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A new mutual coupling compensation method for wideband adaptive arrays is proposed. The new method is developed by
combining the element pattern reconstruction method and the system identification method. The element pattern reconstruction
method is valid and effective in the mutual coupling compensation for adaptive arrays such as dipole arrays and microstrip arrays.
Each entry of the wideband compensation matrix is represented as an analytical expression against frequency. The polynomial
coefficients and orders of all entries are obtained via the system identification method. The new wideband compensation method
is characterized by the good adaptability of element structures and polarizations owing to the advantages of element pattern
reconstructionmethod. Awidebandmicrostrip array is designed to test the validity and effectiveness of thewideband compensation
method.

1. Introduction

At present, wideband antenna arrays are widely used in the
adaptive signal processing systems, and microstrip antennas
are often employed in these systems. However, the per-
formance of adaptive array signal processing is seriously
influenced by the mutual coupling effect of arrays, especially
in the lower frequency band. It can be explained via the
relationship between the frequency and electric length. Over
the past 30 years, various mutual coupling compensation
methods have been proposed, such as the open circuit
voltage method, the receiving mutual impedance method,
the minimum norm method, the method proposed by Su
et al., and the method introduced by Yuan et al. [1–8]. In
most of themethods, the compensationmatrices are obtained
through the analysis of current distributions or induced ter-
minal voltages on antenna arrays. The open circuit scattering
of arrays was not taken into account in the open circuit
voltage method, which degrades the compensation effect of
this method [1]. The receiving mutual impedance method
and minimum norm method can provide more accurate
mutual coupling compensations owing to the improvements
in processing the scattering effect [2–4]. The pattern of ideal
point source model was used in the method proposed by

Su et al. [5–7]. For the antenna array composed of dipoles
or monopoles, H-plane pattern of the element is isotropic,
which is the samewith the ideal point source. In this case, Su’s
method can provide accurate mutual coupling compensation
for the incident signals in the H-plane. However, methods
proposed in [2–7] are more suitable for antenna arrays
composed of wire elements such as dipoles and monopoles.
For arrays composed of planar elements such as microstrip
antennas, it is difficult to find a proper compensation matrix
to match the incident signals coming from various directions
by using the compensation methods mentioned above. In
the method proposed by Yuan et al., the universal steering
vector was used in DOA estimations so that the received
voltages of the array can be used directly to find directions
without calibration [8]. The universal steering vector is
composed of the embedded element patterns at given direc-
tion. However, the compensation matrix was given through
the relationship between the universal steering vector and
the conventional steering vector due to the ideal source
model, and the universal steering vector was related with the
incident angles and polarization of the incident signals, which
limits the applications of this method in adaptive antenna
arrays. Although the compensation matrix independent of
incident angles was obtained in [9–11], the compensation
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matrix also described the relationship between the universal
steering vector and the conventional steering vector. It is
expected that applications of ideal source model in the above
compensation methods cannot guarantee the decoupling of
received signals. Actually, residual mutual coupling effects
still remain when the ideal source model is employed in
the compensation method, since the received signal due
to the isolated antennas is uninfluenced by the mutual
coupling.

The joint estimation of direction-of-arrivals (DOAs) and
calibration matrix provided a feasible approach for the mut-
ual coupling calibration of microstrip arrays [12–14]. How-
ever, joint estimation methods are usually used for uniform
linear arrays (ULAs) and uniform circular arrays (UCAs).
The number of mutual coupling parameters can be decreased
for regular array structures, since the calibration matrix is
characterized by the complex Toeplitz structure, which is
important for solving the joint estimation problems. More
importantly, the time consumption of joint estimations is
difficult to satisfy the real-time requirement inmany practical
applications.

In the literature, a wideband mutual coupling compen-
sation method for a dipole array was investigated, and the
system identification method was employed to obtain the
wideband calibration matrix [15–17]. It was verified that the
system identification method was effective in calculating the
wideband compensation matrix. However, the system identi-
fication method proposed above was based on the receiving
mutual impedancemethod that ismore suitable for the arrays
composed of wire elements, thus limiting the applications of
this wideband compensation method.

