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A new mutual coupling calibration method is proposed for adaptive antenna arrays and is employed in the DOA estimations
to calibrate the received signals. The new method is developed via the transformation between the embedded element patterns
and the isolated element patterns. The new method is characterized by the wide adaptability of element structures such as dipole
arrays and microstrip arrays. Additionally, the new method is suitable not only for the linear polarization but also for the circular
polarization. It is shown that accurate calibration of the mutual coupling can be obtained for the incident signals in the 3 dB beam
width and the wider angle range, and, consequently, accurate [1D] and [2D] DOA estimations can be obtained. Effectiveness of the
new calibration method is verified by a linearly polarized microstrip ULA, a circularly polarized microstrip ULA, and a circularly
polarized microstrip UCA.

1. Introduction

In the last several decades, many direction-of-arrival (DOA)
estimation algorithms with superresolution have been pro-
posed, such as the multiple signal classification (MUSIC),
the estimations of signal parameters via rotational invariance
techniques (ESPRIT), the maximum likelihood (ML), and
the subspace fitting (SF) [1–4]. Employing the ideal array
manifold, these algorithms can provide excellent DOA esti-
mation performances. For the actual antenna array, however,
the array manifold cannot be regarded as that of the ideal
point source array. The magnitude and phase of the received
array signals are disturbed by the mutual coupling effect of
the actual array, which would degrade the performances of
the DOA estimation algorithms [5].

Many interests have been focused on the DOA estima-
tions in the presence of mutual coupling effect over the past
years. In order to obtain accurate DOA estimations, DOA
estimation methods employing the actual array manifold
were proposed [6–8]. Essentially, the actual manifold is
equivalent to the array pattern. However, great effort is
required to calculate and measure the actual manifold. Addi-
tionally, mass storage is needed for the manifold data in these

methods.The transformation relationship between the actual
array manifold and the array manifold of the ideal point
source was proposed to decrease the storage of the manifold
data [9, 10]. In this method, a distortionmatrix was employed
to carry out the transformation with assuming that the
distortion matrix is angular independent. The validity of this
method was verified in the 1D DOA estimations using the
antenna array composed of the collinear dipoles. However,
for the antenna array that is composed of microstrip ele-
ments, this method is valid only in a very limited angle range.
In the literature, the universal steering vector was used in
DOA estimations employing the antenna array with arbitrary
geometry [11]. In this method, the received signal can be
used directly to carry out the DOA estimations without cali-
bration. However, the universal steering vector is dependent
on the incident angles and the polarization of the incoming
signals.

In addition to the DOA estimation methods in the pres-
ence of the mutual coupling effect, the mutual coupling cal-
ibration methods are also employed in the DOA estima-
tions. In these methods, the calibration matrix was obtained
through various approaches, such as the open-circuit voltage
method, the receiving mutual impedance method, and the
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minimum-norm method [5, 12, 13]. The research in [14]
investigated the effects of ground parameters on the mutual
impedance for DOA estimations, and some suggestions were
put forward to improve the DOA estimations. In the open-
circuit voltage method, the open-circuit voltages of the array
were treated as the decoupled voltages [5]. For the antenna
array composed of wire elements, accurate DOA estimations
can be obtained by adopting the open circuit voltage method.
For the antenna array composed of planar elements such
as the microstrip antenna, however, the open-circuit voltage
method would not take the positive role in the mutual cou-
pling calibration owing to the strong open scattering effect.
By contrast, the receiving mutual impedance method and
the minimum-norm method can provide better calibration
of the mutual coupling effect owing to consideration of
the secondary scattering effect of the array. However, these
methods are more suitable for the antenna array composed
of wire elements, such as dipoles and monopoles.

In the research of the mutual coupling calibration, joint
estimationmethods of the DOAs and calibrationmatrix were
also proposed [15–18].This kind ofmethods utilized the array
processing to obtain the DOAs and the calibration matrix
simultaneously and can be employed in the arrays composed
of various element geometries. These methods were usually
used in the array with regular array structures, such as the
uniform linear arrays (ULAs) and the uniform circular arrays
(UCAs). For regular arrays, the number of mutual coupling
parameters can be decreased owing to the regular array
structure, which would benefit the joint estimations of the
DOAs and calibration matrix. Presently, the time consump-
tion to find theDOAs and calibrationmatrix is not acceptable
for many actual applications, and many efforts have been
made to decrease the complexity of the joint estimation
algorithms.

