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ABSTRACT This paper presents an effective excitation synthesis algorithm of phased arrays of antennas
to optimize the radiation patterns under minimum mutual coupling/induction interferences between two
nearby arrays. The optimization goal is to minimize the inter-array interferences in an attempt to retain
their radiation beam characteristics. Furthermore, a cost function is defined to reduce the inter-array
reaction and the excitation weighting deviations from the desired ones for directional beam radiations by
embedding a coupling reduction factor (CRF). The resulting solutions are in a simple closed-form for easy
implementation. Besides, the mutual coupling/induction mechanisms are effectively interpreted using the
singular-value decomposition (SVD) method to create an eigenspace for signal representations and the
complementary null space. Finally, theoretical and numerical full-wave simulation examples are presented
to validate the proposed mutual coupling/induction suppression method.

INDEX TERMS Antenna array, array synthesis, beam-steering, electromagnetic interferences, pattern
nulling, singular-value decomposition.

I. INTRODUCTION
Modern wireless communications and radar systems widely
use phased arrays of antennas [1], [2], [3] to provide sufficient
gains. Indeed, many applications employ several antenna
systems to cover different angular sectors or separate trans-
mitting and receiving antenna arrays, such as in radar systems
[4], [5]. For example, various operators’ base transceiver
system (BTS) antennas in mobile communications may be
co-sited to save space [6]. Aircraft or ships may install sev-
eral antennas on their bodies to cover communications and
radar detections in different directions [7]. These antenna
arrays are placed very close to each other and result in large
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electromagnetic (EM) interferences [4], [5], [6], [7], [8], [9]
through the mutual coupling/induction between them. These
interferences are especially severe when the directional
beams of a transmitting (TX) antenna array are steered
toward the directions very close to the positions of neigh-
borhood receiving (RX) antenna arrays which receive the
illuminating EM fields to cause interferences. For example,
in long-distance radar detection, the strength of echo signals
may be weaker than the inter-array coupled power to cause
misestimation.

Past works examining the mutual-coupling interfer-
ences focused on analysis based on EM numerical tech-
niques [7], [10], [11], [12], [13]. The interference can
be reduced by implementing hardware structures. Com-
mon approaches build EM bandgap (EBG) or EBG-like
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structures [5], [8], [9], [14], [15], [16] or defected
ground planes [17] between the two antenna arrays. These
approaches increase structural complexity and may better
suppress surface waves when implemented on the same
planar substrates or joint convex surfaces. They do not apply
to the array cases where the two arrays have partial line-of-
sight (LOS) visible contact or are not implemented on the
same platforms. Also, fabrication discrepancies may degrade
the isolation performance.

Most previous works considered a far-field scenario in
terms of antenna radiation synthesis. It is intuitive to place
these arrays in the sidelobe regions of other arrays’ radiations
to avoid main beam blockages in beam steering, as in the
conventional anti-jamming design. Far-field sidelobe levels
(SLLs) [4] are applied to TX and RX antenna array cases.
Typical examples include Chebyshev [18], [19], [20], [21] or
Taylor [19], [22] array distributions. These global SLL sup-
pressions may result in over-synthesizing the radiation pat-
terns to cause gain degradation because the arrays’ physical
areas occupy only a small angular portion. SLL suppression
over the angular range of the RX antenna arrays is much
desired to minimize the gain and beamwidth performance
degradation.

Other approaches of far-field pattern synthesis for the
TX antenna arrays produce a confined angular null-field
range [23], [24], [25], [26], [27], [28], [29] covering the
RX antennas. However, they are applicable only when the
arrays are long separated to make good EM field propa-
gation behaviors and resemble far-field patterns from TX
and RX antenna arrays. In such scenarios, adaptive nulling
techniques [30] can be employed, including the well-known
Schelkunoff polynomial method [18], [19], broadening null
techniques [31], [32], [33], and other similar methods based
on the digital signal process (DSP) [4], [34], [35]. In par-
ticular, the works in [34] and [35] perform radiation nulling
to avoid user interferences in mobile communications. Near-
field nulling was employed in [36] to avoid radiation block-
age, which results in low SLLs in an angular range.

