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Estimation of Equivalent Current Distribution Using
Fourier Transform and Eigenmode Currents

Kazuto Mochiki, Keisuke Konno

Abstract—The estimation of the equivalent current distribution
is a challenge when the precise geometry of the real source is
unknown. In this study, a novel estimation method for the equiv-
alent current distribution is proposed. The proposed method is
a hybrid of the Fourier transform and eigenmode currents of
equivalent sources. The equivalent current distribution is estimated
using the proposed method as follows. First, the Fourier transform
is applied to an electric field integral equation, and the initial
equivalent current distribution on a specific estimation plane is
estimated from the near-field data of the real source. Utilizing
the initial equivalent current distribution, the equivalent sources
that are uniformly arranged over the estimation plane are thinned.
Subsequently, the equivalent current distribution is estimated using
a matrix equation and the eigenmode currents of the remaining
equivalent sources. The advantages of the proposed method are as
follows. First, the precise geometry of the real source is not needed
during estimation. Second, the number of equivalent sources is
reduced, and the estimation of the equivalent current distribution
is well conditioned. The performance of the proposed method is val-
idated both numerically and experimentally. Empirical guidelines
for threshold values for thinning equivalent sources are provided.

Index Terms—Eigenmode currents, equivalent source, Fourier
transform, inverse problem, method of moments (MoM).

1. INTRODUCTION

ECENTLY, unintentional radiation from electronic de-
R vices has become a serious problem [1], [2]. Unintention-
ally radiated electromagnetic waves can interfere with surround-
ing electronic devices and, thus, must be suppressed. A source
reconstruction method is commonly applied in determining the
source of electromagnetic waves radiating from electronic de-
vices. Once the source is identified, the unintentionally radiated
electromagnetic waves from the source can be suppressed.

Source reconstruction is an inverse problem, and extensive
effort has been dedicated to developing source reconstruction
methods. Moreover, source reconstruction methods using equiv-
alent sources have been proposed. Using integral equation ap-
proaches, the equivalent sources are reconstructed from the mea-
sured field data. Source reconstruction on 3-D surfaces has been
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demonstrated using different integral equation formulations, and
its accuracy has been validated [3]-[5]. Near-field to far-field
transformation techniques using equivalent magnetic currents
have been proposed [6], [7]. The far-field of array antennas can
be calculated from reconstructed magnetic currents. Near-field
to far-field transformation techniques using equivalent sources
have been enhanced, making them applicable to phaseless near-
field data [8], [9]. A method for estimating the current distri-
bution on a microstrip line of a multilayer printed circuit board
from measured near-field data has been proposed [10], [11].
Guidelines for setting parameters for near-field measurement
and dealing with lumped elements on the microstrip line have
also been clarified. A method for estimating the equivalent
sources of modulated EM radiation sources was proposed, and
the equivalent sources of a microwave oven were estimated [12].
The time-domain near-field method is used for measuring the
modulated EM wave in the time domain [13], [14], and its equiv-
alent sources are estimated from the measured near-field data in
the frequency domain. In recent years, a source reconstruction
method based on Poggio—Miller—-Chang—Harrington—Wu for-
mulation with a probe correction technique has been proposed
for noninvasive specific absorption rate measurements inside a
dielectric object [15].

Source reconstruction necessitates overcoming ill posed-
ness [16]. Regularization techniques have been introduced to
alleviate the ill posedness of source reconstruction, [17]-[19].
The norm of the source vector to be reconstructed is added to the
cost functions, and the resultant source reconstruction problem
is well conditioned. In recent years, eigenmode current-based
approaches have been proposed to alleviate the ill posedness of
the source reconstruction of array antennas [20], [21]. Because
the eigenmode currents of the array antennas can be used as
macro basis functions, the current to be reconstructed is ex-
panded using eigenmode currents. It has been demonstrated that
the source reconstruction problem is well conditioned when a
moderate number of eigenmode currents are used. Moreover,
eigenmode currents have been applied to nonlinear inverse prob-
lems using an artificial neural network (ANN) [22]. Notably,
these eigenmode current-based approaches are only applicable
to the reconstruction of real sources with known geometries.

Although such advancements in source reconstruction meth-
ods have been demonstrated, unknown or imprecise geometries
pose a challenge. When the precise geometry of the real source
is unknown, the equivalent sources are arranged over the entire
area where the real source is suspected. Therefore, the number
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Fig. 1.  Algorithm of proposed method. (a) Current obtained using Fourier transform and thinning of equivalent sources. (b) Estimation of the equivalent current

distribution of the remaining equivalent sources.

of equivalent sources during the source reconstruction becomes
large, and the source reconstruction suffers from ill posedness.

