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Diagnosis of Array Antennas Using Eigenmode
Currents and Near-Field Data
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Abstract— A novel method for the diagnosis of array antennas
is proposed in this paper. The current distribution of the array
antennas is reconstructed by the proposed method, which is
based on the eigenmode currents over the entire array antennas
and its near-field data. The eigenmode currents over the entire
array antennas are numerically obtained via the method of
moments. Only the dominant eigenmode currents are used for the
reconstruction of the current distribution of the array antennas to
alleviate the ill-posed nature of an inverse problem. The current
distribution of the array antennas is reconstructed using the
proposed method, and the optimum parameters for the proposed
method, i.e., the number of dominant eigenmode currents and
the length of a cylindrical scanning surface, are clarified. Finally,
the proposed method is applied to the diagnosis of array antennas
with abnormal excitations.

Index Terms— Antenna diagnosis, eigenmode currents, inverse
problem, method of moments (MoM), source reconstruction.

I. INTRODUCTION

ACCORDING to recent advances in modern high-speed
wireless communication systems, antenna technologies

in the systems have been very complicated. For example,
multiple antenna elements and beamforming technologies are
indispensable for the next-generation wireless communication
systems [1], [2]. The high-speed wireless communication
systems are available based on such antenna technologies
only when both of the antenna elements and their feed
network operate as expected. On the other hand, the antenna
elements or their feeds can be broken during operation,
and maintenance is expected to be performed immediately.
However, the maintenance of antenna elements or their feeds
is costly, and services are stopped during maintenance. There-
fore, it should be clarified whether or not antenna elements
and their feeds work well in advance of their maintenance.

The diagnosis of array antennas using their near-field (NF)
distribution is one of the promising approaches for finding
problems on the array antennas. In general, the diagnosis of
the array antennas can be performed via the reconstruction
of equivalent sources or the current distribution of the array
antennas themselves.
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An NF to far-field transformation technique, which is based
on reconstructed equivalent magnetic currents on a specific
surface, has been proposed [3]. The technique uses an integral
equation approach to reconstruct equivalent magnetic currents
using complex electric fields measured over a rectangular sur-
face. A reconstruction of equivalent electric/magnetic currents
over more complicated surfaces has also been performed for
practical antennas [4]. Alternatively, an optimization approach
based on a conjugate gradient method has been proposed [5].
This approach reconstructs equivalent magnetic currents from
phaseless electric fields and uses an iterative approach using
a fast Fourier transform. The approach has been extended
to applications regarding the reconstruction of equivalent
magnetic currents over an arbitrary plane [6]. The current
distribution of low directivity antennas has been reconstructed
to obtain their far-field patterns [7]. These approaches have
mainly been focused on the far-field pattern from reconstructed
sources and not focused on the reconstruction of the current
distribution of the array antennas themselves.

A novel backward transformation technique has been pro-
posed, and an NF-to-NF transformation has been performed
to detect a defective element in array antennas [8]. The
backward transformation technique excludes evanescent wave
components from the measured NF, because the components
degrade the reconstructed aperture field. As a result, it has
been shown that the defective element in the array antennas
can be detected via the reconstructed aperture field. The NF
distribution inside a scanning surface has been successfully
obtained via an NF-to-NF transformation technique, and the
so-called safety perimeter of the base station terminal antennas
has been predicted [9]. The current distribution of a microstrip
line on a multilayer printed circuit board has been recon-
structed using a finite-difference time-domain method and
an integral equation approach [10], [11]. In these studies,
the measurement parameters were optimized and the cur-
rent distribution of the microstrip line with lumped elements
was successfully reconstructed. In recent years, a so-called
compressive sensing (CS) approach has been introduced for
the diagnosis of array antennas [12], [13]. For most of the
practical array antennas, it can be assumed that the number
of defective elements is much fewer than the total number of
elements. The CS approach takes advantage of the sparsity
of the defective elements in array antennas and enables the
efficient performance diagnosis of array antennas.

One of the major problems regarding the diagnosis of array
antennas is its ill-posed nature. To alleviate its ill-posed nature,
the so-called regularization techniques have been proposed.
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Fig. 1. AUT.

