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ABSTRACT The equivalent dipole array is an effective method for emission source modeling to
solve practical electromagnetic engineering problems. In this paper, a spherical equivalent dipole array
method (SEDAM) is proposed to model practical and complex electronic systems. Unlike the planar
equivalent dipole array method (PEDAM), SEDAM is derived in the spherical coordinate system and is
more suitable for large electromagnetic equipments. In addition, SEDAM can achieve accurate emission
prediction around electronic systems of arbitrary structures, where PEDAM is not easy to be used. We first
derived the analytical relationship between magnetic fields and magnetic dipole moments in the spherical
coordinate system. To model the complex systems, several equivalent dipoles are properly placed on a
spherical surface which encloses the equipment under test (EUT). By superposition of the fields generated
by all the equivalent dipoles, the equivalent relational matrix is constructed and the weights for each dipole
are solved. Then, the weighted dipole array can be used to predict the emission fields at desired locations.
The proposed method is first verified through a numerical simulation. The results show that the proposed
SEDAM outperforms the PEDAM in terms of accuracy. It is further validated through a measurement. The
measurement results show that SEDAM can model the practical and complex electronic systems and predict
their electromagnetic emission with acceptable accuracy.

INDEX TERMS Electromagnetic compatibility, equivalence, interference source location, radiation source,
spherical dipole array.

I. INTRODUCTION
The emission characteristics of complex electronic systems
have been becoming increasingly important to identify the
electromagnetic compatibility (EMC) issues [1]. Recently,
the ‘‘basic emission waveform theory’’ is proposed with
emphasis on the physical characteristics of systems with
four basic waveforms, which realize emission characteris-
tic extraction and recognition of various emission sources
according to inherent physical properties [2]. When the struc-
tural parameters of complex systems can not be obtained
accurately or even unavailable, the EUT is just like a ‘‘black
box’’ and the full-wave simulation can not be performed.
Then, it is desirable to use the equivalent methods to model
such systems. Twomain categories of methods draw attention
and we briefly summarize the researches.

A. SOURCE PREDICTION
In terms of source prediction, plane wave and spherical wave
expansion methods are used to predict emission sources of
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complex systems. Many efforts have been done in the last
decades to improve their accuracy [3]–[6]. According to the
Huygens’ principle, the spherical near-field measurement is
suitable to reflect the electromagnetic emission characteris-
tics of systems. In [7], a spherical near-field (SNF) far-field
transformation procedure including pointwise probe correc-
tion was proposed. In [8], standard wideband antennas as
probes are used to analyze modern multi-service antenna sys-
tems. Another method for hemispherical near-field antenna
measurements is proposed and shows good performance [9].
It is worth emphasizing that the high accuracy of the testing
probe needs to be ensured using the method above, which is
hard to realize.

B. SOURCE EQUIVALENCE
In terms of source equivalence, as electronic systems become
more complex, full-wave methods can not meet the needs
of EMC modeling due to extremely large computational
resource consumptions. Then, the equivalent methods are
proposed in the last decades. Based on the measurement
of original systems, the equivalent current elements and
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magnetic elements were used to replace original systems,
and then through some numerical methods, the emission
of equivalent sources were calculated to realize the predic-
tion of emission characteristics of original complex systems
in [10], [11].

In fact, the electric and magnetic dipoles are the most
idealized electromagnetic radiation units. The PEDAM was
proposed and has been widely used in the near-field scanning
equivalent modeling, which is quite suitable to model inte-
grated circuits and printed circuit boards (PCBs) [12]–[19].
For example, the equivalent dipole moments models and a
decomposition method based on the reciprocity theory were
proposed to evaluate the coupling between the noise sources
and the victim antennas [20]. A machine learning based
source reconstruction method is developed to extract the
equivalent dipole moments accurately and reliably in [21].
A method is proposed to predict the maximum far-field
emission based on phaseless near-field scanning with dom-
inant magnetic dipoles from PCBs [22]. In [23], an efficient
equivalent dipole moments method is proposed to predict the
emission from PCBs installed in a shielding cavity. In the
methods above, all the equivalent dipoles are placed on planar
surfaces.