In this article, a novel estimation method for the equivalent
current distribution for a source whose precise geometry is
unknown is proposed. It is a hybrid method that combines
the Fourier transform [8] and the eigenmode currents of the
equivalent sources. Further, the equivalent sources are thinned
prior to determining their equivalent current distributions. Thus,
the source reconstruction problem is well conditioned, although
the precise geometry of the real source is unknown. It should
be noted that operating frequency of the source is expected to
be known prior to applying the proposed method. Therefore, the
proposed method is applicable to finding the continuous wave
(CW) source. For example, the proposed method can be applied
to identifying multiple CW sources inside wireless devices
(e.g., radiation from an antenna and leakage from microwave
components).

The rest of this article is organized as follows. In Section 1II,
the algorithm of the proposed method is described in detail.
Its performance is demonstrated numerically in Section III. In
Section IV, the equivalent current distribution of the fabricated
antenna prototype is estimated using the proposed method.
Finally, Section V concludes this article.

II. PROPOSED METHOD

The algorithm for the proposed method is illustrated in Fig. 1.
The proposed method is based on EFIE because our in-house
code for the method of moments (MoM) is based on EFIE [23].
In the proposed method, the equivalent current distribution of
the equivalent sources is obtained as follows. First, the near-field
data of the real source are measured over a specific measurement
plane. A Fourier transform is applied to the EFIE, and the initial
equivalent current distribution on a specific estimation plane
is estimated from the measured near-field data. Next, equivalent

sources (i.e., small dipole elements) are uniformly arranged over
the estimation plane (i.e., the equivalent sources are arranged
over the same plane as the initial equivalent current), and their
eigenmode currents are obtained. The contribution of the equiva-
lent sources to the initial equivalent current distribution is evalu-
ated, according to the initial equivalent current distribution and
the eigenmode currents. Subsequently, the equivalent sources
whose contribution to the initial current distribution is small are
thinned. Subsequently, the equivalent current distribution of the
remaining equivalent sources is decomposed into their eigen-
mode currents. Their unknown weight coefficients are obtained
from a matrix equation and the equivalent current distribution
is estimated. Notably, the method proposed here focuses on
estimation of the equivalent current distribution of the planar
real source. Theoretically, the equivalent current distribution of a
complicated three-dimensional real source can be estimated in a
manner similar to that of the proposed method. For a complicated
3-Dreal source, the equivalent sources should be arranged inside
a specific volume.

A. Estimation of Initial Equivalent Current Distribution Using
Fourier Transform

The near-field E(r) of the real source is measured using a
probe scanning on the measurement plane. The current over
the estimation plane S’ is J(7'), and the current is assumed to
be a source of the measured near-field E(r). The relationship
between the current J(7’) and the measured near-field E(r) is
described using the EFIE as follows:

E(r) = —jwuo/ G(r,r')- J(r')dS' (1)
SI

where r = (z,y, z) and v’ = (2/,y/, 2') are the position vectors
of the observation point and source, respectively. G(r, r') is the
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dyadic Green’s function of free space

e . —jkolr—r'|
G(r,r') = <I+ W) ¢

2 @)

dr|r — r'|
where kg is a wavenumber of the free-space.

Because (1) is a so-called convolution integral, the following
expression is obtained after a Fourier transform is applied to
both sides of (1):

E(k) = G(k) - J (k) 3)

where ~ indicates a physical quantity that is transformed from
the spatial domain to the spectral domain using Fourier trans-
form. k denotes the wavenumber vector in the spectral domain.
Generally, (3)isa3 x 3 matrix equation and can be solved easily
as follows:

J(r') = FG(k) - B(k)). @)

The current J (') obtained here is the initial equivalent current
distribution on the estimation plane. The details of the Fourier
transform used in this study are available in the Appendix.
Notably, J (') in (4) can be uniquely obtained for ideal inverse
problems. However, J (') is not uniquely obtained for practical
inverse problems owing to the measurement error, noise, and the
difficulty in near-field sampling over a closed surface. Therefore,
J(r') is the initial equivalent current distribution, which is
updated using eigenmode currents.