In this paper, the element pattern reconstruction method
is proposed to calibrate the mutual coupling effect. In this
method, the calibration matrix is developed through the
transformation relationship between the embedded element
patterns and the isolated element patterns. The new method
is based on the fact that when all of the embedded element
patterns are transformed to coincide with the corresponding
isolated element patterns in a certain direction, the received
signals owing to this direction would be decoupled after
being transformed with the same means. This method is
characterized by the wide adaptability of element structures.
It can be used in microstrip antenna arrays to obtain highly
accurate calibration of the mutual coupling effect. In general,
it can be done to reconstruct the element patterns of an array
to coincide with those in the isolated state in the 3 dB beam
width or a littlewider angle range.Thismeans that the calibra-
tion method can calibrate the incident signals coming from
the angle range and provide necessary conditions for accurate
DOA estimations. In order to testify the performance of the
new calibration method, two microstrip arrays including a
linearly polarized microstrip array and a circularly polarized
microstrip array are designed to carry out the DOA esti-
mations. In the numerical examples, the classical MUSIC
algorithm is employed to find the directions of the incident
signals.

2. Theory

Consider an antenna array composed of 𝑁 elements; each
element is terminated with the load 𝑍

𝐿
. In the development

of the new calibrationmethod, themain polarization compo-
nent of the electric field of the array element is used since the
main polarization component takes the dominant part in the
total electric field of the array. For the linearly polarized array,
the main polarization component is the 𝜃 component or the
𝜑 component. For the circularly polarized array, it is the left-
hand circular polarization (LHCP) component or the right-
hand circular polarization (RHCP) component. According
to the basis of the new method, (1) is used to realize the
transformation of the element patterns. Consider

[
[
[
[
[
[
[
[

[

𝐸
𝑖

1
(𝜃, 𝜑)

𝐸
𝑖

2
(𝜃, 𝜑)

...

𝐸
𝑖

𝑁
(𝜃, 𝜑)

]
]
]
]
]
]
]
]

]

= C

[
[
[
[
[
[
[

[

𝐸
1
(𝜃, 𝜑)

𝐸
2
(𝜃, 𝜑)

...

𝐸
𝑁
(𝜃, 𝜑)

]
]
]
]
]
]
]

]

, (1)

where 𝐸
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𝑛
(𝜃, 𝜑) and 𝐸

𝑛
(𝜃, 𝜑) for element 𝑛 represent the

electric field of the isolated element and that of the embedded
element, respectively. It is to be noted that the embedded
element pattern for each element should be calculated with
each element terminated with a load 𝑍

𝐿
. The calibration

matrix C has the dimension of 𝑁 × 𝑁. In order to solve
the matrix C, some directions should be sampled from all
element patterns in (1). And then (1) is transformed into a
solvable matrix function as follows:
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Consequently, the least square solution that satisfies
min
||CE−E𝑖||||C|| can be obtained; that is,

C = E𝑖E𝐻 (EE𝐻)
−1

, (3)

where E and E𝑖 represent the pattern matrix for all of the
embedded elements and isolated elements, respectively. The
operator || ⋅ || denotes the 𝐹-norm of a matrix. For the matrix
C with the dimension of𝑁 ×𝑁, the 𝐹-norm is written as

||C|| = {

𝑁

∑
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, (4)

where 𝑐
𝑛𝑚

is an entry of the matrix C.
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The electric fields in the previous equations can be calcu-
lated by various methods, such as the method of moments
(MOM), the finite-element method (FEM), and the finite-
difference time domain (FDTD) method.

