which indicates
that the cable’s radiation is not dominant below 10 MHz. In
the second test, the inductor in the converter was electrically
shielded and the shielding was grounded to the N node in Fig. 1.
The cable lengths were not changed in this test. The measured
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Fig. 5. Inductor is the major source of the radiated EMI below 10 MHz.
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Fig. 6. (a) Inductor electric dipole moment pcn due to the CM voltage

Vsw/2. (b) Electric field due to pcn in a spherical coordinate system with
a monopole antenna.

radiated EMI with the shielding is up to 18 dB (87%) lower than
that without shielding below 10 MHz in Fig. 5. Therefore, the
inductor is the dominant contributor to the LF radiated EMI.

In [23], the mechanism of the radiation due to a surface mount
power inductor in a buck—boost converter was investigated. In
Fig. 1, the switching voltage Vgy across the MOSFET leads to
the same amount of switching voltage added to the inductor
L. This voltage can be decomposed into DM voltage (-Vsw/2,
Vswi/2) and CM voltage Vgy/2 with the voltage at Ng on the
PCB ground plane as the reference. It has been presented in [23]
that the radiated near electric field can be predicted based on
the electric dipole moment theory. The inductor carries DM and
CM charges due to the decomposed DM and CM voltages and
the DM and CM parasitic capacitances to the reference ground.
The DM charges mostly concentrate on the two ends close to
the first and last winding turn of the inductor and the CM charge
Qcwm exists on the surface of the whole inductor. Based on the
image theory, both DM and CM charges have images under the
reference PCB ground at the same distance to the ground as that
of the DM and CM charges above the PCB ground, respectively.
The charges and their images form DM and CM electric dipole
moments. It has been proved in [23] that the near electric field
radiated from the CM dipole moment pcy = Qcmd due to CM
charge is dominant, as in Fig. 6(a), so the contribution from the
DM charge is ignored here.

The near electric field emission from an inductor, which is
vertically mounted on the PCB ground plane, due to its CM
charge is derived in [23] in a spherical coordinate system (56, p),
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as in Fig. 6(b)
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In (1), the origin of the spherical coordinate is at the center of
the electric dipole.

The near electric field will induce a voltage at the output of the
antenna in Fig. 2. The existing technique calibrates the monopole
antenna under far field, so the results cannot be applied to the
near field measurements. The mechanism of the induced voltage
due to near electric field must be investigated.

III. EFFECTIVE E-FIELD THEORY FOR MONOPOLE ANTENNA

The relationship between the output voltage of a monopole
antenna and the strength of the measured uniform E field has
been analyzed in antenna theory textbooks. The brief conclusion
is that a monopole antenna is vertically polarized and only
responds to the vertical component of the E field.

However, itis important to note that the conclusions in antenna
theory textbooks are derived under an emphasized assumption:
the transmitting and receiving antennas are far apart, and the
EM waves reaching the receiving antenna are uniform planar
waves. This assumption is natural and common in communi-
cation scenarios. In contrast, in the CISPR 25 test setup here,
the equipment under test (EUT) and the receiving antenna are
within each other’s near-field range. As a result, the E field
reaching the receiving antenna is nonuniform in either intensity
or direction. In such cases, directly applying the conclusions
from antenna theory is not rigorous. Therefore, this section
develops a receiving antenna model suitable for LF EMI testing
environments.

A. Antenna Factor Under Standard Conditions

The monopole (rod) antenna used in the test is VAMP 9243
manufactured by Schwarzbeck. This antenna is designed to
measure a vertically polarized electromagnetic wave within the
frequency range of 9 kHz to 30 MHz. It has a vertical aluminum
rod of 1 m in length with 8-mm radius. The rod is installed on a
grounded 0.6 m x 0.6 m aluminum counterpoise. The rod and
the counterpoise are isolated at the bottom of the rod with a gap,
as in Fig. 7(a). The voltage across the gap is Vgap. Vgap is the
induced voltage on the antenna due to the electric field in the air.
Vgap 1s further amplified by an active amplifier installed under
the counterpoise. The amplifier has a very high input impedance,
and a 50-2 output impedance.