The Tikhonov regularization technique has been applied, and
the equivalent magnetic currents of a patch antenna were
successfully reconstructed in the presence of noise and mea-
surement errors [14]. The effect of a penalty term on a
regularization has been demonstrated via the source recon-
struction of a digital printed circuit board [15]. A multi-
plicatively regularized source reconstruction method has been
proposed and applied to the diagnosis of array antennas with
deactivated elements [16]. These regularization techniques are
based on purely mathematical techniques and alleviate the
ill-posed nature of the problem. To the best of our knowledge,
an approach using the eigenmode current of array antennas
has not been applied to alleviate the ill-posed nature of the
problem.

In this paper, a source reconstruction technique using
the eigenmode currents of array antennas is proposed. The
eigenmode currents of the array antennas are obtained
from an impedance matrix calculated using the method of
moments (MoM). Only dominant eigenmode currents are left
and the remaining eigenmode currents, whose contributions to
the current distribution are relatively small, are discarded. The
unknown coefficients of the eigenmode currents are obtained
using an integral equation approach and the measured NF
distribution on a cylindrical scanning surface. The ill-posed
nature of the matrix equation to be solved is alleviated,
because the number of eigenmode currents used for the source
reconstruction is reduced. The proposed method is applied to
the source reconstruction of the array antennas, and optimum
parameters for the proposed method are clarified. The results
of numerical simulations and measurements demonstrate the
performance of the proposed method for the diagnosis of array
antennas with abnormal excitation.

II. PROPOSED METHOD

Fig. 1 shows an antenna under test (AUT) and a receiv-
ing probe. The receiving probe scans the cylindrical surface

enclosing the AUT and measures the complex electric fields
at specific points. Notably, the scanning surface can be any
closed surface.

A. Eigenmode Currents

In advance of the source reconstruction, the eigenmode
currents of the AUT should be obtained numerically. Here,
the eigenmode currents of the AUT are obtained in the
same manner as shown in [17]–[20]. According to the MoM,
an N × N matrix equation is obtained [21], [22]

ZI = V (1)

where Z is the N×N known impedance matrix of the AUT, I is
an unknown N-dimensional current vector of the AUT to be
reconstructed, V is the known N-dimensional voltage vector,
and N is the total number of unknowns of the AUT. Notably,
(1) only includes the AUT but not the receiving probe. Once
the conjugate transpose of Z is multiplied by both sides of (1)
from the left, the following matrix equation is available:

Z†ZI = Z†V (2)

where † indicates the conjugate transpose. Z†Z is a so-called
Hermitian matrix, and its eigenvectors are orthogonal to each
other. Therefore, the eigenvectors of Z†Z are used as the
eigenmode currents of the AUT.

B. Source Reconstruction

According to the orthogonality of the eigenmode currents,
the unknown currents of the AUT can be expressed using the
eigenmode currents as follows:

IN ≈
L∑

l=1

alel (3)

where el is an N-dimensional lth eigenmode current of the
AUT, al is its unknown coefficient to be obtained, and L(≤N)
is the total number of eigenmode currents used as basis
functions. A specific L should be given in advance of the
source reconstruction. One simple approach is to only keep
L eigenmode currents whose eigenvalues are relatively small,
because the contribution of an eigenmode current to the current
is inversely proportional to its eigenvalue [17].

To obtain the unknown coefficients al (l = 1, 2, . . . , L),
a matrix equation is formulated. As shown in Fig. 1, a receiv-
ing probe scans a cylindrical surface enclosing the AUT and
measures the complex electric fields at P sampling points.
The resultant receiving voltages are stored in a P-dimensional
voltage vector VP . Afterward, a P × N mutual impedance
matrix between the AUT and the receiving probe is obtained
using the MoM as follows:

ZP×N =

⎡

⎢⎢⎢⎢⎢⎢⎢⎣

Z11 · · · Z1N
. . .

... Z pn
...

. . .

Z P1 · · · Z P N

⎤

⎥⎥⎥⎥⎥⎥⎥⎦

(4)
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where Z pn is a mutual impedance between the receiving probe
at the pth sampling point and the nth segment on the AUT.
As a result, the following matrix equation is obtained:

ZP×N IN = VP . (5)

Equation (3) is substituted into (5), and the following matrix
equations are obtained:

ZP×N

L∑

l=1

alel = VP

L∑

l=1

al (ZP×N el) = VP

Z′
P×L aL = VP (6)

where

Z′
P×L =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

N∑

n=1

Z1ne1n

N∑

n=1

Z1ne2n · · ·
N∑

n=1

Z1neLn

...
...

. . .
...