Recently, the element pattern reconstructionmethod was
proposed by the authors to compensate for the mutual cou-
pling effect of adaptive arrays [18, 19].Thismethodwas devel-
oped on the basis of the relationship between the embedded
element patterns and isolated element patterns of an array. It
can be used not only in arrays composed of wire elements,
but also in arrays composed of planar elements such as
microstrip antennas. Additionally, this method is suitable for
linearly polarized arrays as well as circularly polarized arrays.
It is important that the compensation matrix is indepe-
ndent of the incident angle and polarization of signals. The
good performance of the method was verified with a dipole
array, linearly polarized microstrip array, circularly polarized
microstrip array, and conformal microstrip array. Based
on this consideration, the element pattern reconstruction
method has the potential to develop more effective compen-
sation methods for the wideband adaptive arrays.

In this paper, the combination of the element pattern
reconstruction method and system identification method is
proposed for the wideband mutual coupling compensation.
The new method has a good adaptability for the element
structures and polarizations owing to the characteristics of
the element pattern reconstructionmethod.The newmethod
can be employed in the wideband frequency-hopping mode
and for proper wideband signals. A wideband microstrip
array with five elements is designed to verify the effectiveness
of the new wideband compensation method.

2. Theory

2.1. Element Pattern Reconstruction Method. It is known that
an antenna pattern corresponds with the magnitude of the
received signals in the given directions. In addition, the
pattern of an element in the isolated state with other elements
removed from the array is not influenced by the mutual
coupling, while the pattern of an embedded element will
be influenced by mutual coupling. The above considerations
provide us with an approach to compensate for the mutual
coupling of adaptive arrays via the transformation of element
patterns.The element pattern reconstructionmethod is based
on the fact that when all 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 in the same way. The compensation matrix is
obtained through the transformation of the element patterns
in the proposed method, which is different with existing
methods.

Generally, the main polarization component and the
cross polarization component are seen by an antenna simul-
taneously. For the linearly polarized antenna, the main
polarization component is often the 𝜃 or 𝜑 component of
the electric field. For circularly polarized antennas, the main
polarization component is the electric field of the left hand
circular polarization (LHCP) or the right hand circular polar-
ization (RHCP) components. In a well-designed microstrip
antenna, the main polarization component contributes the
dominant part in the total electric field. Consequently, the
main polarization component plays a dominant role in the
mutual coupling calibrations. The main polarization compo-
nent is thus considered for the element pattern reconstruction
method.

Consider an antenna arraywith𝑁 elementswith each ele-
ment terminated in a load𝑍

𝐿
. Two kinds of element patterns

are involved in the element pattern reconstruction method.
One is the embedded element pattern that is calculated
with other elements terminated with a load. Another is the
isolated element pattern that is calculatedwith other elements
removed from the array. A relationship between two kinds
of patterns is established so as to transform the embedded
element patterns into the isolated element patterns; that is,
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where 𝐸𝑖
𝑛
(𝜃, 𝜑) and 𝐸

𝑛
(𝜃, 𝜑) with 𝑛 = 1, 2, . . . , 𝑁 represent

the element pattern in the isolated state and in the embedded
state, respectively. Matrix C represents the compensation
matrix which can be used to compensate for the mutual
coupling effect of the array. It is to be noted that both
magnitude and phase of electric fields are taken into account
in (1). In order to accurately calculate the compensation
matrix C that can adapt to wide angle range, multiple
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directions should be sampled from the element patterns.
Assume that𝑀 directions are chosen; one obtains
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(2)

Consequently, the least square solution that satisfies

min CE−E
𝑖

(3)

can be obtained; that is,

C = E𝑖E𝐻 (EE𝐻)
−1

, (4)

where E𝑖 represents the electric field matrix owing to the
isolated elements and E the electric field matrix owing to the
embedded elements. Superscript 𝐻 denotes the Hermitian
transpose operation and operator ‖ ⋅ ‖ denotes the Frobenius
norm of amatrix. For matrixCwith the dimension of𝑁×𝑀,
the Frobenius norm is written as