The initial equivalent current distribution obtained here di-
rectly affects the value of the threshold 7 which is mentioned in
the Section II-B. Because the threshold ) affects the arrangement
of the updated equivalent sources, the initial equivalent current
distribution should be obtained such that it reflects the current
distribution of the real source. In practice, some remedies may
be helpful in reflecting the current distribution of the real source
to the initial equivalent current distribution. For example, av-
eraging the measured electric field, measuring over the plane
enclosing the real source, and using Greens function including
surrounding scatterers (i.e., ground plane or layered media) are
expected to be helpful.

B. Thinning of Equivalent Sources

Here, the arrangement of equivalent sources over the estima-
tion plane is obtained such that it reflects the initial equivalent
current distribution J (7). First, the equivalent sources, that
is, the small dipole elements, are arranged uniformly over the
estimation plane. Subsequently, N,-dimensional current vector
J n, corresponding to the equivalent sources is obtained using

“)

In, = [J1see oy dnssee In) T 5)

where N; denotes the initial number of equivalent sources.
Next, an impedance matrix Z v, n, of the equivalent sources
is obtained using the method of moments (MoM) [23], [24].
Once the impedance matrix is obtained using Galerkin’s
method, the reciprocal of the impedance matrix is obtained,
and Z TNM N, Z N, xN, becomes a Hermitian matrix. It is well
known that eigenvectors of a Hermitian matrix are orthonormal

to each other. Therefore, eigenvectors e, (1 < n; < N;) of
Z JEVi «N, Z N;xN; canbe used as the entire domain basis functions
for equivalent sources. The eigenvectors are called eigenmode
currents [25]-[28]. Notably, orthonormal sets of vectors can be
used as entire domain basis functions, and the choice of sets of
orthonormal vectors is not limited to those of this approach.

To update the arrangement of equivalent sources, the contri-
bution of each equivalent source to the initial equivalent current
distribution is calculated as follows:

N;

Ty = 3 [ Jn,en, il 6)

k=1

where J,,, is the current of the n;th equivalent source obtained
using the Fourier transform and e,,, j, is the n;th component of
the kth eigenmode current. It can be found that 7,,, is the total
contribution of the n;th equivalent source to the initial equivalent
current distribution. Moreover, 7,,, indicates the contribution of
the n;th equivalent source to the eigenmode current. Therefore,
the equivalent source (i.e., dipole element) whose contribution
to both the initial current distribution and dominant eigenmode
current is large can be found according to 7,,. Finally, n,,
is normalized by its maximum 7,,,x and equivalent sources
whose contribution to the initial equivalent current distribution
is smaller than the threshold 7 are thinned

i %)

nmax
As shown in Fig. 1(a), updated arrangement of the equivalent
sources obtained in this manner should reflect the initial equiv-
alent current distribution. Because the initial equivalent current
distribution is obtained from the near-field of the real source,
the remaining equivalent sources are relevant to the current
of the real source, whereas the initial equivalent sources are
not. Consequently, the eigenmode currents of the remaining
equivalent sources are expected to be helpful to expanding the
current of the real source. Moreover, the number of equivalent
sources can be reduced, and the estimation of the equivalent
current distribution is well conditioned.

C. Estimation of Equivalent Current Distribution Using
Eigenmode Currents and Matrix Equation

Here, the estimation of the equivalent current distribution is
performed using the eigenmode currents of the remaining equiv-
alent sources. The eigenmode currents of the remaining equiv-
alent sources are obtained from their impedance matrix Z y n
using the MoM, where [V is the number of remaining equivalent
sources. The current Iy of the remaining equivalent sources
is expanded using their eigenmode currents e, (1 < n < N),
as follows:

L
IN ~ Z e (8)
=1

where e; is the [th eigenmode current of the remaining equivalent
sources, «q is the unknown weight coefficient, and L(L < N)
is the number of eigenmode currents used to expand the current
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distribution. It was previously demonstrated that the contribu-
tion of the eigenmode current to the current is large when its
eigenvalue is small [25]. Therefore, in this study, L-eigenmode
currents with relatively small eigenvalues were used to expand
the current distribution.

