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ABSTRACT In this paper, we propose a hybrid modeling method for analyzing the electromagnetic
compatibility characteristics of printed circuit boards (PCBs). The method uses an equivalent magnetic
dipole array deduced from near-field scanning results obtained at a certain height over the PCB surface under
test and the finite-difference time domain (FDTD) algorithm. The array of dipoles can simulate the PCB
electromagnetic emissions, including the ground plane effect at a particular high frequency; the equivalent
dipole array can then be imported into the FDTD calculation space for calculating the electromagnetic fields
generated by the dipole array. In our experiment, we obtained the tangential magnetic field distribution of
the PCB surface using near-field scanning, from where the tangential magnetic field component, orientation,
and the magnitude and phase of the dipoles could be deduced. We used the proposed method to model two
different modules on a highly integrated circuit. The results of the proposed method and those obtained by
near-field scanning are nearly the same, which demonstrates the effectiveness and accuracy of the proposed
method. We therefore conclude that the proposed modeling approach presents a new technique for studying
the electromagnetic interference of PCBs.

INDEX TERMS Electromagnetic compatibility, equivalent dipole model, finite-difference time domain,
printed circuit board.

I. INTRODUCTION
Printed circuit boards (PCBs) are important components of
electronic devices. With the development of integrated cir-
cuits, a PCB can include many highly integrated active chips,
passive lumped elements, and package structures. The result-
ing increase in signal frequency, clock frequency, and circuit
configuration complexity causes serious coupling phenom-
ena. When electronic devices operate at megahertz frequen-
cies or higher, the involved circuits become electromagnetic
radiation sources, and the radio frequency (RF) interfer-
ence produced by such high-frequency circuits can cause

many electromagnetic compatibility (EMC) problems. The
devices’ EMC characteristics must be properly considered,
both in the design phase and in the subsequent engineering
applications.

There have been some studies on far-field electromag-
netic interference (EMI) prediction models. In [1], a modal
expansion method is used to construct a model of the radi-
ation sources, whereas in [2] the EMI is modeled using an
equivalent current and magnetic current model. A Huygens
equivalent source has also been used to construct the EMC
model [3]. These three approaches focus on far-field radiation

6520
2169-3536 
 2017 IEEE. Translations and content mining are permitted for academic research only.

Personal use is also permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

VOLUME 6, 2018

https://orcid.org/0000-0002-2683-2732
https://orcid.org/0000-0003-2181-1454


L. Zhang et al.: Hybrid Prediction Method for the Electromagnetic Interference Characteristics

prediction; therefore, the interaction between the radiation
source and objects in its close vicinity cannot be correctly
described.

Good results have been achieved by using equivalent
dipole models to study PCB EMC characteristics. The equiv-
alent dipole modeling method has been successfully used
to construct the EMI model of a PCB and its embedded
components [4], [5]. Near-field scanning technology has been
combined with the equivalent dipole model, and it was found
that only the tangential magnetic components are needed to
construct an equivalent model of the chips and micro-strip
lines [6]. Moreover, this model can consist of either electric
dipoles or magnetic dipoles, and shows the EMI distribu-
tion for a given working frequency. Both [7] and [8] pro-
pose equivalent models in the time domain using near-field
scanning technology and equivalent electric dipoles; these
models can present the radiation characteristics of the PCB
under test in the time domain. Compared with the equivalent
magnetic dipole model in the frequency domain, the time
domain equivalent model has higher prediction accuracy, but
the modeling process is more complex and time consuming.

In [9], a duplication-degeneration-complementation
approach to build an equivalent PCB model-including the
ground plane-was proposed. The reciprocity theorem has
also been used to estimate radio-frequency interference in a
PCB [10]; this method can be used to obtain the distribution
of the near-field magnetic and electric components on the
Huygens surface, from which the equivalent dipole moment
model can be deduced.

In addition to the equivalent dipole modeling method,
the finite-difference time domain (FDTD) method has also
been widely used in the study of the EMC characteristics
of some devices. The FDTD algorithm is a computational
electromagnetics solver that discretizes the Maxwell’s equa-
tions in a form convenient for obtaining the numerical solu-
tion of field problems involving complex three-dimensional
objects of arbitrary shapes and arbitrary material characteris-
tics. The FDTDmethod (and its calculation performance) has
been improved in many different ways. The set of improved
FDTD methods includes the alternating direction implicit
FDTD method [11], [12], the locally one-dimensional FDTD
scheme [13], [14], and the J electromagnetic solver FDTD
(JEMS-FDTD) method [15]. The calculation boundary has
also been improved [16]–[18].