For an incident plane wave whose propagation direction is
orthogonal to the rod, its electric field intensity Ejy,. qp in
dB(xV/m) is vertically polarized, as in Fig. 7(a). In this case,
the antenna’s final output voltage V.t in dB(x4V) at the output
of the amplifier is proportional to the intensity of incident wave.
Therefore, in a log scale, antenna factor F, 45 in dB/m, is
defined in

Foa = Einc,aB — Vout,dB- (2)

F,,qp is usually provided in the antenna’s manuals.
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Fig.7. Interaction between a monopole and the electric field of an orthogonal
incident plane wave. (a) Monopole antenna and an orthogonal incident wave.
(b) Incident electric field’s contribution Vgap, 1 t0 Vgap. (¢) Induced charge on the
rod and the counterpoise contributes Vgap2 to Vgap. (d) Equivalent capacitance
model.

Since the monopole antenna’s dimensions are no more than
1/10 of the wavelength of the maximum concerned frequency
(30 MHz), the phase shift along the antenna is ignored. The
analysis can therefore be based on the electrostatic theorem. As
shown in Fig. 7(a), the metal rod is illuminated by the external
electric field Ejy,.. As aresult, a voltage Vyap, is induced across
the gap between the rod and the counterpoise. Vgap, is further
amplified by the amplifier for an output voltage V. Therefore,
(2) can be rewritten as

Fo.aB = (Einc,aB — Vaap,aB) + (Vaap,aB — Voua) - (3)

In (3), (Einc,dB-Vgap,an) T€Presents the interaction between
the rod antenna and the E field, and it depends on the antenna’s
physical structure. (Vgap, dB-Vout,d) is the gain of the amplifier.

In Fig. 7(a), Vgap is equal to the integration of the electric
field across the gap. Two sources contribute to the electric field
in the gap. One is electric field intensity F;,,. directly from the
incident wave, as in Fig. 7(b). The other is F;;,q4 across the gap
due to the induced charges on the rod and the counterpoise, as
shown in Fig. 7(c). In Fig. 7(c), the induced electric field is in
three regions: F;,q, in the gap, F;, . inside the antenna and
FE;pqs outside the antenna and gap. Based on the superposition
theorem, the Vg, can be decomposed into two parts as

Vaap = Vgap 1 + Vgap 2
Vgap 1= FEine xd
Vgap 2 = Eindg xd “4)

where Vg,p1 is the contribution from the incident wave; Vgp2
is the contribution from the induced charges. As most of the
induced charges concentrate on the two ends of the rod, strong
E;nag is generated in the gap, which is much larger than E;j,.. In
a finite element analysis simulation (gap=>5 mm), [;,,44 is more
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than 700 times higher than F;,,.. Therefore, Vgapo is dominant
in (4), s0 Vgap1 is ignored in the following analysis.

Astherod is highly conductive, the total electric field intensity
inside the rod is zero. In other words, the F;,, 4. induced inside
the antenna due to the charges at the two ends meet

Eindc + Emc =0. (5)

Inside the gap and outside of the antenna and the gap, the
relationship between the electric field and the voltages can
be modeled as lumped capacitors, Co,p, and Cy, Tespectively,
as in Fig. 7(d). The induced charges in the rod result in an
electromotive force (EMF) across the two ends. The EMF along
the rod due to the induced charges is

lroa
EMF:—/ By - dl. 6)
0

The integration is along the rod from its top to bottom. The
EMF results in Va0 in (4). From (5) and (6)

EMF = Einc . lrod- (7)
In (7), l04 is the length of the rod. From Fig. 7(d), Vgap2 is

Oair Cair

e pMF = _——%
Cair + Cgap Cair + Cgap

: Einc . lrod-

®)

In (8), lrod, Cair, and Cyqp are constants determined by the

dimensions and the setup of the antenna. Thus, V.2 is propor-

tional to Ejpe. AS Vigp & Vigap2, (8) can be rewritten in a log

scale as (9), which is the first part of (3). Equation (9) reveals

the relationship between the electric field of a plane wave and
the gap voltage under ideal conditions

Vaap2 =

Cai'r . lrod
Einc -V a =—dB|——-+]. 9
,dB gap,dB (Caw Cgap) ( )

B. Derive Effective E-Field Measured in Practical Conditions

The actual monopole antenna’s operating condition in Fig. 2
is different from the ideal condition discussed above. First, the
incident wave’s propagation direction is not orthogonal to the
rod. Second, the electric field intensity is uneven along the rod.

