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Mutual Coupling Compensation in Receive-Mode Antenna
Array Based on Characteristic Mode Analysis

Dong-Woo Kim™ and Sangwook Nam

Abstract—1In this communication, the characteristic mode analysis
(CMA) is applied to the analysis of mutual coupling in a receive-mode
antenna array with geometric symmetry. Because CMA provides modes
that incorporate a mutual coupling effect, CMA can be used to develop a
method for compensating this mutual coupling effect. An understanding
of the symmetries and underlying physical characteristics of the charac-
teristic modes (CMs) of a receive-mode antenna can be used to intuitively
explain the effects of incident signal polarization and incidence angle on
the port signal. Using this knowledge, a mutual coupling compensation
matrix (MCCM) is constructed by finding the CMs and Z-matrix of a
metallic antenna array through a single simulation. The proposed method
is validated by comparing MCCM-predicted with simulated port currents
on a 1-D linear bowtie antenna array model. Further validation revealed
that the proposed MCCM significantly reduced the compensation error
and outperformed the commonly used open-circuit voltage-based MCCM
in providing accurate direction-of-arrival estimation results.

Index Terms— Characteristic mode analysis (CMA), mutual coupling
compensation, receive-mode antenna array.

I. INTRODUCTION

Adaptive antenna array performance is affected by the distortion
of incoming signal information through the mutual coupling between
element antennas [1], which is induced by scattering between adjacent
antennas in the receiving mode. Many attempts have been made to
address the mutual coupling problem, which involves the develop-
ment of methods to convert coupled measurable port signals into
uncoupled port signals by constructing a mutual coupling compensa-
tion matrix (MCCM). Several electromagnetic compensation methods
for constructing the MCCM have been proposed [1]-[4]. One of
the best known of these methods is the open-circuit voltage (OCV)
method [1], in which the MCCM is calculated from the equiva-
lent network system of an antenna array. However, this method is
somewhat inaccurate because its assumption of decoupled OCVs
is inconsistent with actual situations. To overcome this problem,
some researchers have suggested MCCMs based on other approaches,
including method of moments (MoM) matrices [2], received mutual
impedances [3], and induced electromotive force [4]. Although these
approaches outperform the OCV method, they still have several
disadvantages, including the need for multiple simulations, limitation
in the antenna shapes that can be modeled, and, in particular, a lack
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of the physical perspective needed to analyze phenomena pertaining
to multiple cases.

The characteristic mode analysis (CMA) can be a useful approach
to overcoming these problems. CMA has been used in several
applications, including the analysis of the scattering problem [5],
mobile antenna design [6], and platform-mounted multi-in multi-out
antenna design [7]. It has also been applied to finite-antenna
arrays [8]-[10]. In [8], a characteristic port mode theory defined
in terms of an N-port network [11] was used to calculate array
excitation taper. In [9], a method for obtaining CMA on an
isolated-element antenna from the entire antenna array structure
including the mutual coupling effects was proposed. In [10], CMA
was conducted for a 2 x 2 finite-antenna array.

While the CMA approaches in [8]-[10] involve port-shorting
analysis of transmit-mode antenna arrays, to date, there has been no
clear method developed for applying CMA to receive-mode antenna
arrays in order to analyze the mutual coupling effects in the receiving
mode. The main objective of this communication is to discuss how to
incorporate CMA into mutual coupling compensation methodology
to overcome the disadvantages of existing compensation methods.
To do so, a model for applying CMA to the analysis of receive-mode
antenna arrays based on an equivalent N-port antenna array network
system is suggested. A CMA-based MCCM is then constructed based
on two assumptions that: a finite number of characteristic modes
(CMs) contribute to the mutual coupling and the incoming signal
arrives from the specific elevation angle. As the proposed MCCM
incurs endurable errors in cases in which there is a deviation from
these assumptions, the underlying physical basis of the CMA is used
to analyze the source of these errors.

The rest of this communication is organized as follows.
In Section II, the background theory is reviewed. In Section III, a
receive-mode antenna array is analyzed using CMA. In Section IV,
the proposed MCCM is derived and evaluated, and finally, conclu-
sions regarding the findings are given in Section V.

II. BACKGROUND THEORY
A. Equivalent Network System of Receive-Mode Antenna Array

Because the coupling paths of transmitting and receiving arrays dif-
fer, there have been some questions as to whether conventional array
transmit-mode network parameters (Z-, Y-, and S-parameters) should
be used in the analysis of mutual coupling in the receiving mode [12].
However, recent research has shown that the conventional network
parameters for the transmitting mode can be successfully used for
the exact analysis of receive-mode antenna array response [13].
An arbitrary N-element antenna array can be modeled as an N-port
equivalent network [Za] € CN*N' with a load network [Z1] €
CN*N_in which an incoming signal generates OCVs at the ports
of the antenna array Vo € CNX1. The resulting receiving array
system is equivalent to the network model shown in Fig. 1. From
this equivalent network system, the relationship between the OCVs
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Equivalent network system of a receive-mode N-element antenna

Voc and the port currents Iport = [Iport_1 Iport_2 ...Ipm_N]T e CNxI

is obtained as

V. (

Equivalently, the relationship between the coupled measurable port
currents and the short-circuit currents Isc = [Isc, Isc, ...ISC_N]T €
CNx1 s obtained as follows:

Iport =[Zs + ZL]71 [ZAshort- 2

Similar to the OCVs Vo, the short-circuit currents Ighor¢ can be
interpreted as sources generated by an incoming signal when all of
the antenna ports are shorted. However, as the short-circuit currents
are distorted by the mutual coupling between adjacent short-circuit
antenna elements, it is necessary to use tools such as CMA to further
analyze the short-circuit currents.