These approaches have the advantage of synthesizing
the TX and RX antenna arrays’ radiation patterns in
standing-alone procedures to simplify the computational
complexity. They may, however, result in excessive gain
drops and beam distortions when the TX and RX arrays
are too close in their relative angular positions. They are
also inapplicable when the EM near-field mutual coupling
between TX and RX antenna arrays is strong because of their
close positions. Besides, they cannot be applied to near-field
radiation applications like bio-sensing systems. In these
near-field mutual coupling cases, conventional far-field pat-
tern nulling does not necessarily assure small EM cou-
pling/induction in a near-zone due to their Fourier transform
relationship [19]. Note that the net interference effects are
primarily determined by the mutual reactions [37], [38], [39]
between the two arrays at the excitation ports of beam-
form networks (BFNs) from the system point of view. Thus,
proper excitation weightings of all antenna arrays contribute

to end-to-end interference suppression. Therefore, the design
goal should minimize the EM coupling/induction interfer-
ences while retaining the original beam characteristics.

This paper defines a cost function first incorporating the
deviations of array excitations between the original ones
of directional beam steering for radiation pattern synthesis
[40], [41], [42] and the optimized ones. These deviations
in the cost function shall be minimized to find the opti-
mized excitation by reducing the beam distortion because
the excitation deviations will cost gain drops. Afterward, the
cost function incorporates the EM reactions between the TX
and RX antenna arrays with a ratio by a complex coupling
reduction factor (CRF). This CRF compromises its weighting
between the reaction power and the excitation deviations. It is
a varying parameter for minimizing cost function to manually
control the suppression levels of inter-array reaction and gain
drops. A proper tradeoff can be achieved by selecting an
appropriate CRF value from observing the gain drop and
reaction power variations for good antenna performance. This
avoids solving sophisticated matrix equations in the mini-
mization problems and provides a closed-form formulation.
To interpret the suppressionmechanism, the reactionmatrices
between the paired arrays are analyzed by the singular-value
decomposition (SVD) method [39], [41], [42] to find the sig-
nal and null spaces of mutual coupling between the antenna
arrays. The analysis results in closed-form solutions corre-
sponding to the original excitations with a correction term of
subtracting the projected weightings in the eigenspace span-
ning the physical coupling mechanisms. They can be applied
to both near- and far-field radiation applications. The antenna
arrays can also be in the others’ near- or far-field region
according to a reasonable arrangement and configuration.

The rest of the paper is organized in the following format.
Section II summarizes the essential theoretical foundation of
EM mutual coupling/induction between two antenna arrays.
Then, the solutions to minimize the coupling interferences
are developed by the SVD analysis. The extension to treat
multiple array problems is presented in Section III. Demon-
stration examples are presented in Section IV to validate the
feasibility. In addition, Section V illustrates the full-wave
simulation validation. Finally, conclusive remarks and future
phase studies are discussed in Section VI.

II. FORMULATION OF EM MUTUAL COUPLING
INTERFERENCES BETWEEN TWO ANTENNA ARRAYS
A. APPLICATION SCENARIO AND DEFINING THE COST
FUNCTION
Consider two paired nearby TX and RX antenna arrays of
N and M elements, respectively, as illustrated in Fig. 1
We assume that the beamforming networks (BFNs) con-
sist of RF power splitters/combiners to produce single port
excitations. The RF devices in the BFNs consist of ampli-
tude and phase controllers, including digital phase shifters
(DPSs), power/low-noise amplifiers (PA/LNA), and attenua-
tors for the system operations. Thus, the EMmutual coupling
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interferences are justified by the net signal strengths at the
output ports of the BFNs. Let the array excitations be A1×N =

[an(n = 1 ∼ N )] and B1×M = [bm(m = 1 ∼ M )] for TX
and RX arrays, respectively. The reaction matrix of mutual
coupling between the TX and RX arrays is represented by
STR as [38], [39], [43], [44].

STR = [gnm] =


g11 g12 · · · g1(M−1) g1M
g21 g22 · · · g2M
...

...
. . .

...

g(N−1)1 · · · g(N−1)M
gN1 gN2 · · · gN (M−1) gNM

 (1)

This reaction matrix is proportional to the scat-
tering matrix [45], [46], [47] and mutual impedance
matrix [46], [47] for two fixed arrays. Thus, They can be
flexibly extracted from either full-wave simulations or mea-
surements between antenna excitation ports without losing
applicability because the constant ratios do not alter the
results. The reaction matrix incorporates the effect of antenna
radiation and allows the TX and RX arrays to use different
antenna configurations or elemental antenna types. They are
not limited to be planar, and can also be relatively conformal
to a curved profile. The reaction power is related to the
actual receiving power and is defined from the reaction
theorem [39], [43] by [44]:

Prec =

∣∣∣A1×NSTRBT1×M ∣∣∣2 (2)

where the superscript ‘‘T ’’ denotes the matrix transpose.
The target of optimization is to make Prec → 0. It is
also noted that the reaction matrix, STR, also serves as a
transformation matrix to transform the effects of the TX
antenna array’s excitation signals to the other RX antenna
arrays and vice versa because the reaction matrix is recipro-
cal [39], [43], [44], [45], [46], [47], [48].