The unknown weight coefficients oy can be obtained numer-
ically by solving the following matrix equation. A probe was
scanned over the measurement plane, and the near-field was
measured at P measurement points. The receiving voltages of
the probe at the P measurement points were stored in V p as
a complex voltage vector. The mutual impedances between the
probe and equivalent sources can be obtained using the MoM,
and the resultant P x N mutual impedance matrix Z pyy is
expressed as follows:

le ZlN

Zpyn = | Z : ©))

pn

Zp1

ZpN |

where Z,,, is the mutual impedance between the probe at the
pth measurement point and the nth equivalent source. Thus, the

following matrix equation is obtained:
ZP><NIN :VP~ (10)

Once (8) is substituted into (10), the following matrix equation
is readily obtained:

L
ZpxN E aep =Vp
=1

L
Zal (Zpxne)) =Vp
=1

Z/PXLG,L:VP. (11)
Here
r N N N y
szem Z Z1n€2n Z Z1n€Ln
n=1 n=1 n=1
! _ . . .
PxL — .
N N N
Z ZPneln Z ZPn€2n Z ZPneLn
Ln=1 n=1 n=1 -
(12)
_al
sz
arp = (13)
L&L

where a, is a vector of the unknown weight coefficients. Z'5,,
isa P x L matrix and not a square matrix when P # L. There-
fore, (11) is solved using a singular value decomposition and
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Fig. 2.  Dipole array antenna (two elements) and its current distribution.

unknown weight coefficients «; are obtained. Finally, the eigen-
mode currents e; and their weight coefficients «y; are substituted
into (8), the equivalent current distribution of the remaining
equivalent sources is obtained as shown in Fig. 1(b).

Notably, both J (') and I are EFIE solutions. However,
both are equivalent current distributions (i.e., the near-field from
both are equivalent to that from the real source) and not always
coincident with the real sources themselves.

III. NUMERICAL SIMULATION

Here, the performance of the proposed method is demon-
strated via numerical simulation. As shown in Fig. 1, the
near-field on a specific measurement plane is scanned, and
the equivalent current distribution of the equivalent sources is
estimated. To simplify the measurement of the near-field, only
the y-component of the near-field (= E,) is measured, and
the y-component of the equivalent current distribution (=.J,,
and I,) is estimated throughout this study. As expected, mul-
tiple components of the near-field can be used to estimate the
equivalent current distribution at the expense of the estimation
cost, such as the measurement time or computational resources.
The equivalent sources are small dipole arrays that are parallel
to the y-axis, and (4) is reduced from a matrix equation to a

scalar equation, that is, J, = F -1 [gb;i, ], where §,, is a Fourier
transformed yy-component of the dyadic Green’s function in
free space. As mentioned in Section I, the proposed method
is applicable to finding multiple CW sources. Here, multiple
antenna elements, which are the simplest models of multiple
CW sources, are used as numerical examples. The equivalent
current distribution is estimated for two real source models: a
dipole array antenna and a loop array antenna. The two real
source models and their current distributions obtained using
the MoM are shown in Figs. 2 and 3, respectively. The dipole
antenna and loop antenna are discretized into 5 and 24 linear
current segments, respectively, during numerical analysis using
the MoM. The geometry of the real/equivalent sources and the
definition of the parameters for the numerical simulation are
shown in Figs. 4, 5, and Table 1. Although many parameters are
provided for the proposed method, only two parameters, 77 and
L, are optimized here. The remaining parameters are given to
satisfy the Nyquist sampling theorem. The frequency of the real
source was assumed to be known. Moreover, as prior knowledge,
the approximate size of the area where the real source is expected
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TABLE I
GEOMETRY OF REAL/EQUIVALENT SOURCES AND PARAMETERS FOR NUMERICAL SIMULATION

Real source

Dipole array antenna

Loop array antenna

Number of elements

2 3

Length of elements

20 = 0.5\

I, =1, = 0.3\

Feeding points (z,y)

#1 (—0.2X, 0.45X), #2 (0.3X, —0.051)

#1 (0, —0.51), #2 (0,0), #3 (0,0.51)

Feeding

Uniform and in-phase

Length of probe lp = 0.1\

Spacing between measurement and estimation planes h =0.1X

Interval of measurement points Ape = Apy = 0.1\ Apy = Apy = 0.08X
Number of measurement points P =21 x21 =441 P =25 x 25 =625
Signal to noise ratio SNR = 20 dB

Length of equivalent source lp, = 0.1\

Radius of source and equivalent source

a = 0.001\

a = 0.01X\

Spacing between equivalent sources

[
Az" = Ay" =0.1)

Area of estimation and measurement planes

Wy X Wy = 2\ X 2\

Threshold

n dB

Initial number of equivalent sources

N; = 441(= 21 x 21)

Number of equivalent sources

N =16@n = -5, N = 146@n = —15
N = 359@n = —20, N = N;@n = —oc0

N =25@n = —15, N =96@n = —25
N =211@n = —-30, N = N;@n = —oc0

. -20
-0.5 0 05 [dB]
x [1]

Fig. 3. Loop array antenna (three elements) and its current distribution.
z
Measurement
ap, point
Measurement plane S
Real source
Fig. 4. Near-field measurement model.

to be, may be helpful for setting the remaining parameters, such
as the area of the estimation/measurement planes.