‖C‖ = {
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, (5)

where 𝑐
𝑛𝑚

is an entry of matrix C.
A compensation matrix can be calculated via (4). This

solution is valid for the sampled directions. It is known
that slow continuous change of element pattern exists in the
main lobe and especially in the 3 dB beamwidth. It is thus
possible to obtain a compensation matrix that is valid for
the 3 dB beamwidth or a bit larger angle range. In nature,
the compensationmatrix is characterized by the symmetrical
structure and will be of complex Toeplitz structure when the
array is a ULA or UCA. However, limited degrees of freedom
and direction samples bring about the nonsymmetry and
non-Toeplitz characters of the compensation matrix.

Once the compensation matrix is obtained, it can be
employed to compensate for themutual coupling of the array.
Assume that the sample matrix for received signals is X
which includes the noise; the calibrated sample matrix can
be calculated by the following formula:

X = CX. (6)

After being calibrated by the compensation matrix, the
received signals can be imported to adaptive array processing
algorithms. In order to verify the performance of the ele-
ment pattern reconstruction method, many DOA estimation
algorithms can be employed, such as the multiple signal
classification (MUSIC), the estimations of signal parameters

via rotational invariance techniques (ESPRIT), themaximum
likelihood (ML), and the subspace fitting (SF) [20–23].

For an actual antenna array, the received signals influ-
enced by the mutual coupling effect can be generated via
the electric field matrix E which acts as the actual direction
matrix. Another approach to obtain the actual direction
matrix is to calculate the induced terminal voltage vector
of the array due to the incident plane waves in the same
directions with the incident signals. Actually, two approaches
are equivalent.

2.2. Wideband Mutual Coupling Compensation. In some
wideband adaptive systems such as the frequency-hopping
system, mutual coupling compensation is carried out for
narrowband frequencies, although the entire operating fre-
quency band of the system is of wideband. In this case, the
compensation matrix at any frequency is needed. However,
it is difficult and unnecessary to store the compensation
matrices for all frequencies owing to the limited memory
space of the hardware. For the wideband system, each
entry of the wideband compensation matrix would vary
against the frequency. However, it is difficult to obtain an
analytical expression for the mathematical relation between
the entries of wideband compensation matrix at different
frequencies from a pure electromagnetic theory considera-
tion [15]. From the point of system identification method,
approximate expressions can be utilized to represent the
entries of wideband compensation matrix [16]. Assume that
𝑐
𝑛𝑚
(𝑗𝑘) is an approximate expression of the entry 𝑐

𝑛𝑚
(𝑗𝑘); one

obtains

𝑐
𝑛𝑚
(𝑗𝑘) =

𝐴
𝑛𝑚

0
+ 𝐴
𝑛𝑚

1
(𝑗𝑘) + 𝐴

𝑛𝑚

2
(𝑗𝑘)
2
+ 𝐴
𝑛𝑚

3
(𝑗𝑘)
3
+ ⋅ ⋅ ⋅

𝐵𝑛𝑚
0
+ 𝐵𝑛𝑚
1
(𝑗𝑘) + 𝐵𝑛𝑚

2
(𝑗𝑘)
2
+ 𝐵𝑛𝑚
3
(𝑗𝑘)
3
+ ⋅ ⋅ ⋅

,

(7)

where 𝑘 = 𝜔√𝜇0𝜀0 denotes the wave number or the pro-
pagation constant, and the polynomial coefficients in (7) will
determine the curve corresponding to 𝑐

𝑛𝑚
in the frequency

band. In order to calculate the polynomial coefficients,
complex-curve fitting method proposed by Levy is an effec-
tivemethod that can be employed [17]. Different fromwhat is
proposed byLevy, the variable involved in (7) is 𝑗𝑘 rather than
𝑗𝜔, which can avoid too small polynomial coefficients and
provide us with better computational accuracy of the entries.
For convenience, (7) can be written by