FIGURE 1. The radiation scenario of two antenna arrays is shown with
mutual coupling interferences. Array A and B are in the TX and RX modes,
respectively.

Thiswork aims tominimize EMmutual coupling/induction
interferences while retaining the original beam characteristics
of TX and RX antenna arrays. Thus, a cost function is defined
to correlate the EM coupling interferences with the deviation

of excitation weightings by [28]

� ≡

∣∣∣Ã1×N − A1×N
∣∣∣2 +

∣∣∣B̃1×M − B1×M
∣∣∣2

+α
(
Ã1×NSTRB̃T1×M

)
+ α∗

(
Ã1×NSTRB̃T1×M

)∗ (3a)

where A1×N and B1×M are the excitation coefficients of the
original beams while Ã1×N and B̃1×M are the varying ones
for optimization to minimize the cost function. In (3a), the
complex CRF, α, is introduced to compromise the weight
between Prec and the excitation coefficients’ deviations. The
solution to minimizing (3a) is identical to the case by directly
incorporating the reaction power in (2) into the cost function
by selecting

α = β
(
Ã1×NSTRB̃T1×M

)∗

(3b)

where β is a positive constant. The CRF is retained as a free
variable in this paper to produce closed-form solutions.

Equation (3a) is minimized by solving the zero derivatives
of (3a) with respect to Ã1×N and B̃1×M . It can be expressed
as 

(
Ã1×N − A1×N

)
+ α∗

(
B̃∗

1×MS
H
TR

)
= 0(

B̃1×M − B1×M
)

+ α∗

(
Ã∗

1×NS
∗
TR

)
= 0

(4)

where the superscript ‘‘H’’ is the matrix Hermitian, which has
the following relationship after canceling the second terms of
the two equations:(

Ã1×N − A1×N
)
ÃH1×N =

(
B̃1×M − B1×M

)
B̃H1×M (5)

Note that if (3b) is incorporated into (4), it is challenging to
find closed-form solutions. Freely varying of α is beneficial
to solve (4) to give the following closed-form solutions:

Ã1×N=

(
A1×N−α∗

(
STRBT1×M

)H)(
IN×N−|α|

2STRSHTR
)−1

(6)

and

B̃1×M =
(
B1×M − α∗A∗

1×NS
∗
TR
) (
IM×M − |α|

2STTRS
∗
TR

)−1

(7)

The optimized excitations consist of two terms in (6) and
(7). The terms associated with α are related to the TX radi-
ations causing strong mutual couplings to the RX antenna
array, which are related to the excitations of the influencing
antennas and the reaction matrix. One plots the curves of
normalized reaction power in (2) with respect to α and finds
the desired values tominimize the normalized reaction power,
thus minimizing mutual coupling effects.

B. MECHANISMS OF MUTUAL COUPLING SUPPRESSION
BY SINGULAR-VALUE DECOMPOSITION
The solutions of (6) and (7) involve an inverse matrix which is
referred to as the coupling suppressionmatrix (CSM). Indeed,
STR defines the EM mutual coupling space. The null space is
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complementary to minimize the mutual coupling. Thus, (6)
and (7) represent the projections of A1×N and B1×M into the
null space of STR. Thus, one obtains the eigenspace space of
STR by performing SVD on it: [39], [41]

STR|N×M = UN×N3N×M (VM×M )H (8)

whereUN×N and VM×M are unitary matrices of eigenvectors,
and 3N×M is a diagonal matrix of singular-values, λi, of STR.
It is noted that there exist only Q non-zero positive singular-
values, λi, arranged in a non-ascending order, where Q =

min(N ,M ). For simplification, one lets N ≥ M to make Q =

M . The case ofM ≥ N can be performed similarly. One first
expresses UN×N and 3N×M in the following format:

UN×N = [U (1)
N×MU

(2)
N×(N−M )] (9)

and

3N×M =

[
3

(1)
M×M

O(N−M )×M

]
(10)

where 3
(1)
M×M is a diagonal matrix formed by the non-

zero singular-values, while O(N−M )×M is a zero matrix.
In (9), U (1)

N×M and U (2)
N×(N−M ) are associated with 3

(1)
M×M

and O(N−M )×M , respectively, identified as the signal and null
spaces of STR, respectively. It can be shown that

(
IN×N − |α|

2STRSHTR
)

= UN×N3
(A)
N×NU

H
N×N(

IM×M − |α|
2STTRS

∗
TR

)
= V ∗

M×M3
(B)
M×M

(
V ∗
M×M

)H
(11)

where

3
(A)
N×N =

[
3

(B)
M×M OM×(N−M )

O(N−M )×M I(N−M )×(N−M )

]
(12)

with

3
(B)
M×M =


1 − |α|

2λ 2
1 0 · · · 0

0 1 − |α|
2λ 2

2 0
...