The accuracy of the estimation was evaluated using the fol-
lowing two criteria. The first is a condition number « defined as
follows:

o = Jmax (14)

Omin

where 0, and oy, are the maximum and minimum singu-
lar values of the matrix Z'p, ; in (11), respectively. A small
/ value indicates that the estimation of the equivalent cur-
rent distribution is a well-conditioned problem. The latter is
numerically stable because its solution is robust to the effect of

Equivalent dipole sources on
estimation plane S’

Fig. 5. Equivalent source model.

noise, whereas an ill conditioned problem is numerically unsta-
ble [16]. Therefore, the estimated equivalent current distribution
from the well-conditioned problem is reliable, and vice versa.
The second is the relative error between the magnitude of the
y-component of the measured near-field (= |E;[) and that of
the near-field calculated from the equivalent current distribution
(= | E]). The relative error is defined as follows:

15)

where r,, is the position vector at the pth measurement point on
the measurement plane.

A. Performance of Proposed Method

The equivalent current distributions of the dipole and loop
array antennas were estimated. The estimated equivalent current
distributions are shown in Figs. 6 and 7. To clearly demon-
strate the performance of the proposed method, the equivalent
current distributions using two different approaches are also
shown in these figures. The first is the conventional least-squares
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Fig. 6.  Equivalent current distributions of the dipole array antenna. Left: Least-squares approach (N = 441, k = 7,950, € = 0.79). Center: Fourier transform

(e = 0.43). Right: Proposed method (n = —15dB, N = 146, L =7, = 0.29, Kk = 25.6).

v

Fig. 7.

05 0_05
x[]

yI[A

x [4]

Equivalent current distributions of the loop array antenna. Left: Least-squares approach (N = 441, k = 582.4, ¢ = 0.16.). Center: Fourier transform

(e = 0.26). Right: Proposed method (n = —25dB, N =96, L =7, = 0.24, k = 37).

0.5
)
a,
0.5
105 0051 L5 0 0501 05 0 o5 jLdB]
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Fig. 8.

Equivalent current distributions of the dipole array antenna estimated using the proposed method with different n. (Left: n = —5dB (N = 16L = 16¢ =

0.42x = 10.6). Center: n = —15dB (N = 146L = 7e = 0.29, k = 25.6). Right: n = —20dB (N =359, L = 17 = 0.24, k = 25.4).

approach (ie., aj = {(ZIPXL)T : IP><L}71 ’ ( IP><L)T - Vp),
and the second is the Fourier transform based on (1)-(4). No-
tably, these approaches are applied to estimating the equivalent
current distribution of equivalent sources without thinning (i.e.,
N=N).

As shown on the left-hand side of Figs. 6 and 7, the equivalent
current distributions estimated using the conventional least-
squares approach are quite different from those of real sources.
Because the equivalent sources are arranged over the entire esti-
mation plane, the total number of equivalent sources for the least-
squares approach is larger than that for the proposed method.
Thus, x = 7950 for the dipole array antenna and x = 582.4
for the loop array antenna. Therefore, it can be said that the
estimation of the equivalent current distribution using the least-
squares approach is ill conditioned, and the estimated equivalent
current distribution is quite different from that of real sources.

The equivalent current distributions estimated using the
Fourier transform are also shown at the center of Figs. 6 and 7.

The amplitude of the equivalent current distribution correspond-
ing to the position of the real source was relatively large.
Therefore, the equivalent current distribution estimated using
Fourier transform is coincident with the real source rather than
that of the conventional least-squares approach. On the other
hand, the equivalent current distribution estimated using the
Fourier transform ranges over the whole entire estimation plane,
and the positions of the real source cannot be clearly determined
from the equivalent current distribution, especially for the dipole
array antenna.