The electric field of a general incident wave in Fig. 8(a) can be
decomposed to two components: . ., perpendicular to the
rod and Ej. . in parallel with the rod.

In Fig. 7(b), E;yc .y Will induce charges on the two sides of
the rod. The electric field F;,q, ., due to the induced charges
has the same magnitude as but with reverse direction t0 Fyy,c oy
inside the rod, so it cancels the Fj;, ., inside the rod. As aresult,
the net electric field is zero inside the rod. The induced charge
due to Ejpe oy does not contribute to Vg, because Eiq .y 1S
perpendicular to the integration path of electric field for V.

The lumped model is shown in Fig. 8(c). emfy, is the equiv-
alent EMF due to Fj, .. Because of the horizontal symmetry
of the structure, Cl,p is not charged by emf,,. In summary, both
Eine,zy and Ejpq 2y do not contribute to Viyp.

On the other hand, like that in Fig. 7, Ej,. . will induce
charges on the top and bottom of the rod, and on the counterpoise.
The charges will generate electric field inside the rod to cancel
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Fig. 8. Interaction between a monopole and an electric field in a nonideal
condition. (a) Monopole antenna and an incident wave. (b) Charges induced by
the incident electric field component orthogonal to the rod, and the resultant
electric field. (c) Equivalent model for the charges induced by the incident
electric field component orthogonal to the rod. (d) Equivalent model for the
charges induced by incident electric field component parallel with the rod.

Ejye,~ so the net electric field inside the rod is zero. The lumped
model is shown in Fig. 8(d). In Fig. 8(d), emf,, given by in (10),
is the equivalent EMF along the rod due to the induced charges.
The integration path in (10) is from the top to the bottom within

the rod

lrod 3
emfz = / Einc,z ' ﬁ . (]O)
0

Like thatin Fig. 7, Vi is mainly contributed from the induced
charges on the bottom and counterpoise, 80 Vgap & Vgap2. In the
gap, if the electric field due to the induced charges is Fipndg, -,

Eindg,» will dominate the electric field in the gap.
From (10), Vgap2 with uneven ;. . can be derived as

Oair /lmd ?
V. = FEine - Ef 11
gap2 Cair ¥ Cgap 0 s ( )
The effective even electric field E.g is defined as
1 lrod
Eor=-— [ Epe.-di. (12)

lrod 0

From (12), the impact of uneven FEj,,. . can be represented
with FE.g. Therefore, according to (2), the antenna’s output
voltage is

a,dB-

(13)
In (13), FY, qp is the antenna factor provided by manufacturers
in dB/m and V¢ ¢ is in dBuV.
With the help of (13), the output voltage of the monopole
antenna in Fig. 2 can be predicted.

lro 3
! / ' Einc,z . gi:| -
0

Vout,dB = [l
rod dB(pV/m)
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Fig. 9. Comparison of the predicted and measured EMI for the con-
verter EVQ7200 with two different inductors. (a) EVQ7200 power converter.
(b) EMI comparison between the predicted and measured for inductor Coilcraft
XEL4030-472MEB. (c) EMI comparison between the predicted and measured
for inductor MPS MPL-AL6050-4R7.

C. Verification With Experiments

To verify the proposed modeling technique, experiments were
conducted in a CISPR 25 setup as in Fig. 2. Two converters:
monolithic power systems (MPS) EVQ7200 and EVQ2483
evaluation boards, were tested in the experiments. The two
converters have switching frequencies of 1 MHz and 700 kHz,
respectively. Both the input and output voltages of the two con-
verters are 12 V and 12 V. Both output currents are 1.2 A. The two
power inductors used on EVQ7200 have an inductance of 4.7 uH
with model numbers Coilcraft XEL4030-472MEB (volume: 4
x 4 x 2.9 mm?) and MPS MPL-AL6050-4R7 (volume: 6 x 6
x 4 mm?). The inductor used on EVQ2483 has an inductance
of 10 uH with model number Toko DH124C-1010ASW-100M
(volume: 12 x 12 x 4 mm?). For both converters, the electric
fields emitted from power inductors are dominant, as analyzed
in Section II.