In practice, the PEDAMs are suitable for modeling in
the reactive near-field region with high complexity of data
acquisition and large scale of sampling data. Furthermore,
they are limited by the size of the scanning plane and can
only predict the planar fields distribution outside the scanning
plane. To overcome this limitation of the PEDAMs, in this
paper, we proposed a SEDAM to model complex electronic
systems, which is more suitable for the large-scale system
compared with the PEDAMs. The proposed method can be
used to model in radiation near-field region, which requires
less sampling data. In addition, it has advantages in predict-
ing and analyzing the omnidirectional radiation emission of
systems. It’s particularly useful for interference source loca-
tion where near-field noise coupling needs to be accurately
analyzed.

Three folds of contributions in this paper are summarized
as follows.

1) The SEDAM is proposed in spherical coordinate sys-
tem, which takes the three-dimensional space direction
electromagnetic emission of electronic equipment into
account, and the derivation including all the equivalent
points and the magnetic fields in the three directions of
r , θ and φ.

2) The SEDAM is verified through a full-wave simula-
tion for Multiple-Input Multiple-Output (MIMO) Ring
antenna and an experiment, respectively. The elec-
tromagnetic emission prediction results from various
fields including the near-field magnetic fields, far-field
magnetic/electric fields and far-field direction patterns
can be obtained with acceptable accuracy.

3) The proposed method is compared with the PEDAM.
By establishing equivalent models at the same equiva-
lent distance, the twomodels predictive effectiveness of

the far-field are analyzed. The proposedmethod ismore
suitable for large electromagnetic equipment, where
the PEDAM is not easy to be used.

However, we also observe some limitations of the proposed
method. When the sampling points make values of trigono-
metric function equal to zero, which means there are several
zero terms in the relational matrix T , the condition number
is too large for matrix inversion. The error can be quite large.
Therefore, sampling points should be set as far away from the
spherical poles and the equator as possible.

The paper is organized as follows. In Section II, the theory
of SEDAM is introduced. In Section III, numerical exam-
ples are carried out to validate the accuracy of the proposed
method. In Section IV, the method in this paper is compared
with the PEDAM in simulation. In Section V, the SEDAM
and PEDAM are further validated by a practical experiment.
At last, we draw some conclusions in Section VI.

II. THE THEORY OF BASIC THEORY OF SPHERICAL
EQUIVALENT DIPOLE ARRAY
The equivalent dipole array theory was first proposed by P.
Wilson in 1995 [24]. According to the equivalence of the
fields generated by the electric or magnetic dipoles and the
original systems, an array of weighted dipoles can be deduced
to represent the original emission characteristics.

The fields in spherical coordinates due to a single vertical
electric dipole Pz and a magnetic dipoleMz in free space can
be expressed as bellow [24].

A vertical electric dipole:

Er = k20
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A vertical magnetic dipole:
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Er =Eθ = Hφ = 0. (8)

Other components can be easily obtained through the per-
mutation of the coordinate variables, x, y and z based on
Equ. (1)∼(8). Unlike the conventional PEDAM, in which the
dipoles are placed in a single or several planar surfaces, and
fields are derived from the Cartesian system, we proposed
to place the dipole array in a spherical surface. Therefore,
it would be more convenient to express the fields in the
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spherical system. In the following, we present the detailed
derivation.

It is found that the wave impedance of the electric and
magnetic dipoles show totally different behaviors when
the distance between the source and observation point, r ,
approaches 0. For the electric dipole, its wave impedance
goes infinity, however, for the magnetic dipole, its wave
impedance monotonically decreases to 0 [22]. Therefore,
to avoid large numerical errors for the near-field measured
data in the proposed method, magnetic dipoles (magnetic
dipole moments) are selected as basic emission units and an
array of magnetic dipoles distributed on a spherical surface
are used to model complex electronic systems in this paper.

The magnetic dipole moments in the spherical system can
be expressed in terms of their Cartesian components as

Mr =Mx sin θn cosφn+My sin θn sinφn+Mz cos θn, (9)

Mθ =Mx cos θn cosφn+My cos θn sinφn−Mz sin θn, (10)

Mφ =−Mx sinφn +My cosφn. (11)

where (rn, θn, φn) is the coordinate of equivalent point in the
spherical coordinate system. Therefore, the magnetic fields
due to a single magnetic dipole can be expressed as

Hm
r =Khk0(THrMrMr + THrMθMθ+THrMφMnnφ), (12)

Hm
θ =Khknn0(THθMnrMr + THθMθMθ+THθMφMφ), (13)

Hm
φ =Khk0(THφMrMr + THφMθMθ + THφMφMφ). (14)

where Hm
r , H

m
θ , H

m
φ are three components of the magnetic

fields in spherical system,Mr ,Mθ ,Mφ are three components
of the magnetic dipole moments, k0 = 2π

λ
is the wavenumber

in free space, Kh =
k0
4π is a constant associated with k0.