N∑

n=1

Z Pne1n

N∑

n=1

Z Pne2n · · ·
N∑

n=1

Z PneLn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

(7)

aL =
⎡

⎢⎣
a1
...

aL

⎤

⎥⎦. (8)

Z′
P×L is a P × L matrix, Z pn is a matrix element in the

pth row and the nth column of ZP×N , and eln is the nth
component of the lth eigenmode current. Equation (6) can be
solved using the singular value decomposition (SVD) or the
pseudoinverse matrix, since Z′

P×L is a rectangular matrix. The
current distribution of the AUT is reconstructed from (3) and
diagnosis of the AUT is performed.

In general, the condition number of a matrix becomes large
as the size of the matrix increases, and the matrix with a large
condition number suffers from numerical instability or poor
accuracy. Therefore, the stability of the proposed method is
expected to be improved when the number of eigenmode cur-
rents used for source reconstruction is reduced. The resultant
current distribution of the AUT is expected to be reconstructed
accurately, because practical antennas are usually designed to
be excited by a single-mode current or the superposition of a
couple of mode currents.

A conventional source reconstruction method using the
MoM directly solves (5) using the SVD and its computational
cost is O(min{P N2, P2 N}). On the other hand, the proposed
method solves (6), which is available in advance of the source
reconstruction when the number of dominant eigenmode cur-
rents L is known. The computational cost for solving (6)
using the SVD is O(min{P L2, P2 L}). The ratio of the
computational cost of the proposed method to that of the
conventional method is tabulated in Table I. According to
Table I, the ratio ranges from (L2/N2) to (L/N). Therefore,
the computational cost of the proposed method decreases as
the square of (L/N) for the best case, while the cost decreases
in proportion to (L/N) for the worst case.

TABLE I

COMPUTATIONAL COST OF THE PROPOSED AND
THE CONVENTIONAL METHOD

Fig. 2. Yagi–Uda array antennas.

Finally, a flowchart of the proposed method is summarized
as follows.

1) The eigenmode currents of the AUT are obtained numer-
ically via the MoM.

2) The receiving probe measures the complex electric fields
on the cylindrical scanning surface and its receiving
voltages are stored to VP .

3) A P × N mutual impedance matrix ZP×N between the
AUT and the receiving probe is obtained numerically
via the MoM.

4) The unknown coefficients of the eigenmode currents are
obtained via the SVD.

5) According to (3), the current distribution of the AUT is
reconstructed.

6) From the reconstructed current distribution, a diagnosis
of the AUT is performed.

Notably, the proposed method is applicable to the source
reconstruction of the AUT with a nonuniform excitation,
because no assumption is made for the excitation of the AUT
during its formulation.

III. NUMERICAL SIMULATION

The performance of the proposed method is demonstrated
by numerical simulation. Two numerical examples are shown
in Figs. 2 and 3. Parameters for the source reconstruction
of them are shown in Tables II and III. The first example
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Fig. 3. Loop array antennas.

uses Yagi–Uda array antennas, and the second one employs
loop array antennas. Both of the array antennas have uniform
amplitudes and in-phase excitations. A receiving probe scans
the cylindrical surface enclosing the AUT, the length of the
scanning cylinder is Lt [λ], and the radius of the scanning
cylinder is R [λ]. The measurement interval of the receiving
probe is �z [λ] for the z direction and �φ [deg.] for the φ
direction. The resulting number of total measurement points
is P . The polarization of the receiving probe corresponds to
that of the AUT, namely, Ez for the Yagi–Uda array antennas
and Eφ for the loop array antennas. All numerical simulations
in this paper are performed using Richmond’s MoM [21],
[22]. White noise is added to the measured voltage so that
the dynamic range of the measurement system is maintained.

A correlation function is introduced to evaluate the perfor-
mance of the proposed method

γ =
∣∣ ∑N

n=1(|In | − |I |)(|I ′
n | − |I ′|)∣∣

√∑N
n=1(|In | − |I |)2

√∑N
n=1(|I ′

n | − |I ′|)2
(9)

where In and I ′
n are the reconstructed and calculated current

of the nth segment, respectively, and |In | and |I ′
n | indicate the

average of their amplitudes.
A condition number is also introduced to evaluate the

stability of the proposed method

κ = σmax

σmin
(10)

where σmin and σmax are the minimum and the maximum
singular values of Z′

P×L , respectively.