... 0
. . . 0

0 · · · 0 1 − |α|
2λ 2

M


(13)

Note that both (12) and (13) are diagonal matrices whose
inverse can be obtained in closed-form solutions. The CSMs
in (11) represent the resulting contributions after removing
the projecting in the eigenspace of STR. Also, (13) is a unit
matrix after subtracting the square of the singular values of
αSTR. Fig. 2 shows the primary mechanism to format the
net excitations by two mutual coupling terms and one with-
out mutual coupling. One can see the coupling mechanisms
between the two antenna arrays through the reaction theorem.

FIGURE 2. The excitations of antenna arrays are decomposed into two
components for directional beam steering and mutual coupling,
respectively.

The solutions in (6) and (7) can be further simplified in the
eigenspaces of UN×N and (VM×M )∗ by{

Ã(e)1×N = Ã1×NUN×N

A(e)1×N = A1×NUN×N
(14){

B̃(e)1×M = B̃1×MV ∗
M×M

B(e)1×M = B1×MV ∗
M×M

(15)

where the superscript ‘‘(e)’’ implies the expression of excita-
tions in the eigenspaces. The solutions in (6) and (7) become

Ã(e)1×N =

(
3

(A)
N×N

)−1 (
A(e)1×N − α∗(B(e)1×M )∗(3N×M )T

)
(16)

and

B̃(e)1×M =

(
3

(B)
M×M

)−1 (
B(e)1×M − α∗(A(e)1×N )

∗3N×M

)
(17)

The (B(e)1×M )∗(3N×M )T and (A(e)1×N )
∗3N×M , in (16) and

(17) represent transforming one array’s excitations into a
component of the other array’s excitations. The behaviors of
these components are analogous to exciting an RX array for
maximum power transfer from the TX array by conjugate
matching [39], [44], [49], except now the maximum power
transfer is referred to as the maximum mutual coupling inter-
ferences in this work. The radiation decomposition in Fig. 2
can interpret the mechanism, where the original problem is
decomposed into two issues of beam radiations and mutual
coupling. These two transformed excitation components are
related to the mutual-coupling transfer in the bottom scenario
in Fig. 2. They should be subtracted from the original exci-
tations to reduce the reaction power between the TX and RX
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antenna arrays, as exhibited by the minus sign in (16) and
(17). On the other hand, the middle plot in Fig. 2 involves
creating low SLLs by the CSMs, as discussed in (11). The
subtraction is desirable not to affect the main beam, as in the
middle scenario of Fig. 2.

The computation of (B(e)1×M )∗(3N×M )T in (16) reduced to

(B(e)1×M )∗(3N×M )T =

[
(B(e)1×M )∗(3(1)

M×M )T O1×(N−M )

]
(18)

The terms of
(
3

(A)
N×N

)−1
and

(
3

(B)
M×M

)−1
are the normal-

ization matrices to find the ratios between A(e)1×N and B(e)1×M .

C. REDUCTION TO THE SPECIAL CASE OF FAR-FIELD
ANTENNA ARRAYS
When both TX and RX antenna array elements are in the
far zone of each other, the forming elements of the reac-
tion matrix are related to their far-field radiation. The reac-
tion between two paired antenna elements of unit excitation
follows Friis’ propagation equation. The element can be
expressed in the following form: [37], [38]

gnm ≈
1
Z0
ĒTn (R̄nm) · F̄R(R̂nm) (19)

where the radiations of the TX and RX antenna elements are
assumed to be in the following standard format:

ĒT ,R
n,m (R̄T ,R

n,m ) =
jke−jkR

T ,R
n,m

4πRT ,R
n,m

F̄T ,R(R̂T ,R
n,m ) (20)

In (19) and (20), k is the wavenumber, Rnm is the distance
between the TX and RX antennas, and Z0 is the impedance
of free space. In the far-field case, the operation of A1×NSTR
can be simplified by

A1×NSTR =
1
2Z0

(
N∑
n=1

anĒTn (R̄nm)

)

=
1
2Z0

jke−jkRm

4πRm
F̄T (R̂m)

(
N∑
n=1

ane
jk
(
R̂m•r̄ ′nm

))
(21)

which is the far-field radiation from the TX antennas. The TX
and RX arrays become a point-to-point interaction, resulting
in a rank of one. The interference suppression reduces to
nullifying TX antenna radiation patterns in the RX antenna
directions.