The matrix C calculated from (3) can be used to recon-
struct the element patterns and to calibrate the mutual
coupling effect of the array. Assume that the sample matrix
of the received signals is X and can be written by

X = AS + N0, (5)

where A represents the direction matrix, S represents the
sampled stochastic data matrix, and N

0
represents the add

white Gaussian noise matrix. The calibrated sample matrix
can be calculated by the following formula:

X = CX. (6)

For the actual antenna array, the received signals influ-
enced by the mutual coupling effect can be generated via
the embedded element pattern matrix E which acts as the
actual direction matrix. Another method to obtain the actual
direction matrix is calculating the induced terminal voltage
vectors when a plane wave impinges on the array in the same
direction of the incident signal.

When the received signals are calibrated by the calibra-
tion matrix, they can be imported to the MUSIC algorithm
to find the directions of the incident signals. The covariance
matrix of the calibrated received signals X is written as

R
𝑋𝑋

= 𝐸 {XX𝐻} , (7)

where 𝐸{⋅} represents the statistical expectation and the
superscript 𝐻 represents the complex conjugate transpose.
Both the signal eigenvectors and the noise eigenvectors can
be calculated by the previous covariance matrix. And then
the orthogonal property between the signal eigenvectors and
noise eigenvectors is employed to estimate the DOAs of
the incident signals by searching the peaks of the MUSIC
spectrum given by

𝑃MUSIC (𝜃, 𝜑)

=
a𝐻 (𝜃, 𝜑) a (𝜃, 𝜑)

[a𝐻 (𝜃, 𝜑)U
𝑁
U𝐻
𝑁
a𝐻 (𝜃, 𝜑)]

,

(8)

where U
𝑁
is the matrix whose columns are the noise eigen-

vectors of the covariance matrix R
𝑋𝑋

and a(𝜃, 𝜑) denotes the
ideal steering vector of the antenna array.

In general, the new calibration method utilizes the rela-
tionship between the embedded element patterns and iso-
lated element patterns. As is known, the received signal owing
to the isolated element is not influenced by the mutual cou-
pling effect. Consequently, accurate mutual coupling calibra-
tion can be provided by the newmethod. In Su’s method that
is proposed in [9], the relationship between the embedded
element patterns and the patterns of ideal point source was
employed. However, Su’s method catered for the ideal point
sourcemodel in the array processing, which would introduce
extra mutual coupling effect. Of course, Su’s method can

Table 1: Parameters of the incident signals.

Incident signals 𝜑 𝜃 SNR (dB)
Signal 1 −50∘ 90∘ 20
Signal 2 −20∘ 90∘ 20
Signal 3 0∘ 90∘ 20

x

y

z

𝜃

𝜑

Figure 1: Structure of the linearly polarizedmicrostrip array and the
coordinate system.

provide good mutual coupling calibration for dipole or
monopole arrays since the H-plane pattern of the element
is isotropic. By contrast, the new method can provide more
accurate mutual coupling calibration, especially for arrays
composed of planar elements. It can be seen from the follow-
ing examples that the new method is suitable for the dipole
array and the microstrip array and is effective for the linearly
polarized array and the circularly polarized array.

3. Numerical Examples

In this section, a linearly polarized microstrip ULA, a cir-
cularly polarized microstrip ULA, and a circularly polarized
microstrip UCA are employed to carry out the DOA esti-
mations in the presence of mutual coupling effect. The two
previous ULAs are used for one-dimensional DOA esti-
mations, and the UCA is used for two-dimensional (2D)
DOA estimations. The calibrated received signals are input
to theMUSIC algorithm to find the directions of the incident
signals, and the data sample is 1000 in the DOA estimations.
Both arrays are composed of five elements, and they operate
at the frequency of 3GHz. Each element is terminated with
the same load𝑍

𝐿
= 50Ω.Themicrostrip arrays are fabricated

on the substrate FR4 (𝜀
𝑟
= 4.4) with the thickness of 1.6mm.

The EM simulation tool HFSS 13 is used to calculate the
element patterns.

Three incident signals are involved in the following DOA
estimations of (A) and (B). Parameters of all the incident
signals are listed in Table 1.