THrMr , THrMθ , THrMφ , THθMr , THθMθ , THθMφ , THφMr , THφMθ ,
THφMφ are the conversion coefficients between Hm

r , H
m
θ , H

m
φ

and the three components of the dipole moments Mr , Mθ ,
Mφ in (12)∼(14), respectively, and are used to construct the
relational matrix T .

Assuming that we have N observation points and N equiv-
alent points, where the coordinates of the observation points
are (rm, θm, φm),m = 1, . . . ,N , the coordinates of the equiv-
alent points are (rn, θn, φn), n = 1, . . . ,N . By rewriting all
the fields at the observation points into matrix form, we can
obtain

Kh · k0 · [T ]3N×3N · [M ]3N×1 = [H ]3N×1 (15)

where T is

T =

 [THrMr ]N×N [THrMθ ]N×N [THrMφ ]N×N
[THθMr ]N×N [THθMnnnθ ]N×N [THθMnφ ]N×N
[THφMnnr ]N×N [THφMθ ]N×N [THφMφ ]N×N


(16)

whereM and H are

M =

[Mr ]N×1
[Mθ ]N×1
[Mφ]N×1

 , H =

[Hr ]N×1
[Hθ ]N×1
[Hφ]N×1

 . (17)

FIGURE 1. The flow chart of the SEDAM.

FIGURE 2. The MIMO ring antenna model.

The detailed expressions of each element in T can be found in
the appendix section. Once we have the measured data at the
observation points, the weights for each dipole can be solved
through Equ. (15). Then, we can use those weighted dipoles
distributed on a spherical surface to predict the electromag-
netic emission of EUT. In the next two sections, we present
several examples to demonstrate the effectiveness and accu-
racy of the proposed method.

III. THE NUMERICAL VERIFICATION WITH
A MIMO RING ANTENNA
In this paper, the software FEldberechnung für Körper mit
beliebiger Oberfläche (FEKO) is used to perform equivalent
modeling for a MIMO ring antenna as shown in Fig. 2. The
radius of the ring antenna is 0.0325m, and the frequency is
f = 2.4GHz. In the simulation, the ranges of θ and φ are
1◦ ∼ 179◦, 0◦ ∼ 330◦, respectively, and the overall count of
7× 12 = 84 observation points are selected at an interval of
30◦ both in θ and φ.

The wavelength is λ = 0.125m and the diameter is

D = 0.065m. According to 0.62
√

D3

λ
= 0.0291m, 2D2

λ
=

0.0676m, it’s obvious that in the reactive near-field region,

r < 0.62
√

D3

λ
= 0.0291m is less than D

2 = 0.0325m.
Therefore, between the distance of 0.0325m and 0.0676m,
we select the observed spherical surface with a radius rm =
0.062m. We find that the optimal equivalent surface is
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FIGURE 3. Comparison of magnetic field distribution at 0.062 m.

FIGURE 4. Comparison of magnetic field distribution at 0.072 m.

FIGURE 5. Comparison of magnetic field distribution at 1 m.

FIGURE 6. Comparison of electric field distribution at 1 m.

rn = 0.05m. Through the analysis of the proposed method,
the results are shown in Fig. 3∼ Fig. 6.
Fig. 3 shows the magnetic fields obtained from the full-

wave simulation of the MIMO ring antenna and the proposed
method on a spherical surface with the radius 0.062m in the
radiation near-field region. The pattern of magnetic fields

obtained from the two methods are approximately the same.
By analyzing the results of all the observation points, it is
shown that the component with the largest error is Hr , and
the observation points with large errors are almost around the
poles of the observation surface.

Fig. 4 shows the magnetic fields obtained from the two
methods on a spherical surface with the radius 0.072m. The
patterns of fields are almost the same. However, the values at
the top show some differences. The components with larger
errors are Hr and Hφ , the observation points with large errors
are near the equator of the spherical surface.