III. GENERALIZATION TO THE MULTIPLE ARRAY
SCENARIO
The proposed technique is generalized to treat multiple
antenna arrays. One assumes P(P ≥ 2) nearby antenna
arrays, where the pth array has Np antenna elements excited
byAp,1×Np . The reactionmatrix between the pth and qth arrays
is denoted by Spq, where the mutual coupling power-related
term is represented by Ppq = |Ap,1×NpSpqA

T
q,1×Nq

|
2.

FIGURE 3. Configuration of two array systems to examine the mutual
coupling effects and minimize the interferences.

The cost function is generalized from the format in (3a) by

� ≡

P∑
p=1

∣∣∣Ãp,1×N − Ap,1×N
∣∣∣2+α

⋃P

2

(
Ãp,1×NpSpqÃ

T
q,1×Nq

)
+ α∗

⋃P

2

(
Ãp,1×NpSpqÃ

T
q,1×Nq

)∗

(22)

where the notation ‘‘∪P
2 ’’ indicates the union of every two

paired arrays’ reaction or mutual coupling. When P=2, (22)
reduces to (3a). The solution to minimizing the cost function
in (22) is given by(
Ãp,1×Np − Ap,1×Np

)
+ α∗

P∑
q=1,q̸=p

(
Ã∗

q,1×NqS
∗
qp

)
= 0; ∀p

(23)

The solution can be obtained by first expressing (23) in
matrix equations and solving it by a matrix inverse.

IV. DEMONSTRATION EXAMPLES
A. NUMERICAL EXAMPLES BASED ON THEORETICAL
MODELS OF ELEMENTAL ANTENNA RADIATION PATTERNS
Numerical examples of two-array cases, as illustrated in
Fig. 3, are presented to validate the proposed method. The
antenna arrays consist of 8 × 8 and 6 × 6 small dipoles
for TX and RX arrays, respectively, which operates at the
first fundamental mode to have a closed-form formulation
of radiation. The periods are λ/2 for both arrays. These
two arrays are first placed laterally side-by-side on the same
plane, where the RX array is then bent to form an angle of
1ϑ . Finally, the separation between the two adjacent edges
of these two arrays is selected by L = 10λ . The dipole
antenna arrays are intentionally considered to demonstrate
the unique effectiveness of the proposed works because they
have intense radiations along the cross-section directions to
cause strong mutual couplings between the two arrays.

The inter-element mutual couplings on the same array are
first put aside to focus on the synthesis of inter-array mutual
coupling suppression for the optimal excitation weightings.
They are then taken into account to find the actual terminal
excitations. It is performed by multiplying the synthesized
excitation weightings with the mutual impedance matrix of
the same array, as exhibited in the conventional moment
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FIGURE 4. Radiation patterns from the TX antenna array excited by
uniform amplitudes and linear phase progressions to radiate directional
beams.

method [19], [50], [51] and embedded element pattern (EEP)
techniques [52], [53], to find the actual excitations at the
end-terminals. This will not alter the optimum radiation char-
acteristics obtained by the proposed synthesis technique as
this is an inverse pattern synthesis. The dipoles’ electrical
fields are given by the theoretical formula [19], [54]:

Ē(r̄) ≃ F̄(θ, φ)
jke−jkr

4πr
; F̄(θ, φ) = (Z0I0ℓ sin θ) θ̂ (24)

where I0 = 1, (r, θ, φ) is the representation of r̄ in the
spherical coordinate system, and ℓ is the dipole’s size.
Figure 4 first shows the multi-beam radiation patterns of

the TX antenna array at 38 GHz on the plane containing
the centers of these two arrays when the array stands alone.
Note that the RX array has similar patterns, which are thus
omitted for brevity. In these cases, the TX array is steered
with uniform amplitude and linear phase excitations to radiate
main beams in the φ = 50o, 70o, 90o, 110o and 130o

directions, respectively, where the constant terms in (24) are
selected by a unit value to have a maximum field strength by
a unit value at θ = 90o. The array factors are computed by the
normalized excitation weightings to have a unit value of 0 dB
power excitations. These patterns serve as the references to
compare the results after the proposedmethod’s optimization.
In these cases, it is observed that the sidelobes are roughly
-13.4 dB, as expected in theory, due to omnidirectional radi-
ation patterns of dipoles.