The equivalent current distributions estimated using the pro-
posed method are also shown on the right-hand side of Figs. 6
and 7. Here, according to the parametric studies discussed later,
the threshold 7 and number of eigenmode currents L are opti-
mized for the two different real sources. As a result of thinning,

the number of remaining equivalent sources is N = 146 (s ]\g )
for the dipole array antenna and N = 96 (~ ) for the loop

array antenna. Because the number of equivalent sources is
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yI[4

Fig. 9.

yI[4]

Equivalent current distributions of the loop array antenna estimated using the proposed method with different 7. (Left: n = —15dB (N = 25L = 2¢ =

0.32, k =3.1.)Center: ) = —25dB (N =96, L =7, ¢ = 0.24, k = 37). Right: n = =30 dB (N = 211. L = 9¢ = 0.22, k = 10.9).
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Fig. 10. Relationship among the number of eigenmode currents L, relative

error €, and condition number & for the proposed method (dipole array antenna).
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Fig. 11. Relationship among the number of eigenmode currents L, relative
error €, and condition number « for the proposed method (loop array antenna).

reduced, ~ is reduced from 7950 to 25.6 for the dipole array
antenna and from 582.4 to 37 for the loop array antenna. The
equivalent current distributions estimated using the proposed
method are close to real sources, whereas those estimated using
the Fourier transform range over a relatively wide area of the
estimation plane. Therefore, equivalent current distributions,

Estimation plane S’

L,
Measurement Dividﬂl
points P
Cross domain
Rx1 analyzer
Py $® i U3872
X
8L o Rx2(Ref) il
Measurement plane § ’
Fig. 12. Near-field measurement system for the dipole array antenna.

Estimation plane S’

Measurement
points P

Cross domain
Rx1l — analyzer
4, $® 2 U3872
x
Ap,
P Rx2(Ref) J

Measurement plane S

Fig. 13.  Near-field measurement system for the microstrip patch antenna.

reflecting the real sources, are successfully estimated using the
proposed method.

In contrast, the near-fields from the equivalent current dis-
tributions estimated using the three different approaches were
quantitatively evaluated as follows. The relative errors of the
near-fields from the equivalent current distributions estimated
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Fig. 14.  Equivalent current distributions of the dipole array antenna. (Left:
Fourier transform (¢ = 0.7). Right: Proposed method (n = —15 dBN = 38,
L =06, =0.32,k =2.9).

0
0.5 -
X o |Z,]

-

" .
| 20
105 0 05 1 [dB]

x[A]

Fig.15.  Equivalent current distributions of the microstrip patch antenna. (Left:
Fourier transform (¢ = 0.91). Right: Proposed method (n = —15dB, N = 46,
L =11, = 0.45, Kk = 16.6).

using the least-squares approach, Fourier transform, and the
proposed method are ¢ =0.79,0.43, and 0.29 for the dipole array
antenna, whereas those for the loop array antenna are € = 0.16,
0.26, and 0.24. Notably, the equivalent current distributions are
estimated here such that their near-fields are equivalent to those
of the real sources. Therefore, the relative errors of the near-
fields can be small, even if the equivalent current distributions
themselves are different from the real sources. For example,
the equivalent current distribution of the loop array antenna
estimated using the least-squares approach is quite different
from the real sources, but ¢ of their near-fields is the smallest
(=0.16). On the other hand, the equivalent current distributions
estimated using the proposed method are coincident with the
real sources. Moreover, ¢ of the near-fields from the equivalent
current distribution estimated using the proposed method is
the smallest (=0.29) for the dipole array antenna and is the
second smallest for the loop array antenna (=0.24). Based on
the discussion of the equivalent current distributions and their
near-fields, it can be concluded that the proposed method enables
the estimation of the equivalent current distribution reflecting the
real sources without degrading the accuracy of their near-fields.

B. Parametric Studies

Here, the equivalent current distributions of the real sources
were estimated using the proposed method with different thresh-
olds, . According to the numerical simulation, the optimum
value of 7 is clarified from the viewpoint of mode theory.
Figs. 8 and 9 show the equivalent current distributions of the
real sources using the proposed method with different 7 values.
The equivalent current distributions ranged over arelatively wide
area of the estimation plane as 7 decreased. As mentioned earlier,
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the number of thinned equivalent sources becomes small when 7
decreases. Thus, the area where the remaining equivalent sources
are arranged wides as 1) decreases. According to the mode theory,
dominant eigenmodes of the sources correspond to their area.
For example, the higher order eigenmode currents are dominant
when the area of the source is larger than the wavelength and
vice versa. Therefore, the optimum value of 7 should be given
such that the area of the equivalent sources is coincident with
that of the real sources. The optimum value of 7 was —15 dB for
the dipole array antenna and —25 dB for the loop array antenna
because the areas of the equivalent sources are coincident with
real sources for these 7 values. Different optimum values of 7
for these real sources are attributed to their different areas.
Although the precise geometry of the real sources is unknown in
the proposed method, the area corresponding to the real sources
can be roughly estimated from the Fourier transform.