𝑐
𝑛𝑚
(𝑗𝑘) = ((𝐴

𝑛𝑚

0
− 𝐴
𝑛𝑚

2
𝑘
2
+ 𝐴
𝑛𝑚

4
𝑘
4
− ⋅ ⋅ ⋅ )

+𝑗𝑘 (𝐴
𝑛𝑚

1
− 𝐴
𝑛𝑚

3
𝑘
2
+ 𝐴
𝑛𝑚

5
) 𝑘
4
− ⋅ ⋅ ⋅ )

× ((𝐵
𝑛𝑚

0
− 𝐵
𝑛𝑚

2
𝑘
2
+ 𝐵
𝑛𝑚

4
𝑘
4
− ⋅ ⋅ ⋅ )

+𝑗𝑘 (𝐵
𝑛𝑚

1
− 𝐵
𝑛𝑚

3
𝑘
2
+ 𝐵
𝑛𝑚

5
𝑘
4
− ⋅ ⋅ ⋅ ))

−1/2

.

(8)

Except for the calculation of polynomial coefficients, the
polynomial orders for each entry are also to be determined.
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Assume that the polynomial orders of the numerator and
denominator are denoted as 𝑝 and 𝑞, respectively. The calcu-
lation of polynomial coefficients
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can be expressed by the following optimization problem [16]:

Θ̂ = argmin
Θ
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where 𝐷(Θ) is calculated in all sampled frequencies of
the bandwidth. In order to obtain an accurate wideband
compensation matrix, the compensation matrices at suffi-
cient numbers of frequencies need to be calculated by the
element pattern reconstruction method. The complex-curve
fitting method is thus employed to fit each entry of the
wideband compensation matrix. Entries of the wideband
compensation matrix vary slowly with the frequency. There-
fore, it is convenient to try the polynomial orders with the
beginning of the lowest order and then gradually increase
the orders until the fitting error gets negligibly small. For
simplicity, the polynomial orders of the numerator and
denominator are set equal. In this case, the above optimiza-
tion problem can be carried out by the procedure shown in
Figure 1.

As mentioned above, the compensation matrix obtained
by the element pattern reconstruction method is not char-
acterized rigorously by the symmetry and complex Toeplitz
structure. Therefore, all entries of the compensation matrix
are involved in the complex-curve fitting in order to get
more accurate compensation effect in the wideband systems.
Once the above process is completed, the compensation
matrix at any frequency included in the frequency band
can be calculated via (8) with a little effort, and only a few
polynomial coefficients that describe the curves need to be
stored. For the wideband frequency-hopping adaptive array,
it is convenient to obtain the compensation matrix for the
required frequencies via (8).

The proposed wideband compensation method can be
also employed in the DOA estimation of wideband signals
[20, 24]. In this case, DOA estimation method in the
frequency domain can be used for wideband signals. The
wideband signals are decomposed into multiple narrowband
components which are calibrated at the corresponding sub-
bands using the compensation matrices pertaining to these
subbands. The DOA estimation is thus carried out by using
the MUSIC algorithm at each subband [20]. Finally, the
spatial spectrum for the wideband signals is obtained by
averaging all the subband spatial spectra over the whole
bandwidth. In general, the noise involved in MUSIC algo-
rithms is white Gaussian noise (AWGN) and would become
colored after being multiplied by the compensation matrix.
However, the compensation matrix is of diagonal dominance
and full rank, which would result in limited influence on the
performance of MUSIC algorithms.

No

Yes

Yes

Establish the array model 
and set the frequency band

Calculate the compensation matrix at all 
sampled frequencies in the frequency band

Select an entry to be fitted 

Set the polynomial order

Carry out the complex-curve 
fitting for the selected entry

Fitting error smaller 
than a given threshold

All entries 
are involved

End

Increase 
the order

No

Figure 1: Flowchart for the calculation of wideband compensation
matrix.