In the first experiment, the electric field distributions in the
space along the rod antenna due to the inductor XEL4030-
472MEB on the converter EVQ7200 in Fig. 9(a) was first
predicted with the model developed in [23], as described in
Section II. The output voltage of the antenna was then predicted
using (13). The result was finally compared with the measured
one with the setup in Fig. 2 in Fig. 9(b). They match well below
12 MHz. In the second experiment, the inductor on EVQ7200
was replaced with MPL-AL6050-4R7. The prediction and mea-
surement were repeated as in the first experiment. The results
were compared in Fig. 9(c). They also match well below 6 MHz
with less than 3 dB difference.

The third experiment was conducted on converter EVQ2483
in Fig. 10(a). The spectra of the predicted and measured antenna
output voltage were compared in Fig. 10(b). They match well
below 6 MHz with less than 3 dB difference.
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In both Figs. 9 and 10, for the frequencies above 6 MHz,
the predicted is higher than the measured at frequencies around
10 MHz and lower than the measured above 13 MHz. The
discrepancy has been identified due to the impact of the trans-
mission line effect of the measurement setup.

IV. MEASUREMENT SETUP AND ITS IMPACT ON THE EMI

Based on CISPR 25, the EMI measurement should be con-
ducted in a semianechoic chamber, as in Fig. 11(a). The four
sidewalls and the ceiling of a semianechoic chamber are cov-
ered with electromagnetic (EM) absorbers and the floor of the
chamber is a grounded copper plane without being covered
by absorbers. The EM wave emitted from a source inside the
chamber will have a reflection when it reaches any side of the
chamber. The absorbers usually do not have good performance
at low frequencies below 30 MHz, so they cannot significantly
reduce the reflection. The EM wave has a bigger reflection on
the floor than other sides covered with absorbers. The monopole
antenna measures the total electric field including those directly
emitted from the noise source and those reflected from the
chamber sidewalls, ceiling, and floor.

A. Analysis of the Impact of Measurement Setup

It was found that the setup in Fig. 2 can be characterized
by the model in Fig. 11. As shown in Fig. 11(a) and (b), the
ceiling, floor, and sidewalls of the chamber perform like the outer
conductor of a cavity. The central conductor consists of, (1) the
monopole antenna’s counterpoise, (2) the grounding connection,
(3) reference ground plane on the table, and (4) the copper strips
connecting reference ground plane to the chamber’s grounded
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Fig. 12. Reflections and transmissions of the EM waves at the interfaces of T Large —jXc

counterpoise and connection, copper tabletop, copper stripes, and left and right
ends along the transmission lines.

TABLE I
TRANSMISSION LINES” PER-UNIT-LENGTH PARAMETERS

Section R(Q/m) | LHm) | G(S/m) | C(F/m)
Copper strips 0.86x103 | 218x10” 0 52x107"2

Copper 3 9 -12

Tabletop 0.23x10 171x10 0 66x10
Comnection & 1 56,103 | 447x10° 0 25x10°12
counterpoise

wall. In Fig. 11(b), the length of the copper tabletop is 1.5 m
instead of the width 1 m of the tabletop because the converter is
close to the side copper strip, which results in a longer current
path from the grounded wall through the side strip to the ground
connection (2) approximately equal to 1.5 m. The right end of
the central conductor is floating, and the left end is grounded to
the chamber’s ground. The total equivalent length from the right
end to the left end is 3.6 m, as shown in Fig. 11(a) and (b).

If the six sides of the grounded chamber are taken as a voltage
reference, conductor (1) and (2), conductor (3), and conductor (4)
are like 3 transmission lines cascaded with different characteris-
ticimpedances, as in Fig. 12. These transmission lines have char-
acteristic impedance Z o ¢ for counterpoise and connection, Zo 7
for copper tabletop, and Zpg for copper strips, respectively. To
determine these characteristic impedances, the per-unit-length
parasitic parameters of the three transmission-line sections are
extracted using the two-dimensional extractor function in Ansys
Electronics’ Q3D based on the dimensions of the cross-sectional
view of each transmission-line section in the test setup. These
parameters include the resistance R (in {)/m), the inductance
L (in H/m), the admittance G (in S/m), and the capacitance C
(in F/m). The extracted per-unit-length parasitic parameters for
each transmission-line section are in Table I.