A. Parameter Study

Fig. 4 shows the effect of the number of eigenmode currents
on the correlation function and the condition number. As
expected in Section II-B, the condition number decreases as

TABLE II

PARAMETERS FOR THE SOURCE RECONSTRUCTION
OF YAGI–UDA ARRAY ANTENNAS

TABLE III

PARAMETERS FOR THE SOURCE RECONSTRUCTION

OF LOOP ARRAY ANTENNAS

the number of eigenmode currents used for source reconstruc-
tion decreases. In contrast, the correlation function gradu-
ally approaches unity as the number of eigenmode currents
decreases to a moderate value. The proposed method recon-
structs the current of the AUT using eigenmode currents and
receiving voltages, which are a sum of the voltages pro-
duced by each eigenmode current. As previously mentioned,
the eigenmode currents that correspond to relatively large
eigenvalues exhibit a small contribution to the current of
the AUT. Therefore, it is difficult to accurately reconstruct
coefficients of such eigenmode currents, because their con-
tribution to receiving voltages is too small and sometimes
not available. Although the number of eigenmode currents
should be reduced in advance of the source reconstruction,
the dominant eigenmode currents should be kept. According
to Fig. 4, the number of eigenmode currents can be reduced
from N to the number of isolated elements without degrading
the accuracy. For example, L = 30(=3M) and L = 5(=M)
are the optimized values for the Yagi–Uda array antennas and
the loop array antennas, respectively.

Fig. 5 shows the effect of the length of the scanning cylinder
Lt on the correlation function and condition number. It is
found that the condition number converges to the minimum
when the scanning cylinder completely encloses the AUT,
namely, Lt > 6.45λ for the Yagi–Uda array antennas and
Lt > 2.7λ for the loop array antennas. In addition, the condi-
tion number of Z′

P×L obtained for the same Lt becomes quite
small by one or two orders of magnitude when the number
of eigenmode currents is reduced from the total number of
unknowns N to the total number of isolated elements. More-
over, the correlation function quickly converges to unity as the
length of scanning cylinder Lt increases when the number of
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Fig. 4. Effect of the number of the eigenmode currents on the correlation function and condition number. (a) Yagi–Uda array antennas. (b) Loop array
antennas.

Fig. 5. Effect of the length of the scanning cylinder on the correlation function and condition number. (a) Yagi–Uda array antennas. (b) Loop array antennas.

Fig. 6. Effect of the radius of the scanning cylinder on the correlation function and condition number. (a) Yagi–Uda array antennas. (b) Loop array antennas.

eigenmode currents is reduced. Therefore, it can be concluded
that a reduction in the number of eigenmode currents can quite

effectively enhance the stability and accuracy of the proposed
method.
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Fig. 7. Current distribution of the Yagi–Uda array antennas with two open-
circuit elements (Lt = 6.6λ, R = 0.3λ, �z = 0.1λ, �φ = 18 deg., P = 1340,
and SNR = 20 dB).

Fig. 6 describes the effect of the radius of the scanning
cylinder on the correlation function and condition number.
As clearly demonstrated, the condition number increases as
the radius of the scanning cylinder increases, especially when
all the eigenmode currents are used. The proposed method
is categorized as the so-called NF-to-NF transformation tech-
nique, and the NF measured on the cylindrical scanning
surface includes an evanescent wave, which is exponentially
attenuated. It is difficult to measure such an evanescent
wave because of its small amplitude and measurement error.
In particular, the evanescent wave produced by the eigenmode
currents that correspond to relatively large eigenvalues is diffi-
cult to measure, because its contribution to the AUT currents,
which is the source of the evanescent wave, is so small.
As a result, the source reconstruction via the proposed method
becomes an ill-posed problem as the radius of the scanning
cylinder increases when the all the eigenmode currents are
used. Alternatively, as shown in Fig. 6, both the condition
number and correlation function are almost independent of the
radius of the scanning cylinder when the number of eigenmode
currents is reduced. It can be said that the ill-posed nature of
the source reconstruction is alleviated due to a reduction in the
number of eigenmode currents even when the radius of the
scanning cylinder increases.