Hikage et al. [19] presented an FDTD method for ana-
lyzing the EMI caused by a radio-frequency identification
interrogator in an active implantablemedical device. A hybrid
method for analyzing the EMI of lumped circuits in shielded
devices has been presented in [20], which includes both the
FDTDmethod with transmission line equations and a circuit-
based method. Finally, an FDTD-based analysis of the EMI
produced by the insulated-gate bipolar transistor (IGBT) in a
motor drive system has been demonstrated in [21].

In this study, we propose a novel hybrid modeling method
based on the equivalent dipole method and the FDTD algo-
rithm, which can be directly used in the time domain to

model the EMI generated by PCBs under different working
conditions. Themodelingmethod can be divided in two parts:
the first part builds the equivalent magnetic dipole model
of the microstrip lines, components, dielectric layers, and
ground plane, whereas the second part calculates the model in
the FDTD calculation space with uniaxial perfectly matched
layers (UPML) as boundary conditions; the combination of
both methods is effective in predicting the EMI generated by
the PCB. Furthermore, the proposed algorithm uses equiva-
lent magnetic dipole array deduced from near field scanning
results and the FDTD algorithm to predict far-field radia-
tion, even substitute the PCB to investigate the interactions
between the PCB and the surroundings such as the shielding
cavity. The conventional equivalent dipole modeling method
is used to model the equivalent dipole parameters through
near-field scan data and then calculate the space electromag-
netic field directly through these parameters.The method pro-
posed in this paper is to reconstruct the space electromagnetic
field through the FDTD after the equivalent dipole parameter
is obtained. The advantages of this method are simple and
accurate. On the other hand, it is convenient to establish the
interaction between the model and the interference source.

The remainder of this paper is organized as follows. The
theory underlying the proposed method is introduced in
Section II. In Section III, the proposed hybrid method is
demonstrated in two study cases, and the potential of this
method for the EMI protection of a shielded electronic device
is verified. The obtained results are discussed in Section IV.
Section V presents some final conclusions.

II. HYBRID MODELING METHOD THEORY
A. EQUIVALENT DIPOLE MODELING THEORY
In this subsection, we will discuss how to obtain the
equivalent dipoles. Based on the equivalence principle (i.e.,
the equivalent dipoles should radiate the same field as the
actual PCB), the moment and orientation of the dipoles can
be determined by solving the inverse problem of matching
the measurement results obtained by near-field scanning.
Subsequently, we will discuss in detail how to produce the
full equivalent dipole model.

In equivalent dipole modeling, the PCB is replaced with an
array of infinitesimal electric or magnetic equivalent dipoles
placed on a perfect electrically conducting plane. The emis-
sion radiated by the equivalent dipole array approximates
the real PCB electromagnetic emissions. Usually, we do not
need to know the physical structure or the exact geometric
dimensions of the PCB to use the equivalent dipole modeling
method, given that the thickness of a PCB is very small. The
array of oriented electric or magnetic dipoles placed on a
plane (x-y plane) can be used to equivalently replace the PCB,
as shown in Fig. 1.

The magnitude, phase, and orientation of the elec-
tric or magnetic dipoles can be determined by the magnetic
components Hx(A/m), Hy(A/m), and Hz(A/m), which can be
obtained from near-field scanning the PCB surface.
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FIGURE 1. Equivalent dipole model.

Let us consider the magnetic field generated by a sin-
gle magnetic dipole. A magnetic dipole can be represented
by a closed current-carrying conductor with radius a and
current I0(A). Suppose that a finite small magnetic dipole
M (AąďHąďm) is placed at (x0, y0, z0), oriented in the z direc-
tion. Let R(m) be the distance between the magnetic dipole
and an observation point (x, y, z). In spherical coordinates,
the magnetic field at the observation point can be expressed
as follows (k being the wavenumber corresponding to wave-
length λ; k(m−1) = 2π / λ):