Fig. 5-6 show the magnetic and electric fields at a spherical
surface with the radius 1 m. It is found that the maximum
magnetic and electric fields obtained from the proposed
method are smaller than the full-wave simulation results,
especially, near the top of the sphere. The component with
the largest error isHr , the observation points with large errors
are both around the poles of the sphere and near the equator
under the situation of 1 m.
When θm around 0◦, 90◦, 180◦, their trigonometric func-

tion approaches 0, which causes the largest deviations. It’s
easy to find that Hr includes multiple terms of sinθm and
cosθm. In addition, as r increases, which is the denominator,
elements forHr in T including r becomes smaller. Therefore,
Hr basically shows the largest error in those observation
points. In our implementation, we skipped those angles to
avoid large errors.

FIGURE 7. Comparison of far-field direction pattern at φ = 90◦, total E
magnitude (V ).

FIGURE 8. Comparison of far-field direction pattern at θ = 90◦, total E
magnitude (V ).

The far-field direction patterns of the original model and
the equivalent model are shown in Fig. 7, 8 with φ = 90◦
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and θ = 90◦, respectively. It is easy to find that no matter
whether φ = 90◦ and θ = 90◦, the distribution of the far-
field direction is roughly the same, but the amplitude of the
equivalent model is relatively small.

We investigate the error of the proposed method. The error
is defined as follows.

Error(Hk ) =

√
6N
i=1(Ms(Hk (i))−Me(Hk (i)))2

6N
i=1(Ms(Hk (i)))2

, (18)

Error(Ek ) =

√
6N
i=1(Ms(Ek (i))−Me(Ek (i)))2

6N
i=1(Ms(Ek (i)))2

. (19)

whereHk and Ek are magnetic and electric fields component,
respectively, Ms is the magnetic fields truth value of the
original source, and Me is the magnetic fields truth value
of the equivalent source. N is the total number of sampling
points, i = 1, 2, . . . ,N . k = r, θ, φ, x, y, z. The error is indi-
cated by the mean squared error (MSE) between the original
near-field intensities Ms(Hk ) (or Ms(Ek )) and the equivalent
near-field intensities Me(Hk ) (or Me(Ek )). The results from
Table 1∼ Table 4 are all according to Equ. (18) and (19).

TABLE 1. The applicability and limitations of the two methods.

TABLE 2. The error of 84 equivalent points.

TABLE 3. The error of 289 equivalent points.

TABLE 4. The error of 289 equivalent points at 0:001 M.

The equivalent accuracy of the measured surface 0.062m
magnetic fields, the observation surface 0.072m magnetic
fields in near-field and observation surface 1 m electric/
magnetic fields distribution in far-field are, respectively,
shown in Table 2. From the Table 2, both in the near-field
and far-field, the error of Hr and Er is relatively large. In the

near-field, the error of Hφ is relatively large, and in the far-
field, the error in the direction of θ and φ in both electric and
magnetic fields show good agreement.

IV. COMPARISON WITH THE PEDAM
The PEDAM is derived in the Cartesian system [20]. The
magnetic fields can be expressed as

Hm
x =Khk0Mx[g2(r)+

−((ym − yn)2 + (zm − zn)2)
r2

×g1(r)]+ Khknn0Mny
(xm − xn)(ym−yn)

r2
gnnn1(r)

+Khknnn0Mnnz
(xm − xn)(zm − zn)

r2
gn1(r), (20)

Hm
y =Khknn0Mnnx

(xm − xn)(ym − yn)
r2

g1(r)+Khknn0Mnny

×[g2(r)+
−((xm − xn)2 + (zm − zn)2)

r2
gn1(r)]

+Khknn0Mnnz
(ym − yn)(zm − zn)

r2
gnn1(r), (21)

Hm
z =Khknnn0Mnnx

(xm−xn)(zm−zn)
r2

gnn1(r)+Khknn0Mny

×
(ym − yn)(zm − zn)

r2
gn1(r)+Khknn0Mnnnz[g2(r)

+
−((xm − xn)2+(zm − zn)2)

r2
gnn1(r)]. (22)

The interval on the plane is [−0.040m, 0.040m], and the
interval is 0.005m on xoy plane, so there are 17 × 17 = 289
observation points. It is also assumed that the number of
observation points is the same as the number of equivalent
points. The measured surface radius rm = 0.062m and the
optimal equivalent surface is rn = 0.055. The near-field
magnetic distribution at 0.072m and the far-field magnetic
distribution at 1m were also compared. The results are shown
in Fig. 9∼Fig. 12.