B. Diagnosis of Array Antennas

The diagnosis of array antennas is performed using the pro-
posed method. The first example employs the Yagi–Uda array
antennas that include two open-circuit elements. Fig. 7 shows
the reconstructed current of the Yagi–Uda array antennas. It is
found that two open-circuit elements are clearly visible when
L = 30, while they are not when L = 150. Owing to the
reduction in the number of eigenmode currents, the condition
number of the problem decreases, and the current distribution
of the Yagi–Uda array antennas is successfully reconstructed
when L = 30. On the other hand, the current distribution
of the Yagi–Uda array antennas is erroneous when L = 150
because of the high condition number. The second example
uses the loop array antennas, including one abnormally excited

Fig. 8. Current distribution of the loop array antennas with abnormal
excitation (Lt = 2.8λ, R = 0.3λ, �z = 0.1λ, �φ = 18 deg., P = 580,
and SNR = 20 dB).

Fig. 9. Two element Yagi–Uda array antenna.

element. It is assumed that all array elements are uniformly
excited by a voltage source of 1 V, except for the central
one. The central element is excited by the voltage source
of 0.1 V. Fig. 8 shows the reconstructed current of the loop
array antennas. It is found that one abnormally excited element
is clearly seen when L = 5, while it is not when L = 2.
According to these numerical results, it can be concluded that
a moderate number of eigenmode currents, i.e., the number
of isolated elements, should be used for the successful source
reconstruction of array antennas.

IV. MEASUREMENT RESULTS

Finally, the NF of a two-element Yagi–Uda array antenna
shown in Fig. 9 is measured, and its current distribution is
reconstructed. The measurement system is shown in Fig. 10,
while the fabricated AUT and a probe are shown in Fig. 11.
The AUT is on a turntable, and the probe is mounted on
a positioner. The probe is a small dipole antenna with a
balun, and its length is 0.1λ at 2 GHz. The complex NF
of the AUT was measured on a cylindrical scanning surface
using a network analyzer. To perform diagnosis of the AUT,
element #1 is excited, but element #2 is only terminated
with a 50-� load. Parameters for the source reconstruction
of the AUT are tabulated in Table IV. As shown in Fig. 9,
the balun and coaxial cables are neglected during the source
reconstruction. Due to the limitation of our measurement
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Fig. 10. Measurement system.

Fig. 11. Picture of AUT and probe.

TABLE IV

PARAMETERS FOR THE SOURCE RECONSTRUCTION OF

TWO ELEMENT YAGI–UDA ARRAY ANTENNA

system, the radius of the scanning cylinder was 150 mm
(1λ at 2 GHz).

The current distribution of the AUT obtained using the
MoM and the reconstructed using the proposed method is
shown in Fig. 12. The complex NF measured on the cylindrical
scanning surface was used for the reconstruction of the current
distribution. It is found that an element with abnormal exci-
tation is clearly visible from the reconstructed current when

Fig. 12. Current distribution of the two-element Yagi–Uda array antenna
with abnormal excitation.

L = 4, while they are not when L = 20. As previously
discussed, the condition number of the problem decreases
when the number of eigenmode currents is reduced to a
moderate value. As a result, the current distribution of the AUT
is successfully reconstructed using the proposed method, and
the diagnosis of the AUT works well. In contrast, the current
distribution of the AUT is erroneous when L = 20 because
of the high condition number. It can be concluded that the
proposed method is an effective technique for the diagnosis
of the AUT.

V. CONCLUSION

In this paper, a novel source reconstruction technique has
been proposed. The proposed method reconstructs the current
distribution of an AUT using its eigenmode currents and
complex NF measured on a cylindrical scanning surface.
Numerical simulations clarify that the number of eigenmode
currents should be reduced to a moderate value for the
successful source reconstruction. The effect of the length and
radius of the cylindrical scanning surface on the accuracy of
the proposed method has been clarified. The proposed method
has been applied to the diagnosis of array antennas. Owing
to the proposed method with a moderate number of eigen-
mode currents, a defective element, such as an open-circuit
element or an element with abnormal excitation, is found.
Finally, the proposed method has been applied to the diag-
nosis of fabricated array antennas. The source reconstruction
was performed using the measured complex NF around the
fabricated array antennas, and an element with an abnormal
excitation has been found successfully.

It should be indicated that one of the main focuses of this
paper is to clearly demonstrate a methodology of the proposed
method. Therefore, in this paper, source reconstruction has
been performed for simplified free-standing array antennas
although the proposed method is applicable to the source
reconstruction of more complicated structures. The optimum
parameters of the proposed method for source reconstruc-
tion of the AUT, including more complicated structures, are
expected to be available in the same manner at the expense of
computational cost.
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