H (r) =
jωµ0I0πa2e−jkR
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where η0 is the wave impedance in free space (η0 =√
µ0 / ε0); µ0 and ε0 denote the electrical permittivity and

magnetic permeability of free space, respectively. The mag-
netic field component in the φ direction is zero. The mag-
netic field can be expressed in terms of the magnetic dipole
momentM = µ0I0πa2 as follows:
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The magnetic dipole moment M can be divided into three
components in the Cartesian coordinate system:Mx ,My, and
Mz. The magnetic field produced by Mx at the observation
point (x, y, z) can be expressed as:
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In equations(3)-(5), the distance between the observation
point and the magnetic dipole is as follows:

R =
√
(x − x0)2 + (y− y0)2 + (z− z0)2 (6)

The magnetic field produced byMy andMz can be calculated
using the same method. Consequently, we can formulate the
relationship between the magnetic field H and the dipole
momentM as follows:HxHy
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In (7), the superscript and subscript of the α coefficients
represent the dipole and magnetic field components, respec-
tively. In order to establish an integrated equivalent dipole
model, it is first necessary to obtain an expression of the
magnetic field of the element magnetic dipole (x0, y0, z0) with
a surface S(m2) and current intensity of I0, with a fixed direc-
tion, a number and a position. The magnetic field generated
by this dipole can be expressed as follows:
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In (8)-(10), S is the area of the magnetic dipole, which is
determined by the size of the Yee cell (Discretized using a
Cartesian mesh with circulating electric and magnetic field
components, known as the Yee-cell) in the calculation space.
While building the equivalent model, the number of observa-
tion points ism, and the number of magnetic dipoles is n. The
magnetic field at every observation point is the superposition
of the magnetic fields produced by every dipole. The three
magnetic field components can be expressed in matrix form
as follows:

[αx]m×n[I0]n×1 = [Hx]m×1 (11)

[αy]m×n[I0]n×1 = [Hy]m×1 (12)

[αz]m×n[I0]n×1 = [Hz]m×1 (13)

Solving the inverse problem in (11)-(13), the moment and
current in each dipole can be determined. To obtain a unique
solution matrix, the number of dipoles must be smaller than
the number of observation points (n < m), and the dipoles and
observation points cannot be in the same positions. In prac-
tice, however, the number of dipoles n is far smaller than the
number of observation points m (i.e., n < m), leading to an
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overdetermined system of equations. Therefore, conventional
techniques such as Gaussian elimination cannot be applied
to solve this inverse problem. Instead, a more robust tech-
nique (e.g., singular value decomposition, which is often used
to solve linear least squares problems) is required to solve
this ill-posed, near singular inverse problem, and obtain the
desired matrix solution.

The effect of the ground plane must also be considered.
As shown in [6], when the PCB is placed on the ground
plane(The ground plane is a perfectly electric conductor
(PEC), which can reflect radiation and influence the results
of the near-field scanning), the radiation effect under the
ground plane is relatively small. Usually, the ground plane is
contained in the equivalent dipole model. In such a modeling
method, magnetic dipoles are placed in an area smaller than
the size of the PCB under test, and a mirror imaging approach
is used; the effect of diffraction of the finite ground plane
is ignored, and the ground plane is treated as an infinite
perfectly conducting plane. Therefore, PCBs with a ground
plane can be regarded as an array of dipoles placed on a
perfectly conducting plane.

Using this approximation (assuming that the ground plane
is infinite), the equivalent dipole model-including the ground
plane-can be defined as follows:

[αx]m×n[I0]n×1 + [α′x]m×n[I0]n×1 = [Hx]m×1 (14)

[αy]m×n[I0]n×1 + [α′y]m×n[I0]n×1 = [Hy]m×1 (15)

[αz]m×n[I0]n×1 + [α′z]m×n[I0]n×1 = [Hz]m×1 (16)

In equations (14)-(16), the second term on the left is the
contribution of the image dipoles. In particular, it should be
noted that, because the image of a magnetic dipole has the
opposite current direction, it is implicitly included in this
coefficient calculation procedure. We need to perform near-
field scanning on a certain plane above the PCB, on which the
electromagnetic fields can be measured accurately, to deter-
mine the magnetic field of the equivalent model.