FIGURE 9. Comparison of magnetic field distribution at 0.062 m.

Fig. 9 shows the magnetic fields distribution of the MIMO
ring antenna and the equivalent source on the near-field
observation plane 0.062m. The magnetic fields distribution
is roughly the same.

Fig. 10 shows themagnetic fields distribution of theMIMO
ring antenna and the equivalent source on the observed plane
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FIGURE 10. Comparison of magnetic field distribution at 0.072 m.

FIGURE 11. Comparison of magnetic field distribution at 1 m.

FIGURE 12. Comparison of far-field pattern at θ = 90◦, total E
magnitude (V ).

at 0.072m. The amplitude of the equivalent field in the middle
part of the model is large.

Fig. 11 shows themagnetic fields distribution of theMIMO
ring antenna and equivalent source on the observed plane
at 1 m. The maximummagnetic fields value of the equivalent
model is less than the original model on the whole plane.

The far-field direction patterns of the original model and
the equivalent model are shown in Fig. 12 with θ = 90◦,
which is quite different. According to the error shown
in Table 3, it can also be seen that the error in the x direction
of the far-field electric field is large. It’s obvious that the
direction distribution in Fig. 12 (a) and Fig. 12 (b) are totally
different. For the far-field distribution of θ = 90◦, it is paral-
lel to the xoy plane and is not in themain radiation direction of
the PEDAM. At the same time, this model missing the fields
information on xoz and yoz plane, so it is difficult to achieve
effective prediction using the PEDAM.

It is worth noting that the SEDAM takes into account the
diameter of the MIMO ring antenna, so the measured surface

is 0.062m. However, when the measurement and equivalent
surface of PEDAM is in reactive near-field region, the equiv-
alent result is better than that in radiation near-field region.

When the measured surface is rm = 0.01m and the equiva-
lent surface is rn = 0.001m using the PEDAM, the results are
shown in Table 4. The equivalent errors are both less than 3%.
This means that the PEDAM is applicable to the observation
surface inside the reactive near-field region.

It can be seen that under the close equivalent surfaces
of 0.05m and 0.055m, the error of PEDAM is larger than
that of SEDAM. However, when the equivalent surface of
the PEDAM is 0.001m, the equivalent result is better, which
implies that the PEDAM is suitable for modeling in reac-
tive near-field region. However, the distance 0.001m for the
SEDAM is impossible, because the radius of the MIMO ring
antenna is greater than 0.001m. Thus, the SEDAM is suitable
for radiation near-field region modeling.

In order to compare the accuracy of the PEDAM and the
proposed SEDAM, the following work is necessary. The first
part is setting the SEDAM with the same observation plane
and the same observation points with the PEDAM. The value
interval on the observation plane is [−0.040m, 0.040m], and
the interval is 0.005m on xoy plane, so there are a total
of 17 × 17 = 289 observation points, which is the same
as the simulation setup in Section III. The other work is
setting the PEDAMwith the same observation sphere and the
same observation points with the SEDAM, the same as the
simulation setup in Section II. The range of θ is 1◦ ∼ 179◦,
φ is 0◦ ∼ 330◦, and 7 × 12 = 84 observation points are
selected at an interval of 30◦ both in θ and φ. Considering the
size of the equivalent model itself, the observation surface
here is the distance of 1 m from the MIMO ring antenna. The
equivalent accuracy results are shown in Fig. 13.

As can be seen from Fig. 13 (a), the magnetic fields equiv-
alent error of the proposed SEDAM at 1 m is larger, and
the error of the electric fields is smaller than that obtained
from the PEDAM. The 1 m distance is more concerned
with the distribution of electric fields in practice. Therefore,
in general, when the observation surface is plane, the SEDAM
is preferable. It also can be seen from Fig. 13 (b) that the
accuracy of the SEDAM is better than that of the PEDAM
under the spherical observation.