To examine the reduction of mutual coupling interferences
by the proposed technique, one selects 1ϑ = 15o in Fig. 3,
where the results are compared to the conventional directional
nulling method by creating nulling field in the vicinity of
φ = 165o for the TX antenna array and φ = 15o region for
the RX antenna array. The reaction power in (2) is found for
comparison, where the excitation weightings are normalized
to unit power.

One first examines the effects of the complex CRF, α,
on the reaction power and antenna radiation gains. One
considers the case of boresight radiation in Fig. 4, where
α is varied in the real axis to examine the behaviors. The

FIGURE 5. Comparisons of the normalized reaction powers and gain
drops. The reaction powers are compared between the uniform
excitations and the optimized excitations. The gain drops are for the TX
and RX antenna arrays compared to the cases of uniform excitations.

normalized reaction power and the gain drops of the TX and
RX antenna arrays are shown in Fig. 5(a). The normalized
reaction powers obtained by the uniform and optimized exci-
tations are compared. It is seen that the CRF significantly
affects the reaction powers. When the reaction power is
maximum, the gain drops are also large because most power
propagates to the RX antenna array. The minimum value
appears at α = 25. At this value, the gain drops are also
minimum for both TX and RX antenna arrays. This value
will be used to compute the radiation patterns for comparison
in Fig. 6(a). It is observed that the gain drop for the TX
antenna array is less than 0.2 dB, which is less than 0.4 dB for
the RX antenna array. Besides, the wide-angle sidelobes are
significantly reduced, which exhibits null-like patterns. It is
noted that the RX array is in the vicinity of φ = 165o in the
TX array’s radiation, while the TX array is in the vicinity of
φ = 15o in the RX array’s radiation. In these two regions,
the radiations have very small field strengths to suppress the
mutual coupling interferences. It is seen from Fig. 5 (a), the
normalized reaction power reduces from -22.5 dB to -90 dB,
i.e., 67.5 dB reductions.

One next considers a case of beam steering, where the
beams of TX and RX antenna arrays are steered toward each
other by 40 degrees to increase the mutual coupling. In other
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FIGURE 6. Examinations of TX and RX antenna radiation patterns to study
the effectiveness of the proposed suppression technique. In (b) and (c),
the beams are scanned toward each other to increase the mutual
coupling interferences.

words, the TX antenna beam is steered to 130o, while the RX
antenna beam is steered to 50o. This wide-angle beam scan
results in considerable mutual coupling interference between
the two arrays, as shown by the normalized reaction power
in Fig. 5(b), which can be as large as 12.5 dB. The proposed
method is applied to reduce the reaction power by varying
the CRF, α, where the results are shown in Fig. 5(b). Again,
for reasonable values of α, the normalized reaction power
reduction is more than 40 dB. Considering the minimum gain
drops, the best value of α is roughly equal to 2, where the gain
drops are approximately 0.3 and 0.7 dB for the TX and RX
arrays. The resulting radiation patterns are shown in Fig. 6(b).

FIGURE 7. Examinations of mutual coupling suppression mechanisms for
each term in the solution format in (5) and (6) to show the effectiveness
of the CSM.

For the TX array, the main beam retains a good beam shape.
The gain drops slightly to suppress the mutual coupling inter-
ferences at wide angles, which are more prominent on the
right-hand side (RHS).

Similar behavior also appears to the RX antenna array’s
radiation pattern. However, a beam squint has been observed,
which is caused by the small size of the antenna array and
can be observed from the comparison of radiation patterns to
the uniform excitation in Fig. 6(b). To verify this behavior,
we increase the RX array’s antenna elements to 8 × 8, and
select α = 0.5, resulting in the radiation patterns in Fig. 6(c).
The normalized reaction powers are 27.7 dB and -34 dB for
the uniform and optimized cases. The gain drops are roughly
-0.28 dB.

One now examines the suppressionmechanisms by consid-
ering the decomposed excitations by optimization in (5) and
(6). As pointed out in Section II, the second terms associated
with the α parameter excite the radiation to cause the mutual
coupling interferences. Fig. 7(a) shows the contributions from
each term in (5) and (6) for the TX and RX antenna arrays,
respectively. It is seen that the second term associated with
α∗ does not have significant contributions. This is because
the patterns have low SLLs in the desired range of mutual
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TABLE 1. Comparisons of reaction power between the TX and RX arrays
by optimizing both arrays’ excitations are shown (unit: dB).