(A) Linearly Polarized Microstrip ULA. The structure of the
linearly polarized microstrip array with five elements is
shown in Figure 1. The element spacing is 𝑑 = 0.4𝜆. The
length and width of the patch is 30.2mm and 22.8mm,
respectively. The feed point is set with the distance of 6.2mm
from the upper edge. The 3 dB beam width of the element is
about 90∘ in the 𝑥𝑜𝑦 plane.The incident angle of Signal 1 is in
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Figure 2: Magnitude and phase of 𝜃 component of the electric field in three cases for the linearly polarized microstrip array.

the outside of the 3 dB beamwidth, and the incident angles of
the other two signals are in the 3 dB beamwidth. Assume that
all incident signals are of the 𝑧-polarization. In the 𝑥𝑜𝑦 plane,
the main polarization component is the 𝜃 component or the
𝑧 component of the electric field. In order to calculate the
calibration matrix via (3), 101 directions of the 𝜃 component
of electric field are sampled from the angle range of [−50∘,
50∘] in the 𝑥𝑜𝑦 plane.

The calibration matrix is first used to reconstruct the
element patterns of the array. The magnitude and phase of
the central element in three states are shown in Figure 2. It
can be seen that both the magnitude and the phase of the
reconstructed element pattern of the element are coincident
with those of the isolated element pattern in the angle range
that is slightly larger than the 3 dB beam width. This means
that the incident signals in this angle range can be calibrated
with high accuracy, and, consequently, the accurate DOA
estimations can be obtained,which can be seen fromFigure 3.
The performance of the DOA estimations is seriously
degraded by the mutual coupling effect of the array, and
none of the DOAs of the incident signals can be found from
the MUSIC spectrum without calibration. Large errors of
the DOA estimations can be seen for all of the incident
signals when the open-circuit voltage method is employed.
For Su’s method, the DOA estimation bias exists when the
incident signals get far from the norm direction. However,
the performance of the DOA estimations is significantly
improved when the proposed method is used. More accurate
DOAestimations are provided by the proposedmethod in the
3 dB beam width and the vicinity. The DOA estimation bias
for the linearly polarized array can be found in Table 2.

(B) Circularly Polarized Microstrip ULA. The circularly
polarized microstrip element and array are shown in
Figures 4 and 5, respectively. The element spacing is also
𝑑 = 0.4𝜆. The 3 dB beam width of the element is about 100∘

Table 2: DOA estimation bias for the linearly polarized array.

𝜑
DOA estimation bias

Open circuit Su’s method Proposed method
−50∘ 0.5∘ 3.4∘ 0.2∘

−20∘ 3.5∘ 1.4∘ 0∘

0∘ 2.8∘ 0.6∘ 0.2∘
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Figure 3: Spatial spectrum of DOA estimations for three incident
signals employing the linearly polarized microstrip array.

in the 𝑥𝑜𝑦 plane. It can be seen from Figure 6 that the RHCP
component of the element pattern takes the dominant part
in the total electric field. Therefore, the RHCP component
of the electric field is employed to calculate the calibration
matrix. Similar the example to previous, 101 directions of
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Table 3: DOA estimation bias for the circularly polarized array.

𝜑
DOA estimation bias

Open circuit Su’s method Proposed method
−50∘ 4.6∘ 1.8∘ 0∘

−20∘ 3∘ 1.5∘ 0.2∘

0∘ 1.5∘ 0.6∘ 0.3∘

20

0.8
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.7

5.45

3
.1
5

Figure 4: Profile of the circularly polarizedmicrostrip element with
the unit mm.

the RHCP component of the electric field are chosen from
the angle range of [−50∘, 50∘] in the 𝑥𝑜𝑦 plane to calculate the
calibration matrix.

The reconstruction results of the embedded element pat-
tern for the central element are shown in Figure 7. It can be
seen that the coincidence between the reconstructed element
pattern and the isolated element pattern is obtained in the
angle range that is larger than 120∘, which would bring about
accurate DOA estimations in a wide angle range. The DOA
estimations of three RHCP incident signals are given in
Figure 8. It is shown that limited improvement of the perfor-
mance of DOA estimations is provided by the open-circuit
voltage method, and apparent DOA estimation errors exist
for all of the three incident signals. The DOA estimation
errors are decreased when Su’s method is used. In contrast,
more accurate DOA estimations for all incident signals
could be obtained due to the element pattern reconstruction
method.TheDOA estimation bias for the circularly polarized
array can be seen in Table 3.