B. NEAR-FIELD SCANNING PROCESS
Fig. 2 shows the near-field measuring system used to char-
acterize the PCB under test. For simplicity, due to the near-
field scanning method similarity to that in [1], we will not
attempt to introduce this procedure in detail here. There needs
to be pointed out that network analyzer can be applied to mea-
sure, however, comparedwith the spectrum analyzer, network
analyzer in the treatment of stable signal, has the high level,
without spurs. Unfortunately, these requirements cannot be
implemented, so the spectrum analyzer is used here. The
purpose of near-field scanning is to acquire the information
required to produce the matrix of equivalent dipoles. The
measuring height above the PCB surface is designated by h,
and the PCB plane is taken as the reference plane. There are
two standardized electric field probes: the measuring probe
and the reference probe. In the near-field scanning process,
the reference probe is held fixed on the PCB plane, while the
measuring probe is moved on the scanning plane. The signal

FIGURE 2. Near-field scanning procedure.

collected by the probes is transmitted to a spectrum analyzer.
By measuring m discrete points, we obtain the magnetic
component matrices Hx , Hy, and Hz.
The probe damping at 112.51 MHz is 45 dB, and the

cable loss is 1 dB. The PCB surface voltage measured by the
probe can be transformed into the form of an electric field,
as follows:

Eradiation = Uradiation + Rprobe + Lloss (17)

Here, Eradiation(dBµV/m) stands for the radiating electric
field, Uradiation(dBµV ) represents the voltage values mea-
sured with the spectrum analyzer, Rprobe(dBm−1) is the probe
damping, and Lloss(dB) is the cable loss. All the elements in
(17) are expressed in logarithmic form. In this study, we use
the magnetic field components over the PCB surface to cal-
culate the electric field in the far-field region; the relationship
between the two fields can be calculated by electrostatic
bonding theory [22], as follows:

H =
1
η
E (18)

where η(�) =
√
µ0 / ε0 is the wave impedance, µ0 is the

permeability, and ε0 is the permittivity. All parameters are
set considering free space conditions. By contrast, the rela-
tionship between the magnetic field and the electric field in
the near-field region is relatively complicated. Fortunately,
the magnetic field generated by the equivalent dipoles is the
linear superposition of the magnetic fields radiated by each
elementary magnetic dipole. Consequently, we can obtain the
magnetic field with the following equation:

∇ × E = −jωµ0H (19)

where E is a phasor with the amplitude and phase measured
by near-field scanning, and µ0 is the magnetic permeability,
as before. Using (17)-(19), we can obtain the magnetic field
by measuring the electric field over the PCB surface. The
parameters of each magnetic dipole can be deduced with the
above equations.
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FIGURE 3. Component distribution in a Yee cell.

C. CALCULATION OF THE EQUIVALENT DIPOLE MODEL
USING THE FDTD METHOD
The FDTD algorithm is used to calculate the
electromagnetic field generated by the equivalent dipole
model. The calculation space is discretized as a mesh of
Yee cells. The distribution of the electromagnetic field com-
ponents in the Yee cell is shown in Fig. 3. Here, although
the dipole radiation in free space can be easily calculated
by its radiation equation, FDTD is required to obtain dipole
radiation for two reasons: on the one hand, the calculation
based on its radiation equations is reasonably complex and
time consuming with the increasing number of observation
points; on the other hand, the FDTD algorithm as an effective
and efficient method can be easily exploited to character the
EMI of PCB with presence of the shielding cavity.

The calculation space is considered to be free space, and
the permittivity and permeability are therefore set as:

ε = ε0 = 8.854× 10−12F/m, µ = µ0 = 4π × 10−7H/m

To satisfy the stability conditions and the numerical dis-
persion conditions of the FDTD algorithm, the proper time
and space steps must be chosen. The Yee cells in the FDTD
calculation space are set as regular hexahedrons. Considering
the PCB area involved in the prediction, the spatial steps can
be set as follows: 4x = 4y = 4z = δ = 0.5mm. The
simulation frequency is f = 112.51 MHz, and the corre-
sponding wavelength in free space is λ = c/f = 3 × 108/
(112.51×106) = 2.67m; therefore, the numerical dispersion
condition is satisfied.

Considering the stability condition of the FDTD method
in free space 4t ≤ 1/(c

√
3/(δ)2), the time step can be

chosen as t = δ/2c = 8 × 10−13s. The temporal and
spatial spacing used in the calculationwere chosen as follows:
the spatial spacing is determined by the PCB size and the
number of scanned points; the time spacing is determined by
the sampling period of the spectrum analyzer. The excitation
source is Gaussian.