It is shown in Table I that R<<|jwL| and G< < |jwC| between
150 kHz and 30 MHz. For the characteristic impedance Zo of
the transmission line

R+ jwL
Zo = G+ jwC (14

The characteristic impedances Zpc, ZoT, and Zpg of the
three transmission lines have angles less than 0.13° in the
frequency range of 150 kHz-30 MHz. Therefore, they can be
reasonably approximated as real numbers.

In Fig. 12, based on transmission line theory, when an EM
wave propagates along these three transmission lines, the reflec-

tions and transmissions happen at the interfaces, the right and

09m 15m 12m ; . 09m 15m 12m
Copperstrips  Copper Tabletop Counterpoise & connection Copper strips  Copper Tabletop  Counterpoise & connection

Fig.13.  Noise source for the displacement current flowing from the inductor to
the walls of the chamber, to the central conductor and finally back to the inductor
via 25 €2 (2 paralleled 50-$2 LISNs) can be characterized with an equivalent CM
voltage source Vg /2 in series with a source impedance jXc.

left ends of the transmission lines. Based on transmission and
reflection coefficients in (15) and (16), the transmission across
the interface of two transmission lines will, therefore, not result
in EM wave’s phase change in Fig. 12. In (15) and (16), I';,
and T, are reflection and transmission coefficients when an
EM wave flow from a transmission line with a characteristic
impedance Zpx to a transmission line with a characteristic
impedance Zpy, where x # yand x, y € (C, S, T)

Zoy — Zox
Ly=>""—"42" (15)
Y Zox + Zoy
2%
Ty = ——% — . 16
Y Zox + Zoy (16)

Although the three transmission lines have different charac-
teristic impedances, when EM waves propagate through the
interfaces between two transmission lines, only magnitudes
change, and phases do not change. Furthermore, At the left
end, the reflection coefficient I's = -1 and at the right end, the
reflection coefficient I'¢ = 1.

In Fig. 13, due to the pulsating CM voltage Vgsy/2 on the
inductor, there is a displacement current flowing from the induc-
tor to the side and top walls of the chamber via the equivalent
capacitive reactance -jX¢. This CM noise current will flow
back to the central conductor, LISNs, input cable harness, and
finally back to the inductor. For this CM noise current, two
50-Q2 LISNs are in parallel resulting in a 25-( resistance. The
impedance of X ¢, equivalent to a 0.3-pF capacitance per Ansys
Q3D simulation, is much larger than the other impedances in
the loop in the frequency range of interest. By modeling the
CM voltage source as Vgy/2 in Fig. 13, a current source /o =
Jj0.5Vsw/X ¢ provides a reasonable approximation of the noise
source in Fig. 13.

InFig. 14, the electric field measured by the monopole antenna
is determined by not only the vertical electric field E p ;7 directly
from the power inductor, but also from Eq e, due to the voltage
Veounter Of the counterpoise under the monopole antenna. The
measured electric field is Epyr - Ecounter- It 1S thus necessary
to investigate the voltage along the central conductor in Fig. 15.

In Fig. 15, the current source [ o is located A/=0.9 m from the
interface between Zpg and Zor. Vst and Vg are the incident
and reflection voltage waves at the left end. Vp;™ and Vp;
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Fig. 14. Measured electric field by the monopole antenna is determined

by Eput from the inductor and Ecounter from the voltage Veounter Of the
counterpoise under the monpole antenna.
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Fig. 15. Calculating the voltage along the central conductor when character-
izing the system using a transmission line theory.

Fig. 16.
conductor.

Lumped circuit model used to analyze the voltage on the central

are the incident and reflection voltage waves at the interface
between Zps and Zor. Ve and Vo are the incident and
reflection voltage waves at the interface between Zor and Zp .
VT and Vo are the incident and reflection voltage waves at the
right end. The voltage at the right end is Vo and the current at
the left end is /;;,. The voltage along the central conductor can
be calculated based on the transmission line theory.