The differences between these two methods including the
following aspects. First of all, the accuracy of the equivalent
modeling method is related to the distance of the near-field
measurement. It can be seen from the results in Table 3 and
Table 4 that the optimal modeling region of the PEDAM
is the reactive near-field region, while the SEDAM is the
radiation near-field region. The measured distance 0.062m is
in the radiation near-field region of the MIMO ring antenna.
Therefore, the accuracy of the SEDAM is better than that of
the PEDAM. On the other hand, the PEDAM is mainly based
on the near-field scanning results of the xoy plane, missing the
field information of other positions in the space, which results
in a large error in the far-field, especially as can be seen from
Fig. 12 of the far-field direction patterns. Thirdly, the sparsity
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FIGURE 13. The equivalent accuracy comparison of these two methods
under different observation.

of the dipole array also directly affects the equivalent results.
For example, there are 84 equivalent points in the SEDAM
and 289 equivalent points in the PEDAM in Fig. 13 (a).Mean-
while, the observation points are 289. Therefore, themagnetic
fields equivalent accuracy of PEDAM is better. In Fig. 13 (b),
the SEDAM has 84 equivalent points, which equals to the
number of spherical observation points, and the PEDAM has
289 equivalent points, which is more than the number of
observation points. Therefore, themagnetic and electric fields
equivalent accuracy of the SEDAM is better.

V. THE VERIFICATION OF MEASUREMENT
In this section, a workstation is used as the EUT. The mea-
surement and observation distances are 0.48m and 0.55m
respectively, and the measured frequency is f = 504MHz.
In order to verify the accuracy of the proposed method in this
paper, a spherical measurement device was developed. The
device is made of PolymethylMethacrylate and the dielectric
constant is 3.7. The measurement configurations are shown
in Fig. 14 (a)∼(b).

On the measured hemispherical surface, the range of θ
is 10◦ ∼ 90◦, and the interval is 20◦. The range of φ is
0◦ ∼ 300◦, and the interval is 60◦. Therefore, there are
5 × 6 = 30 discrete sampling points. Then the SEDAM
could be used. In order to present the relatively continuous

FIGURE 14. The spherical measurement device and the measurement
site.

and smooth figures of electric and magnetic fields, which are
shown in Fig. 15, we take the sampling interval of 5◦ both of
θ and φ in Feko, that is, the sampling points of equivalent
model on the observation surface are 19 × 73 = 1387.
However, the error calculation is still the average of 30 mea-
sured sampling points where including 90 dipoles. The test-
ing antenna is SBA 9113B small double hammer antenna,
80MHz ∼ 3GHz SCHWARZBECKMESS, the Antenna Fac-
tor (AF) at 504MHz is 28dB/m, which according to the
product manual of schwarzbeck, German [25]. Before this,
the measured data shall be preprocessed, and the formula as
follows:

P(dBmW ) = E(dBµV/m)− AF(dB/m)− 107 (23)

The data of magnetic and electric fields predicted with the
proposed method at an equivalent surface of 0.55m are
shown in Fig. 15. The results for the measured equipment is
in Table 5, which shows that the error between Eθ and Hφ ,
Eφ and Hθ are symmetric basically. Although affected by the
testing accuracy and the fabrication error of the measurement
device, the equivalent results have a large deviation, but still
within the acceptable range. At the same time, we also find
that the error near the poles on the hemispherical surface is
relatively large.

In addition, in order to compare SEDAMwith the PEDAM
in this part. The distance ofmeasured plane is also 0.48m. The
sampling points value interval on the measured and obser-
vation plane are x = [−0.20m, 0.20m], y = [0m, 0.50m],
and the interval is 0.1m on xoy plane, so there are also
a total of 5 × 6 = 30 observation points. Calculated by
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FIGURE 15. The equivalent magnetic and electric field distribution
at 0.55 m.

TABLE 5. The error of 30 equivalent points.

FIGURE 16. The comparison between the results obtained from the
SEDAM and the PEDAM.

PEDAM, the distance of optimal equivalent plane is 0.42m.
The equivalent results compare with SEDAM and PEDAM
are shown in Fig. 16.
It can be seen from the equivalent results that the equivalent

accuracy of the SEDAM is higher under the same measure-
ment conditions, that is, the measured distance 0.48m is
located in the radiation near-field region of EUT.