The UPML boundary conditions have some advantages
over other boundary conditions, such as perfectly matched

FIGURE 4. Diagram of the FDTD space and UPML.

FIGURE 5. PCB structure and the prediction area 1.

layers (PMLs), Mur, and convolutional PMLs. In this study,
the FDTD calculation space is surrounded by the UPML
boundary, as shown in Fig. 4. The UPML thickness is 10 Yee
cells.

It is important to properly set the parameters-such as the
permittivity and permeability-in the overlapping areas of the
UPML. The equivalent dipole model can then be imported
into the calculation space, as shown in Fig. 4. The analysis of
the equivalent dipole model calculation results obtained for
different areas of the PCB is presented in the next section.

III. MODELING RESULTS USING THE HYBRID
PREDICTION METHOD
Two areas on a four-layer PCB were modeled using the
modeling approach presented above. The PCB structure is
shown in Fig. 5; the other side of the PCB is backed on the
ground plane.

The prediction area 1 was a 50 mm × 50 mm area sur-
rounding the control chip TMS320F2812, with its pins, strip
lines, resistance, capacitance, and crystal oscillator, as shown
in Fig. 5. The prediction area 2 had an area of 25mm×40mm
and was centered around the power port, as is also shown
in Fig. 6.

The experiments were performed under the following
working conditions: the digital signal processor was produc-
ing a six-channel 35 MHz pulse width modulation (PWM)
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FIGURE 6. The prediction area 2 on the same PCB.

FIGURE 7. Magnetic field distribution in the area 1, calculated by the
equivalent dipole model, 5 mm above the PCB surface. Magnetic field
component in the (a) X direction, (b) Y direction, and (c) Z direction.

signal. In the near-field measuring process, we confirmed that
the EMI generated by the areas under test reached its peak at
112.51 MHz.

Using the equations presented in the previous sections,
we could obtain the equivalent dipole array, determining
the orientation, magnitude, and phase of each dipole. The
equivalent dipole models of the two different prediction areas
were constructed using the modeling approach presented in
Section II. The two resulting equivalent dipole models were
then imported into the calculation space, as described in
Section II. Different components of the electric and magnetic
field were calculated at different heights above the PCB
plane. The resulting EMI could therefore also be determined
at different heights above the PCB plane.

A. PREDICTION RESULTS FOR THE PCB AREA 1
Fig. 7 and Fig. 8 show the distribution of the magnetic and
electric fields over the prediction area 1, 5 mm above the
PCB plane. In the experiment, coordinates i and j denote the
horizontal and vertical axes, respectively. The magnetic field
units are decibels relative to 1µA/m, and the electric field
units are decibels relative to 1µV/m. Hereafter, the magnetic
field and electric field are marked with the same unit.

Fig. 9 and Fig. 10 show the magnetic and electric field
distributions for the first prediction area, 10 mm above the
PCB plane.

FIGURE 8. Electric field distribution in the area 1, calculated by the
equivalent electric model, 5 mm above the PCB surface. Electric field
component in the (a) X direction, (b) Y direction, and (c) Z direction.

FIGURE 9. Electric field distribution in the area 1, calculated by the
equivalent electric model, 10 mm above the PCB surface. Electric field
component in the (a) X direction and (b) Y direction.

FIGURE 10. Magnetic field distribution in the area 1, calculated by the
equivalent dipole model, 10 mm above the PCB surface. Magnetic field
component in the (a) X direction and (b) Y direction.

FIGURE 11. Magnetic and electric field distributions in the area 2,
calculated by the equivalent dipole model, 10 mm above the PCB surface.
(a) Electric field component in the Y direction. (b) Magnetic field
component in the Z direction.

B. PREDICTION RESULTS FOR THE PCB AREA 2
Fig. 11 shows the magnetic and electric field distributions
for the prediction area 2, 10 mm above the PCB plane. For
brevity, we show only one component of the electric and
magnetic fields.
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FIGURE 12. Magnetic and electric field distributions in the area 2,
calculated by the equivalent dipole model, 20 mm above the PCB surface.
(a) Electric field component in the Y direction. (b) Magnetic field
component in the Z direction.

FIGURE 13. Measured and calculated results for the electric field in the
area 1, 5 mm above the PCB surface.

Fig. 12 shows the magnetic and electric field distributions
for the second prediction area, 20 mm above the PCB plane.
For brevity, we show only one component of the electric and
magnetic fields.