TABLE 2. Comparisons of gain drops between the TX and RX arrays by
optimizing both arrays’ excitations (unit: dB).

coupling suppression to provide a correction. However, the
first term’s contributions are close to the optimized ones for
TX and RX antenna arrays.

Thus, one considers the effect of the CSMs in (5) and (6).
Fig. 7(b) examines the two terms’ effects in the radiation
patterns for the TX antenna array. In this case, the excitation
weightings are not normalized to explore the impact of the
CSM. Again, the first term in (5) results in most of the
desired patterns. The CSM tends to suppress the wide-angle
sidelobes for mutual coupling suppression. Similar behaviors
also appear in the second term of (5) to suppress the wide-
angle sidelobes.

B. COMPARISON TO THE CONVENTIONAL PATTERN
NULLING TECHNIQUE
One following compares the results to the conventional
far-field nulling techniques [28] applied to the above-
discussed cases. The nulling range is set by 0.02 in the u =

sin θ cosφ dimension to mutually accommodate the TX and
RX arrays. The normalized reaction powers and radiation
patterns are examined. Due to the symmetric orientation
between the TX and RX antenna arrays, the beam steering is
performed in the following 5 cases. For the TX beam steering
to the 50o, 70o, and 90o, the RX’s beams are steered to the
same directions in their local coordinate systems.

On the other hand, for the TX beam steering to 90o, 110o,
and 130o directions, the RX beams are steered to the opposite
directions by 90o, 70o, and 50o, respectively, to increase
the mutual coupling effects. Table 1 shows comparisons of
reaction powers, while Table 2 shows the resulting gain drop
comparisons. The CRFs, α, are selected to minimize the gain
drops and reaction powers based on the procedure in Fig. 5.
In all cases, the RX array consists of 8 × 8 elements.
It is first seen from Table 1 that the beam steering may

alter the reaction power or mutual coupling interferences,
especially when the main beams are close to the RX array

FIGURE 8. TX and RX antenna radiation patterns by nulling techniques
compared with the proposed suppression technique. In (b), the beams are
scanned toward each other to increase the mutual coupling interferences.

regions. After the optimization, the reductions can be larger
than 60 dB by the proposed technique. On the other hand, the
reductions by the pattern nulling technique on the reaction
powers and gain drops are also shown in Tables 1 and 2. It is
seen that in the broadside radiation, the nulling method to
suppress mutual coupling also provides good performance.
The gain drop is the same as the proposed technique. The
reaction power is minimal by -62 dB in Table 1, or a 42.61 dB
reduction. However, the proposed method reduces the reac-
tion power to -95.93 dB, or a 75 dB reduction. It is better
than the nulling technique by 33.3 dB. It is noted that when
the beam is steered to wide angles, the performance of nulling
approach becomes worse resulting in high gain drops. For
example, when the beams of TX and RX arrays are steered
by 40 degrees toward each other, i.e., in the case of TX beam
steering to 130o in Tables 1 and 2, the gain drops increase to
1.06 dB, or 20% power loss. In this case, the reaction power
is -19 dB, or 47.28 dB reduction, larger than the proposed
technique by 15.3 dB.

The radiation patterns are shown in Fig. 8 (a) and (b)
for the cases of TX beam steering to 90o and 130o, respec-
tively. In the broadside beam case, the radiation patterns
in Fig. 8(a) are similar to that of the proposed techniques.
However, when the TX and RX beams are steered to 130o

and 50o, the radiation patterns worsen, where the gain drop
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FIGURE 9. The array configuration between the TX and RX arrays and the
element’s structure in (a) are shown. The resulting reaction powers and
gain drops for the broadside, and 40o beam scan are shown in (b) and
(c), respectively. The CRF, α, is varied along ϕ = 0.9π and 0.31π directions
in its complex domain.

is more than 1 dB. In these cases, the suppression regions are
very close to the main beams in the first sidelobe regions.
The SLLs also increase to -7.4 dB, producing grating lobe
problems. The proposed technique performs better as it does
not incur the SLL increase, as shown in Fig. 6(c). In most
regions, the sidelobes remain reasonably unchanged from the

FIGURE 10. HFSS full-wave simulated radiation patterns of the resulting
excitations by the proposed suppression technique. The patterns by
uniform excitations are also shown for comparison.

original patterns. Thus, they demonstrate the superiority of
the proposed method.