VI. CONCLUSION
In order to solve electromagnetic interference source loca-
tion problems in electronic systems, this paper focuses on
the near-field measurement of increasingly complex elec-
tronic equipments, and realizes the equivalent modeling with

spherical dipole array. Only with accurate equivalence to
complex electronic equipment can the feature recognition and
interference location be realized.

The analytical relationship is derived between Hm
r ,H

m
θ ,

Hm
φ and the magnetic dipole moments Mr ,Mθ ,Mφ in the

spherical coordinate system, then the MIMO Ring antenna
is modeled using SEDAM. By comparing the results of the
near-field magnetic fields, far-field magnetic/electric fields
and far-field direction patterns with FEKO, it can be seen
that the equivalent errors of the model are within 0.21,
except for the r component in far-field, which shows good
performance. The SEDAM is compared with the PEDAM,
it is found that the PEDAM shows better accuracy in the
reactive near-field region, but is not as high as that of the
SEDAM at the samemeasured surface. Finally, the feasibility
of the SEDAM is verified by the actual measurement of a
workstation, in which, the results are also compared with
the PEDAM.

The SEDAM is more suitable for large complex electro-
magnetic equipments, which can predict a spherical fields
distribution in the near-field and far-field. The requirement
for the scale of scanning points is small, and the SEDAM
can realize the full space radiation field prediction for EUT.
In addition, our proposed method is applicable for arbi-
trary electronic systems including circuit components with
planar structure and packaging equipment with non-planar
structures.

The limitation of the method in this paper is that the
selection of sampling points should try to avoid the case that
causes a large number of 0 in the relational matrix T , which
will lead to a large deviation of the equivalent model due to
the large condition number of T .
Further investigations to improve the accuracy near the

poles and equator to find the optimal layout of sampling
points and the prediction accuracy of equivalent model are
in progress.

APPENDIX A
SPHERICAL EQUIVALENT DIPOLE ARRAY MODEL
Appendix A shows the theoretical derivation of the spherical
equivalent dipole array, especially all the elements in the
equivalent relation matrix.

ε0=
1

36π109
, (24)

µ0= 4π10−7, (25)

k0=
2π
λ
, (26)

ω=
k0
√
µ0ε0

, (27)

f (r)=
e−jk0rn

r
, (28)

Kh=
k0
4π
, (29)

g1(r)= (
3

(k0rn)2
+

3j
k0r
− 1)f (r), (30)
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g2(r)= (
2

(k0rnn)2
+

2j
k0rn

)f (r), (31)

g3(r)= (
1

k0rnn
+ j)f (r). (32)

THrMnnr = (sin θm cosφm sin θn cosφn + sin θm sinφm
sin θn sinφn + cos θm cos θn)g2(r)

+[
−((ym − yn)2 + (zm − zn)2)

r2
sin θm cosφm

sin θn cosφn −
(xm − xn)2 + (zm − zn)2

r2
sin θm sinφm sin θn sinφn −
(xm − xn)2 + (ym − yn)2

r2
cos θm cos θn

+
(xm − xn)(ym − yn)

r2
(sin θm cosφm sin θn

sinφn + sin θm sinφm sin θn cosφn)

+
(xm − xn)(zm − zn)

r2
(sin θm cosφm cos θn

+ cos θm sin θn cosφn)+
(ym − yn)(zm − zn)

r2
(sin θm sinφm cos θn + cos θm sin θn
sinφn)]g1(r) (33)

THrMnnθ = (sin θm cosφm cos θn cosφn + sin θm sinφm
cos θn sinφn − cos θm sin θn)g2(r)

+[
−((ym − yn)2 + (zm − zn)2)

r2
sin θm cosφm

cos θn cosφn −
(xm − xn)2 + (zm − zn)2

r2
sin θm sinφm cos θn sinφn

+
(xm − xn)2 + (ym − yn)2

r2
cos θm sin θn

+
(xm − xn)(ym − yn)

r2
(sin θm cosφm cos θn

sinφn + sin θm sinφm cos θn cosφn)

+
(xm − xn)(zm − zn)

r2
(− sin θm cosφm sin θn

+ cos θm cos θn cosφn)+
(ym − yn)(zm − zn)

r2
(− sin θm sinφm sin θn + cos θm cos θn
sinφn)]g1(r) (34)