Once the optimum value of 7 is determined, the remaining
parameter to be determined is the number of eigenmode cur-
rents L. Figs. 10 and 11 show relationship among the number of
eigenmode currents L, relative error ¢, and condition number
for the proposed method. Both ¢ and x decreased as the number
of eigenmode currents L decreased. The minimum e is 0.29 for
the dipole array antenna and 0.24 for the loop array antenna.
The number of eigenmode currents L and condition number s
corresponding to the minimum ¢ are L = 7 and x = 25.6 for
the dipole array antenna, and L = 7 and x = 37 for the loop
array antenna. The parametric studies revealed that € can be
minimized when a moderate number of eigenmode currents
are maintained during the estimation of the equivalent current
distribution. Therefore,  and L were optimized. The equivalent
current distributions shown on the right-hand side of Figs. 6
and 7 are estimated using the proposed method with the optimum
parameters.

IV. MEASUREMENT RESULTS

The performance of the proposed method was experimen-
tally demonstrated. The first example is a two-element dipole
array antenna. Similar to the numerical simulation, only the
y-component of the near-field is measured, and the y-component
of the equivalent current distribution is estimated. The near-field
measurement system is shown in Fig. 12. The geometry of the
dipole array antenna and the parameters for the measurement are
described in Table I, except for the following parameters. The
operating frequency of the dipole array antenna was f = 2 GHz.
Uniform and in-phase excitations were applied to a central
point of the dipole elements, namely, (z,y) = (—0.34,0.52)
for element #1 and (x,y) = (0.31,0.1%) for element #2.
The spacing between the measurement and estimation planes
was h = 0.13XA. The threshold n = —15 dB, and the resultant
number of remaining equivalent sources is N = 38.

As a second example, the equivalent current distributions of
a microstrip patch antenna were estimated, and the performance
of the proposed method in a practical problem is shown. The
microstrip patch antenna has been a popular antenna model
in previous studies of electromagnetic compatibility [29]-[31].
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Fig. 16. Near-field distribution of the dipole array antenna. Left: Measured one of the real source. Center: Calculated one of the equivalent current distribution
estimated using Fourier transform (¢ = 0.7). Right: Calculated one of the equivalent current distribution estimated using the proposed method (n = —15 dB,

N =38,L =06, =0.32, k = 2.9).
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Fig. 17.  Near-field distribution of the microstrip patch antenna. (Left: Measured one of the real source. Center: Calculated one of the equivalent current distribution
estimated using Fourier transform (¢ = 0.91). Right: Calculated one of the equivalent current distribution estimated using the proposed method (n = —15 dB,

N =46,L =11, =0.45, k = 16.6).

A near-field measurement system for a microstrip patch an-
tenna is shown in Fig. 13. The operating frequency of the
patch antenna is f = 2 GHz, the size of the patch element is
d, = d, = 0.24 A and the patch element is excited by a short
pin at (z,y) = (0,—0.021). The dimensions of the substrate
were s, = s, = 0.5 A. The relative permittivity of the dielectric
substrate was 2.1, and the substrate was backed by a ground
plane. The spacing between the measurement and estimation
planes was h = 0.2A. The threshold n = —15 dB, and the
resultant number of remaining equivalent sources was N = 46.
The remaining parameters, such as l,, Ap,, Ap,, P, 1, a, Az,
Ay, w,, wy, and N; were the same as those of the near-field
measurement of the dipole array antenna.

A cross-domain spectrum analyzer (Advantest U3872) was
used as the two-channel RF signal receiver. The reference and
measurement probes were connected to a cross-domain analyzer.
The reference probe was fixed during the measurement, and its
measured signal of the reference probe was used as a reference
for the phase of the near-field. The dipole array antenna and
microstrip patch antenna were excited using a tracking gener-
ator installed on a cross-domain analyzer. Complex near-field
information is also available via an amplitude-only measurement
system using a phase-retrieval technique [32].