V. FULL-WAVE SIMULATION VALIDATION
Full-wave simulations by HFSS [55] on a realistic two-array
configuration are presented to validate the proposed tech-
nique. The TX and RX arrays in the mutual coupling scenario
have an identical configuration formed by 8 × 8 microstrip
patch antennas at 2.5GHz. Fig. 9(a) shows the antenna
element’s configuration, with the dimensions labeled. The
antennas are implemented on an FR4 dielectric substrate
(εr = 4.4 tan δ = 0.02 and 1.6mm in thickness) for a lost
cost. The periods are λ/2 in both the x and z dimensions for
both arrays. Again, the tilted angle of the RX array in Fig. 3
is 1ϑ = 15o for consistency with the studies in Sec. III,
where the separation between the adjacent columns’ centers
of the two arrays is 10λ . In these cases, the mutual coupling
between antenna elements inside the TX and RX antenna
arrays is also incorporated to account for the actual mutual
coupling interferences between the two arrays.

Following the same procedure in Section IV, one first
finds the transmission S-matrix from the HFSS full-wave
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FIGURE 11. Comparison of the near-field equivalent current distributions
on the RX array surface when the TX antenna array is excited by the
uniform and the optimized excitations.

analysis between the TX andRX arrays. The process to obtain
Fig. 5(a) and (b) is afterward performed, where the corre-
sponding results are shown in Fig. 9 (b) and (c), respectively.
In these cases, the beams of the two antenna arrays point to
the broadside φ = 90o and 130o directions in their local
coordinate systems.

The complex CRF, α, is varied along ϕ = 0.9π and 0.31π
directions in its complex domain to search for the minimum
reaction powers. The variations of normalized reaction pow-
ers and gain drops in Fig. 9(b) and (c) show that α = 16.2 and
21.87, respectively, give the best performances in terms of
reaction powers and gain drops. After optimizing these beam
steering cases, the normalized reaction powers are -79 and
-99 dB, representing 19 and 43 dB reductions, respectively.
The gain drops are tiny by 0.02 and 0.15 dB, respectively.

The radiation patterns by full-wave simulations are shown
in Fig. 10 (a) and (b), respectively, where the cases of uni-
form excitations are also shown for comparison. Furthermore,
in the figures, the angular regions of the TX array to illu-
minate the RX array and vice versa are also labeled, where
low SLLs are achieved in these regions by the proposed

technique without sacrificing the gain and sidelobe per-
formances. Indeed, in most areas outside the illuminating
angular regions, the patterns remain close to the original cases
of uniform excitations. Thus, it indicates that the proposed
technique only locally alters the radiation patterns to suppress
the mutual coupling interferences.

Figure 11 (a) and (b) further show the near-field equivalent
current distributions on the RX antenna array’s surface when
the TX antenna array is excited by the uniform and opti-
mized excitation weightings to radiate the broadside beam in
Fig. 10(a). It is seen that the current strength of the proposed
method is at least 30 dB smaller than the case by uniform
excitation. This induced current reduction may further avoid
the saturation of RX’s active RF modules. This behavior is
consistent with the trend observed in Fig. 10 (a), except for
low current strengths. It is noted that the far-field pattern
exhibiting a smaller strength difference in the marked region
in Fig. 10(a) is caused by the divergence of EM power
propagation. The radiation from the TX antenna array will
experience small strengths in the vicinity of the RX array
and then propagates, following the divergence theorem, to the
far zone. The fields external to the RX array region will also
contribute to the nulling areas marked in Fig. 10(a).

VI. CONCLUSION
Mutual coupling between adjacent arrays may significantly
interfere with the radiation performance, especially under
high-power radiation conditions. The proposed technique
optimizes the array excitations to reduce mutual coupling
effects between adjacent arrays without substantially dis-
torting the radiation patterns. The effectiveness has been
validated by considering directional beam radiations. It has
been demonstrated that the reaction power between the two
antenna arrays can be reduced by at least 60 dB at the cost of
gain drops by less than 0.3 dB from the studies. Even though
these low mutual coupling excitations may not be achievable
in a real system due to the limits of system sensitivity to
the noises and digital T/R devices’ discrepancies, the pro-
posed concepts’ effectiveness has been validated. Besides,
the coupling mechanisms were theoretically analyzed. The
technique has been compared to the conventional pattern
nulling techniques to show superiority. Future works will
incorporate the EM coupling reductions between elements
within the same antenna arrays to avoid possibly causing scan
blindness [56] when suppressing the inter-array mutual cou-
pling. Both hardware [57] and numerical software techniques
shall be examined to enhance the effectiveness.
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