At low frequencies, the wavelength of the EMI noise is much
bigger than the dimensions of the central conductor; therefore,
a lumped circuit model in Fig. 16 can be used to analyze the
voltages on the central conductor.

In Fig. 16, the displacement current /o flows back to the
Vsw/2 voltage source via chamber walls, copper strips, and
copper tabletop. This current path has an inductance Lgpopt. At
low frequencies, the voltages Vo = Veounter and they are in
phase with the voltage on the tabletop. At the same time, due to
big X¢, o = jO.5Vsu/X ¢ is 90° leading Vgyy. Since 1o flows
through Ly, the voltage Vo = -jwLgshortl 0 across Lgport 18,
therefore, in phase with Vgy. Co represents the capacitance
from the counterpoise and ground connection to the chamber
walls.

Since the impedance of Lgy,.;¢ is proportional to frequencies
and X¢ is inversely proportional to frequencies, at very low
frequencies, due to the large X - and small impedance of Lgj,oy+,
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Fig. 17. Transfer impedance Vo/Io as a function of frequencies.

Vo and Viounter are very small, so the measured electric field
is mostly Epyr. As the frequency increases, Vo, Veounters and
E ounter increase quickly. Because of this, the measured electric
field Epyr - Ecounter Will decrease and finally reach zero if the
two are canceled. When the frequency further increases after the
cancellation, the measured electric field will be dominated by
-Ecounter- SO, the measured electric field will be determined by
the Veounter Of the counterpoise under the monopole antenna

—251, (ZOCZOT (ZOT + Zos) sin (k? (Al + ls))
+ ZocZor (Zor — Zos) sin (k (Al —s)))
X2 cos (klstc) + X3 cos (k (Iste — 2¢))
+X2 cos (k (lstc—2ls))+ X2 cos (k (lsrc—2l7))
(17)

Veounter at high frequencies can be analyzed with the trans-
mission line theory in Fig. 15. V5 is first solved in (17). In (17),
in addition to the parameters defined in Fig. 15, I[g7¢ is defined
as the total length of the three transmission lines, along with the
following parameters:

Vo=

lste =ls+1lr+lc

X? = (Zoc+ Zos) - Zor + Zir + ZocZos

)

Zoc — Zos) - Zor — Zdr + ZocZos
)
)

X35 = (
X3 = (Zoc — Zos
(

Zor + Z3r — ZocZos

X; = (Zoc + Zos) - Zor — Zgr — ZocZos.

By plugging the parameters in Table L into (14), Zoc =133 (2,
Zor =51, and Zpg = 65 2. The transfer impedance Vo/l o
as a function of frequency can be plotted according to (17), as
shown in Fig. 17.

It is shown in Fig. 17 that there is a spike around 24.1 MHz
due to the transmission line effect on the voltage distribution
along the central conductor. At low frequencies, the transfer
impedance is proportional to frequencies, which agrees with the
conclusion drawn from the lumped model in Fig. 16. Since there
is x, = 0.3 m distance between V.ounter, the voltage where the
antenna rod is located, and V), the voltage at the right end of
the central conductor, V_.ounter can be calculated as

Veounter = Vo - cos (k : xa) (18)
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Fig. 18.  Correction gain due to measurement setup.

where k = 27/, and X is the wavelength of the noise, which is
much bigger than x,. From (18), V.ounter has almost the same
spike frequency as the V.

Based on these analyses, the measured electric field is deter-
mined by Epyr at low frequencies. As the frequency increases,
the Epyr is going to be partially canceled by Ecounter, SO the
measured electric field will decrease. As the frequency further
increases, the Epy will be fully canceled by E¢ounter, SO the
measured electric field reaches the minimal value. After the
cancellation, the measured electric field will increase as the
frequency increases because E.qunter dominates, and E.ounter
increases as the frequency increases due to the transmission line
effect. The measured electric field will reach a spike as Veounter
and E;ounter reach a spike around 24.1 MHz in Fig. 17.

Because the measured electric field is not the exact Epy that
is supposed to measure, a correction gain (in dB) representing the
impact of the measurement setup should be applied to the Epyr
to predict the finally measured electric field. A theoretical gain
is derived from (Epyr - Ecounter YEpyr and plotted in Fig. 18
in dB, which offers some valuable insights.