The equivalent current distributions of the dipole array an-
tenna estimated using the Fourier transform and proposed
method are shown in Fig. 14. In addition, the equivalent current
distributions of the microstrip patch antenna estimated using the
Fourier transform and proposed method are shown in Fig. 15.
The equivalent current distributions coincided with the real
sources. However, the areas of the equivalent current distribu-
tions estimated using the Fourier transform range outside the

real sources, whereas those of the proposed method are almost
coincident with them. The asymmetry of the equivalent current
distributions of the microstrip patch antenna may be due to the
effect of fabrication errors and scattering from coaxial cables or
positioners used in the measurement.

The near-field distributions of the real sources and those of
the equivalent current distributions are shown in Figs. 16 and 17,
respectively. For the dipole array antenna, the relative error of
the near-field is € = 0.31 for the proposed method, and ¢ =
0.7 for the Fourier transform. For the microstrip patch antenna,
the relative error of the near-field ¢ = 0.45 for the proposed
method, and 0.91 for the Fourier transform. Therefore, the near-
field distributions of the equivalent current distributions obtained
using the proposed method are relatively accurate compared with
those obtained using the Fourier transform.

V. CONCLUSION

In this article, a novel estimation method for the equivalent
current distribution for a source whose precise geometry is
unknown is proposed. The proposed method is a hybrid method
that combines the Fourier transform and eigenmode currents
of equivalent sources. In the proposed method, the equivalent
sources are thinned prior to determining their equivalent current
distributions. Moreover, the eigenmode currents of the remain-
ing equivalent sources are introduced, and a well-conditioned
matrix equation was obtained. The equivalent current distribu-
tions of real sources were estimated numerically and experi-
mentally using the proposed method. It has been proven that the
optimum value of threshold 7 should be given such that the area
of the equivalent sources is coincident with that of real sources.
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Notably, this study demonstrated the performance of the pro-
posed method via practical but relatively simple examples. The
performance of the proposed method for complicated examples
is expected to be demonstrated in the future.

APPENDIX
FOURIER TRANSFORM OF EFIE

Here, the Fourier transform of the EFIE is briefly formulated.
A similar approach has been reported in the literatures [§]
and [33]. To simplify the formulation, it is assumed that the
y components of the current over a specific estimation plane
radiate the y components of the electric field over a specific mea-
surement plane. Both the estimation and measurement planes
were assumed to be parallel to the xy plane (i.e., z and 2’ were
constant during the formulation). According to this assumption,
EFIE described in (1) can be simplified as follows:

Ey(z,y) = //S Gyy (@

where

_wvly_y/)Jy(x/y/)dS/ (16)

1 82 > efjk0|'r7'r’\

Gyy (@ —x/y— ) = —jwpo (1 i o 0y

drlr — |

When the Fourier transform of (16) is formulated, the Fourier
transform of (1) can be formulated in the same manner.

First, the following pair of Fourier transforms and inverse
Fourier transforms is introduced:

f(kx,k / / f(z,y)e ke kY dpdy  (18)

L[> [~ . o
fz,y) = g/ / fkw, ky)etF=medkv¥ qk, dk,. (19)
—00 —00

When the Fourier transform shown in (18) is applied to both
sides of (16), the following expression is obtained:

Ey(kmvky):/ / / / Gyy (T
—00 J =00 J —00 J —00

x Jy (2, y’)eijkmzefjk”yd:cdydx'dy/.

-2 y—y)
(20)

Equation (20) is a convolution integral of g, and J,,. The coor-
dinate transformations X = xz — 2z’ and Y = y — ¢/ are applied
to (20) so that integrals on 2’ and ' coordinates are transformed
into integrals on X and Y coordinates, respectively. Thus, (20)
can be expressed as follows:

{ / / gyy,(x,y)eJ‘kzXef’%YdXdY}

= jy(kwa ky)gyy’(kwa ky) 21

The Fourier transform described here was numerically per-
formed using our in-house developed Fortran code. During the
Fourier transform, the estimation plane is divided into small
rectangular areas. Each rectangular area corresponded to an
equivalent source. According to the formulation, the equivalent

(@', y)e —Jkaa! _Jkyydxdy}
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current distribution is obtained using the Fourier transform
once the near-field of the real sources is measured, and the
specific estimation plane is given. Therefore, the equivalent
current distribution can be estimated using Fourier transform
without the precise geometry of the real sources, that is, the
geometry of the real sources itself does not directly affect
whether the inverse problem is ill or well conditioned. Ap-
proaches based on the Fourier transform have been applied
to practical inverse problems and their performance has been
demonstrated [8], [34], [35].
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