It should be noted that the new wideband compensation
method is characterized by the good adaptability of element
structures and polarizations owing to the performance of the
element pattern reconstruction method. It can be used not
only for the dipole or monopole arrays, but also for proper
wideband adaptive arrayswithwidebandmicrostrip elements
or other elements with wideband characteristics.

3. Numerical Examples

In this section, a wideband microstrip array is designed
to verify the wideband compensation method proposed in
this paper. As is shown in Figure 2, the array is composed
of five wideband microstrip elements. The VSWR curve of
the element is shown in Figure 3. The frequency band of
the isolated element is larger than 500MHz with VSWR ≤

1.5. For the microstrip array, however, the frequency band
under consideration is 300MHz with the center frequency
of 2.65GHz. The 3 dB beamwidth at 2.65GHz of the element
is about 90∘. The element spacing of the array is 54mm,
that is, 0.477𝜆

0
, where 𝜆

0
is the wavelength at 2.65GHz. EM

simulation tool HFSS Version 13 is utilized to calculate the
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electric fields of the elements and the array. In the following
simulations of DOA estimations, all incident signals are
uncorrelated and impinge upon the array from 𝑥𝑜𝑧 plane.
MUSIC algorithm is employed, SNR for all incident signals
is 20dB, and the data sample is 3000.
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Figure 4: Pattern reconstruction of 𝐸
𝜑
for element number 3 at

2.65GHz, (a) magnitude and (b) phase.

3.1. Mutual Coupling Compensation Using Element Pattern
Reconstruction Method. The element patterns are recon-
structed by the compensation matrix obtained via the ele-
ment pattern reconstruction method. For the linearly polar-
ized microstrip array, the main polarization component is
the 𝜑 component of the electric field in 𝑥𝑜𝑧 plane which is
plane of interest. Therefore, the 𝜑 component of the electric
field is employed to obtain the compensation matrix. In
order to reconstruct the element patterns in a larger angle
range, 121 directions in the angle range of [−60∘, 60∘] in 𝑥𝑜𝑧
plane are sampled to calculate the compensation matrix. As
an example, the pattern reconstruction for element number
3 at 2.65GHz is given in Figure 4. It can be seen that
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the magnitude and phase of the reconstructed pattern are
consistent with those of the isolated element pattern in the
angle range of [−50∘, 50∘]. The angle range of consistence is
beyond the 3 dBbeamwidth. Itmeans that the incident signals
coming from this angle rangewill be suitably calibrated by the
compensation matrix.

DOA estimations for three incident signals are employed
to further verify the effectiveness of the element pattern
reconstruction method. The array operates at 2.65GHz,
and the compensation matrix obtained above is utilized to
calibrate the received signals. Three uncorrelated signals are
incident from 𝜃 = −50

∘
, −20
∘, and 10∘ in 𝑥𝑜𝑧 plane, respe-

ctively. As shown in Figure 5, the element pattern reconstruc-
tion method can provide more accurate DOA estimations
in contrast with the open circuit voltage method and Su’s
method, and DOA estimations for all signals are resolved
using the element pattern reconstruction method (EPRM) in
Figure 5.

3.2. Calculation of the Wideband Compensation Matrix. In
order to implement the optimization procedure to obtain the
wideband compensation matrix, 31 compensation matrices
with the frequency interval of 10MHz are calculated using
the element pattern reconstruction method. A total of 121
directions in the angle range of [−60∘, 60∘] 𝑥𝑜𝑧 plane are
sampled to calculate each compensation matrix. Complex-
curve fitting under given polynomial orders is carried out for
each entry of the calibration matrix. Following the process as
shown in Figure 1, proper polynomial orders and coefficients
are obtained. The polynomial orders for all entries are listed
in Table 1. Analytical expressions for all entries are given in
the Appendix of this paper.Themagnitudes and phases of the
entries including 𝑐
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, 𝑐
21
, 𝑐
31
, 𝑐
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, and 𝑐

51
are shown in Figures

6(a) and 6(b), respectively. It can be seen that the magnitude
and phase of each entry obtained through complex-curve
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Table 1: Polynomial orders for all entries of the compensation
matrix.
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fitting agree well in the frequency band with those due
to direct calculation via the element pattern reconstruction
method, respectively.
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Figure 7: Comparison of DOA estimations due to the directly calculated compensation matrices via element pattern reconstruction method
and the fitted compensation matrices via complex-curve fitting at (a) 2.5 GHz, (b) 2.65GHz, and (c) 2.8 GHz.