THrMnnφ = (− sin θm cosφm sinφn + sin θm sinφm

cosφn)g2(r)+ [
(ym − yn)2 + (zm − zn)2

r2

sin θm cosφm sinφn −
(xm − xn)2 + (zm − zn)2

r2

sin θm sinφm cosφn +
(xm − xn)(ym − yn)

r2
(sin θm cosφm cosφn − sin θm sinφm sinφn)

−
(xm − xn)(zm − zn)

r2
cos θm sinφn)

+
(ym − yn)(zm − zn)

r2
cos θm

cosφn)]g1(r) (35)

THθMnnr = (cos θm cosφm sin θn cosφn + cos θm sinφm

sin θn sinφn − sin θm cos θn)g2(r)

+[
−((ym − yn)2 + (zm − zn)2)

r2
cos θm cosφm

sin θn cosφn −
(xm − xn)2 + (zm − zn)2

r2
cos θm sinφm sin θn sinφn

+
(xm − xn)2 + (ym − yn)2

r2
sin θm cos θn

+
(xm − xn)(ym − yn)

r2
(cos θm cosφm sin θn

sinφn + cos θm sinφm sin θn cosφn)

+
(xm − xn)(zm − zn)

r2
(cos θm cosφm

cos θn − sin θm sin θn cosφn)

+
(ym − yn)(zm − zn)

r2
(cos θm sinφm

cos θn − sin θm sin θn sinφn)]g1(r) (36)

THθMnθ = (cos θm cosφm cos θn cosφn + cos θm

sinφm cos θn sinφn + sin θm sin θn)g2(r)

+[
−((ym − yn)2 + (zm − zn)2)

r2
cos θm cosφm

cos θn cosφn −
(xm − xn)2 + (zm − zn)2

r2

cos θm sinφm cos θn sinφn

−
(xm − xn)2 + (ym − yn)2

r2
sin θm sin θn

+
(xm − xn)(ym − yn)

r2
(cos θm cosφm cos θn

sinφn + cos θm sinφm cos θn cosφn)

−
(xm − xn)(zm − zn)

r2
(cos θm cosφm

sin θn + sin θm cos θn cosφn)−

−
(ym − yn)(zm − zn)

r2
(cos θm sinφm

sin θn + sin θm cos θn sinφn)]g1(r) (37)

THθMnφ = (− cos θm cosφm sin θn + cos θm sinφm

cosφn)g2(r)+ [
(ym − yn)2 + (zm − zn)2

r2
cos θm cosφm sinφn

−
(xm − xn)2 + (zm − zn)2

r2
cos θm sinφm

cosφn +
(xm − xn)(ym − yn)

r2
(cos θm

cosφm cosφn − cos θm sinφm sinφn)

+
(xm − xn)(zm − zn)

r2
sin θm sinφn)

(ym − yn)(zm − zn)
r2

sin θm

cosφn)]g1(r) (38)
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THφMnnnnr = (cosφm sin θn sinφn − sinφm sin θn

cosφn)g2(r)+ [
(ym − yn)2 + (zm − zn)2

r2
sinφm sin θn cosφn −

(xm − xn)2 + (zm − zn)2

r2
cosφm sin θn

cosφn −
(xm − xn)(ym − yn)

r2
(cosφm

sin θn sinφn − sinφm sin θn sinφn)−
(xm − xn)(zm − zn)

r2
sinφm cos θn +

(ym − yn)(zm − zn)
r2

cosφm cos θn]g1(r) (39)

THφMnnnnθ = (cosφm cos θn sinφn − sinφm cos θn

cosφn)g2(r)+ [
(ym − yn)2 + (zm − zn)2

r2
sinφm cos θn cosφn

−
(xm − xn)2 + (zm − zn)2

r2
cosφm cos θn

sinφn +
(xm − xn)(ym − yn)

r2
(cosφm

cos θn cosφn − sinφm cos θn sinφn)

+
(xm − xn)(zm − zn)

r2
sinφm sin θn

−
(ym−yn)(zm−zn)

r2
cosφm sin θn]g1(r) (40)

THφMnφ = (cosφm cosφn + sinφm sinφn)g2(r)

+[
−((ym − yn)2 + (zm − zn)2)

r2
sinφm sinφn

−
(xm − xn)2 + (zm − zn)2

r2
cosφm cosφn

−
(xm − xn)(ym − yn)

r2
(cosφm sinφn+sinφm

cosφn)]g1(r) (41)
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