IV. VERIFICATION OF THE CALCULATED RESULTS
To validate the accuracy of the proposed hybrid prediction
method-which includes the equivalent dipole model and the
FDTD calculation method-we performed near-field testing,
both in a general laboratory setting and in an anechoic
chamber.

A. VERIFICATION OF THE RESULTS OBTAINED
FOR THE AREA 1
We tested 50 points distributed on a surface 5 and 10 mm
above the PCB area under test, using the near-field measuring
system to obtain measured field values. The corresponding
50 points in the model were then determined. In the next
figures, we compare the measured results with the ones cal-
culated with the proposed model. For simplicity, we decided
to display only one electric or magnetic field component
at two different distances which is sufficient to present the
results. Fig. 13 shows the results obtained for the electric
field, 5 mm above the PCB. The differences between the
measured (experimental) and calculated (model) results are
less than 3 dBµV/m for the electric field.

Fig. 14 shows the results obtained 10 mm above the PCB
surface. The differences between themeasured and calculated
results are less than 3.5 dBµV/m for the electric field.

FIGURE 14. Measured and calculated results for the electric field in the
area 1, 10 mm above the PCB surface.

FIGURE 15. Measured and calculated results for the magnetic fields in
the area 2, 10 mm over the PCB surface.

B. VERIFICATION OF THE RESULTS OBTAINED
FOR THE AREA 2
For the area 2, we tested 54 points distributed on a surface
10 and 20 mm above the PCB area under test, using the near-
field measuring system to obtain measured field values. The
corresponding 54 points in the model were then determined.
In the next figures, we compare the measured results with
the ones calculated with the proposed model. Fig. 15 shows
the results obtained 10 mm above the PCB. The differences
between the measured and calculated results are less than
2 dBµV/m for the magnetic field.
Fig. 16 shows the results obtained 20 mm above the PCB.

The differences between the measured and calculated results
are less than 3 dBµV/m for the magnetic field.

By comparing the results obtained from the proposed
model with the near-field measurement results, we conclude
that the combination of the equivalent dipole model with the
FDTDmethod was capable of effectively simulating the elec-
tromagnetic emissions radiated by the PCB under working
conditions, while generating the six-channel PWM signal.
There were some differences between the results obtained
with the equivalent electric dipole model and the experi-
mentally obtained results both in ordinary conditions and
in the anechoic chamber (the tests in the anechoic chamber
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FIGURE 16. Measured and calculated results for the magnetic field in the
area 2, 20 mm over the PCB surface.

will be discussed below); these differences were due to time
signal errors, the limitations of the scanning area, the probe
resolution, and the sampling rate of themeasuring equipment.

The reason why the differences obtained for the electric
field (as shown in Fig. 13 and 14) are greater than the ones
obtained for the magnetic field (as shown in Fig. 15 and 16)
can be described as follows:

This method requires a discretization of the electromag-
netic field. (In this paper, the calculation space is dis-
cretized by Yee cells.) Both the stability conditions and
the numerical dispersion conditions have been satisfied at
the parameter setup stage. Nevertheless, this approach still
introduces inevitable numerical errors. Furthermore, mea-
surement errors introduce an additional difference between
the real and measured values of the electric field. Therefore,
the difference between themeasured value of the electric field
and the electric field calculated by the proposed equivalent
dipole model can be considered as the combined effect of the
measurement and discretization errors. In contrast, the differ-
ence between the magnetic field calculated by the model and
that determined by the measured electric field results only
from the model calculation error. As a result, the differences
obtained for the electric field are systematically greater than
the ones of the magnetic field.

C. VERIFICATION OF THE CALCULATION RESULTS USING
AN ANECHOIC CHAMBER
To further verify the correctness of the proposed method,
we tested the same PCB in an anechoic chamber. Differ-
ent testing heights were defined, according to different test
requirements.

The PCB under test was placed in an anechoic chamber.
Two areas were tested, at different test heights. Fig. 17 shows
the anechoic chamber testing environment. It should be noted
that, to avoid the effects of other factors (such as different
working conditions), the PCB was kept under the same work-
ing conditions used in the ordinary testing environment.

FIGURE 17. Testing environment in the anechoic chamber.

FIGURE 18. Results obtained for the area 1 of the PCB under test in the
anechoic chamber, 5 mm above the PCB surface.