For verifying the impact of the fitting error on the mutual
coupling compensation, three examples of DOA estimations
at 2.5 GHz, 2.65GHz, and 2.8GHz obtained from the directly
calculated compensation matrices via the element pattern
reconstruction method and the fitted compensation matrices
via the complex-curve fitting are shown in Figures 7(a), 7(b),
and 7(c). In the DOA estimations, three uncorrelated signals
are incident from 𝜃 = −10

∘
, 20
∘, and 50∘, respectively.

From the spatial spectra of MUSIC algorithm at three
frequencies, it can be seen that the accuracy of DOA esti-
mations is virtually unattacked by the fitting error. It can
be inferred that the complex-curve fitting is robust in the
whole frequency band, which would guarantee the real-time
calculation of the compensation matrix at any frequency in
the frequency band.

3.3. DOAEstimations of theWideband Signals. Thewideband
signal under consideration has a bandwidth of 100MHz cove-
ring 2.5∼2.6GHz. DOA estimations of wideband signals are
carried out in the narrowband way as described in Section 2.
Through the discrete Fourier transform (DFT), the received
signal on each element is decomposed into 10 subband
signals. The subband signal vectors are calibrated by the
compensationmatrices owing to the center frequencies of the
corresponding subbands. The DOA estimations at each sub-
band are then implemented via MUSIC algorithm. Finally,
the average spatial spectrum on the bandwidth provides the
DOA estimations of wideband signals.

Spatial spectra of MUSIC algorithm for three wideband
signals at all subbands are given in Figure 8, where the com-
pensation matrices via the complex-curve fitting are
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Figure 8: Spatial spectra of the MUSIC algorithm for three wide-
band signals at all subbands. The fitted compensation matrices in
the frequency band are employed.
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Figure 9: Average spatial spectra due to the new method, the open
circuit voltage method, and Su’s method.

employed. Three uncorrelated wideband signals are incident
from 𝜃 = 0

∘
, −20
∘, and −50

∘, respectively. Consistence
of DOA estimations at various subbands can be seen in
Figure 8, which is further indicated by the average spatial
spectra as shown in Figure 9. The incident angles of three
wideband signals can be found accurately in the average
spatial spectra using the proposed wideband compensation
method. For comparison, the open circuit voltage method
and Su’s method are employed. All compensation matrices
obtained with the open circuit voltage method and Su’s
method at sampled frequencies are calculated and directly
used in the DOA estimations, respectively. It can be seen that
large errors of DOA estimations exist for the open circuit
voltage method and Su’s method. Estimations bias due to
three methods can be found in Table 2.

Table 2: Absolute DOA bias for the wideband signals in three cases.

Incident signal 𝜃 (∘) Absolute DOA bias (∘)
New method Open circuit Su’s method

Signal 1 −50 0.7 7.8 3.0
Signal 2 −20 0.3 7.2 2.7
Signal 3 0 0.1 3.4 1.6

4. Conclusion

In this paper, a new wideband compensation method for
adaptive arrays is proposed. The element pattern reconstruc-
tion method and the system identification method are com-
bined to obtain themutual coupling compensationmatrix for
the wideband adaptive array. Owing to the performance of
the element pattern reconstruction method, the new wide-
band compensation method is characterized by the good
adaptability of element structures and polarizations. The
compensation matrix at any frequency in the frequency band
can be obtained conveniently through the analytical expre-
ssions of all entries, which benefitswidebandmutual coupling
compensation. The effectiveness of the proposed wideband
mutual coupling compensation method is verified by DOA
estimations using a wideband microstrip array.
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