As seen from the pervious two numerical examples,
proper calibration matrices can be obtained to carry out the
mutual coupling calibration in the 3 dB beamwidth that is the
main operating angle range of the array. And the generally,
the coincidence between the reconstructed pattern and the
isolated pattern is valid in the range beyond the 3 dB beam
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Figure 5: Structure of the circularly polarized microstrip array and
the coordinate system.
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Figure 6: Isolated element pattern of the circularly polarized
microstrip element.

width. Therefore, the microstrip element with larger 3 dB
beam width would be more favorable to the mutual coupling
calibrations. As for the polarization of elements, the less
cross-polarization is more beneficial to the mutual coupling
calibrations. It is quite understandable that the larger the
main polarization component is, the less the difference
between the theoretical calibrationmatrix and the calibration
matrix actually required is.

(C) Circularly PolarizedMicrostrip UCA.The circularly polar-
ized microstrip UCA is composed of six elements as given
in Figure 4. The structure of the UCA with a radius of
0.5𝜆 is shown in Figure 9. It is designed for the 2D DOA
estimations. Two incident signals are considered and the
correlated parameters are listed in Table 4. In order to obtain
a valid calibration matrix for 2D DOA estimations, enough
direction samples are chosen in the main operating angular
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Figure 7: Magnitude and phase of 𝜃 component of the electric field in three cases for the circularly polarized microstrip array.
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Figure 8: Spatial spectrum of DOA estimations for three incident
signals employing the circularly polarized microstrip array.

region of the array. Here, the direction sample is represented
as (𝜃, 𝜑) = (10𝛼

∘
, 5𝛽
∘
), where 𝛼 = 1, 2, . . . , 6 and 𝛽 =

1, 2, . . . , 71; that is, the directions with the total of 360 are
employed to calculate the calibration matrix.

Performance comparisons of the three calibration meth-
ods can be made through the following contour charts of the
2D DOA estimations. As shown in Figure 10, two incident
directions can be found due to the proposed method and the
open-circuit method, and the proposed method can provide
higher DOA estimation accuracy. Additionally, it can be
seen that Su’s method fails to find the incident directions,
which is mainly caused by the extra mutual coupling effect
introduced by the transformation between the embedded

x
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z

𝜃

𝜑

Figure 9: Structure of the UCA and the coordinate system.

Table 4: Parameters of the incident signals for 2DDOAestimations.

Incident signals 𝜑 𝜃 SNR (dB)
Signal 1 20∘ 10∘ 20
Signal 2 80∘ 60∘ 20

Table 5: Two-dimensional DOA estimation bias for the UCA.

(𝜃, 𝜑) DOA estimation bias
Open circuit Su’s method Proposed method

(10∘, 20∘) (0∘, 2.2∘) Failure (0.4∘, 0.6∘)
(60∘, 80∘) (7.2∘, 0.8∘) Failure (0.8∘, 0∘)

element patterns and the ideal point source patterns. DOA
estimation bias corresponding to Figure 10 is listed in Table 5
which shows the advantages of the proposed method over
other two methods.
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Figure 10: Contour charts of the 2D DOA estimations for (a) the proposed method, (b) Su’s method, (c) the open-circuit voltage method,
and (d) without calibration.

4. Conclusion

In this paper, the element pattern reconstruction method is
proposed to calibrate the mutual coupling effect of adaptive
antenna arrays. This method is based on the transformation
between the embedded element patterns and the isolated
element patterns. It is shown that the new method can be
employed in microstrip arrays and can provide accurate
mutual coupling calibration. Meanwhile, the new method
can be used in the linearly polarized microstrip arrays and
the circularly polarized microstrip arrays. Owing to the
calibration effect of the new method, accurate 1D and 2D
DOA estimations can be obtained by employing the MUSIC
algorithm in the presence of mutual coupling effect.
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