1) Atlow frequencies, Vo is very low, so the E field gener-

ated by the central conductor is much smaller than Ep 7.
As aresult, in Fig. 18, the gain is 0 dB.

2) As the frequency increases, Vo  generates an E field
with inverse direction to cancel the EUT’s field, reducing
the total E field measured by the monopole antenna. This
phenomenon is reflected in Fig. 18 as a valley when a total
cancellation happens.

3) As frequency continuously increases, Vo ’s E field sur-
passes the EUT’s E field, beginning to dominate the total
E field measured by the monopole antenna. This results in
an increase after the valley in Fig. 18.

4) As the frequency further increases, all four components in
Vo ’s denominator change significantly. By plugging the
dimensions and the simulated characteristic impedance
into (17), it is found that X? cos(klsrc) has the largest
amplitude and decreases fastest with frequency. When
klsrc slightly exceeds 7/4, the denominator of Vg
reaches zero. This results in a gain peak in Fig. 18.

5) After surpassing the peak frequency, the denominator of
Vo isno longer zero, and the gain in Fig. 17 and Fig. 18
decreases from the peak.
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Fig. 19. (a) Experimentally extracted correction gain. (b) Spectrum of the
measured output voltage of a monopole antenna for EVQ7200 with 6x6x4 mm?
inductor matches the predicted based on the model. (c) Spectrum of the measured
output voltage of a monopole antenna for EVQ2483 matches the predicted based
on the developed model.

It should be pointed out that the impact of ferrite absorbers
installed on the walls and the ceiling of the shielded chamber is
not considered in the analysis above since the nonlinearity of the
absorber will make the calculation impossible. Because of this,
there is some discrepancy between the analytical results and the
measured results, especially the magnitude of correction gain.

The experimentally extracted correction gain is shown in
Fig. 19(a). It is similar to that in Fig. 18. Especially, the dip and
peak frequencies match the analytical result in Fig. 18, which
validated the developed model above.

By including the correction gain due to the measurement
setup to the predicted EMI spectra of the output voltages of
the monopole antenna in Figs. 9 and 10, the predicted spectra
can now match the measured very well in Fig. 19(b) and (c).

B. Discussion:

1) Itis worthnoting that the above analysis ignores the impact
of the capacitive coupling between the chamber’s walls
and the monopole antenna on the measurement results
because it is not as important as the X between the induc-
tor and the chamber’s walls. First, the measurement setup
in CISPR25 has specified > 1 m distance between the
monopole antenna and the chamber’s walls (> 1.5 min our
setup), so the capacitive coupling is very small. Second,
unlike X, this capacitive coupling does not influence the
noise source so its impact on the noise is very small.

2) Beyond the analysis above, it is worth clarifying that
the displacement current in Fig. 13, while exciting wave
propagation along the central conductor, also excites wave
propagation along the cable harness. The cable harness is
a 1.5-m transmission line with the copper tabletop as the
reference conductor. One end of the cable is connected
to the reference conductor through the small impedance
(25 Q) of the LISN, and the other end is connected to
the floating converter. If a resonance occurs on this cable,
the resulting E field could affect the measurement result.
However, the lowest resonance frequency of this cable



14396

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 11, NOVEMBER 2024

harness happens when A/4 = 1.5 m, corresponding to a
frequency of approximately 50 MHz, which is far beyond
the concerned frequency range in this article for CISPR25.
Therefore, the resonance of the cable harness is not consid-
ered in the model of this article. Nevertheless, for radiated
EMI modeling studies above 30 MHz, the resonance of
the cable harness should be considered.

V. CONCLUSION

This article developed and quantified a model for radiated
EMI measurement with a monopole antenna up to 30 MHz.
The monopole antenna’s operating mechanism for electric field
measurement was carefully studied and modeled. It was dis-
closed that the monopole antenna measures the electric field
component, which is in parallel with the antenna. A model is
developed to predict the output voltage of a monopole antenna
based on the electric field distribution along the antenna. The im-
pact of the measurement setup on the measured electric field was
investigated and theoretically proved. A correction gain used to
predict the measured electric field considering the impact of the
measurement setup is derived. The analysis and the developed
model have all been validated with experiments.
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