The first test was performed in the first test area, 5 mm
above the PCB. Fig. 18 shows the obtained results. The
electromagnetic radiation of the PCB under test reached its
peak at 111.48 MHz, which is nearly the same value obtained
in the previous tests (without the anechoic chamber). The
radiation value was 61.56 dBµV (Uradition) in the standard
laboratory testing, the cable loss was 3 dB(Lloss), and the
antenna factor was 20 dB(Rprobe). The test result obtained in
the anechoic chamber was expressed as a voltage, and (16)
was used to write the voltage in the form of an electric field.
The result was 84.56 dBµV/m, and the difference between
the equivalent modeling result and the measured test result
was 1.44 dBµV/m. The small difference observed between
the two results verifies the correctness and accuracy of the
proposed method.

The test height was then increased to 10 mm for the area
1 under test. Fig. 19 shows the obtained test results. The elec-
tromagnetic radiation of the PCB under test reached its peak
(52.10 dBµV ) at 111.5 MHz. Using (16) to write the voltage
in the form of an electric field, we obtained 75.10 dBµV/m.
The difference between the equivalent model result and the
test result was 2.17 dBµV/m. This small difference between
the two results verifies the correctness and accuracy of this
method.
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FIGURE 19. Results obtained for the area 1 of the PCB under test in the
anechoic chamber, 10 mm above the PCB surface.

FIGURE 20. Results obtained for the area 2 of the PCB under test in the
anechoic chamber, 10 mm above the PCB surface.

Subsequently, we tested the second area at a testing height
of 10 mm. Fig. 20 shows the obtained results. The electro-
magnetic radiation of the PCB under test reached its peak
at 121.18 MHz, with a value of 47.86 dBµV . Using (16)
to write the voltage in the form of an electric field, a value
of 70.86 dBµV/m was obtained. The difference between the
equivalent model result and the test result was 1.56 dBµV/m.
Once again, the small difference obtained between the two
results demonstrates the correctness and accuracy of this
method.

The same area was tested again, but this time at a testing
height of 20 mm. Fig. 21 shows the obtained results. The
electromagnetic radiation of the PCB under test reached its
peak at 121.18 MHz, with a value of 35.11 dBµV . Using
(16) to write the voltage in the form of an electric field,
we obtained a value of 58.11 dBµV/m. The difference
between the equivalent model result and the test result was
of only 1.15 dBµV/m, demonstrating again the correctness
and accuracy of the proposed method.

Fig. 20 and Fig. 21 show that the differences between
the measured and calculated fields decrease when the test-
ing height increases. Generally speaking, there exists some

FIGURE 21. Results obtained for the area 2 of the PCB under test in the
anechoic chamber, 20 mm above the PCB surface.

uncertainty in the measurements resulting from the different
sets of environment in the anechoic chamber. Consequently,
the difference in the measurement error between different
heights results from the test environment, and is not correlated
to the contents of this paper.

The above-presented experimental results show that in
all cases the calculated results were a good match to the
measured results, which demonstrates the correctness and
accuracy of the proposed method.

V. CONCLUSION
In this study, we proposed a novel hybrid prediction method
based on an equivalent dipole model and an FDTD approach
to simulate the electromagnetic emission of PCBs, and there-
fore predict their EMC characteristics. An equivalent dipole
array placed on a perfect electrically conducting plane was
obtained, and shown to be capable of representing the PCB
under test. To calculate the EML produced by the equivalent
dipole model we constructed a calculation space using the
FDTD algorithm with UPML boundary conditions.

We used magnetic dipole arrays deduced from the tan-
gential magnetic field component. Near-field scanning at a
certain height above the PCB surface was performed, and the
ground plane was directly included into the equivalent model,
to account for fringe effects.

We chose two test areas on a four-layer PCB; these areas
contained differentmodules of the PCB (a digital module, and
a power module). The PCB under test is therefore a represen-
tative PCB sample, and was easily modeled. The calculated
and measured results in both an ordinary testing environment
and an anechoic chamber were in close agreement. Therefore,
the method proposed in this study can be widely used in the
prediction of different types of circuit modules. Furthermore,
we can apply this approach to the prediction of the electro-
magnetic emissions of larger, more complex circuits. The
developed theory can provide useful guidance in predicting
the occurrence of electromagnetic interference, and can be
used to locate interference sources on the PCB.
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