Iport = —[ZA + 7]

—
~

B. Characteristic Mode Analysis

CMA involves the eigenvalue analysis of the MoM Z-matrix of
a conductor to produce the nth characteristic currents J, € RMxI
and their respective eigenvalues A, € R, where M(>> N) is the
number of MoM basis functions. Using the CMA results, the current
flowing on an arbitrary conductor J € CMx1 can be decomposed
into the characteristic currents J = > (Vni /(1 + jAn))Jn, where the
weighting of each current is called the modal weighting coefficient,
Vi = JTE"® € C is the modal excitation coefficient (MEC), and
[1/(1 4 jAn)| is called the modal significance. The characteristic
currents in a symmetric structure can be decomposed into even and
odd CMs, which are, respectively, defined as the CMs generated
by sources with even and odd functional distributions relative to
an axis perpendicular to the plane of symmetry [7], [14]. This axis
of symmetry serves as the perfect magnetic conductor and perfect
electric conductor walls for the even and odd CMs, respectively,
which is used in the coupled line theory [15]. It should be noted that
this definition of even and odd CMs is different from the definition
based on the shape of the current distribution used in [16].

In the case of a transmit-mode antenna, CMA is carried out by
modeling a structure with the antenna ports shorted. By contrast, a
receive-mode antenna must be modeled under the fact that there is
a load on the port, which makes the application of CMA difficult
because the CMs will no longer be orthogonal in this case [17].
Here, we address this problem by modeling a receive-mode antenna
array as Norton’s equivalent N-port network, which enables to use the
CMA to obtain the short-circuit currents generated by an incoming
signal for the entire structure of a short-circuit (Z, = 0 ) antenna
array. This, in turn, allows the received port signals to be analyzed by
calculating the results of (2) with the short-circuit current represented
as the CMs.
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Fig. 2. Geometry of a bowtie receiving array with seven antenna elements.
W = 19.22 mm (=1¢/6.5), S = 20.93 mm (=1¢/6), and L = 38.44 mm
(=20/3.25), where ¢ is the wavelength at 2.4 GHz.
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Fig. 3. Simulated current distribution of short-circuit bowtie antenna array
at 2.4 GHz. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 13. (¢) Mode 14.
(f) Mode 15.

As discussed earlier, receive-mode antenna array CMA covers
the entire short-circuit antenna structure, resulting in CMs that
reflect the coupling effect between all element antennas. Accordingly,
the information produced by the CMA can be used to analyze or
compensate the mutual coupling effects in the array. This physical
basis for the CMA results can be used to further investigate how
to compensate the mutual coupling, as will be explained further in
Section III.

III. CMA OF RECEIVE-MODE BOWTIE ANTENNA ARRAY
A. Bowtie Antenna Array Configuration

The configuration of a bowtie antenna array is shown in Fig. 2.
The uniformly linear array comprises seven identical elements of
the antenna. The bowtie element is designed to operate in the
2.4 GHz industrial scientific medical band and to be matched at 50 Q
termination in an isolated environment. In this section, the antenna
spacing D is fixed to the electrical length 1¢/2 at 2.4 GHz, giving the
adjacent elements a high coupling of about —14 dB. The simulation
and analysis were carried out at the single frequency of 2.4 GHz
using the FEKO 2017 [18].

B. CMA of the Short-Circuit Bowtie Antenna Array

Although as many CMs as possible should be used to represent the
exact current distribution induced by an incoming signal, in practice,
the CM’s limited eigenvalue dynamic range [19] means that only
reliable CMs can be used. The FEKO simulator results shown
in Fig. 3 provide 15 accurate CMs for the geometry of the bowtie
antenna array. The eigenvalues for 15 CMs are —0.1, 0.12, —0.27,
—0.40, 043, —048, 1.17, —24.3, —25.1, —26.8, —29.8, —35.6,
—48.7, 95.6, and —100.5, respectively. As the structure of the array
is bilaterally symmetric, the obtained CMs can be classified into odd
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Fig. 4. Modal analysis of short-circuit bowtie antenna array for four incoming
signal cases. (a) Configuration and (b) simulation results of MEC at 2.4 GHz.

(modes 1, 2, 3, 4, 5, 6, 7, and 14) and even (modes 8, 9, 10, 11, 12,
13, and 15) CMs. The current distribution on the conductor can be
expressed as the sum of the characteristic currents, allowing the short-
circuit currents Igphor¢ to also be expressed. However, the symmetry
properties dictate that the odd CMs contribute to the generation of
short-circuit currents while the even CMs do not. In addition, it is
reasonable to ignore the higher order CMs above mode 15 because
these are usually even modes, such as 13, 14, and 15, with inductive
loop current distribution and therefore do not contribute to port
signals.

C. Modal Analysis of Induced Short-Circuit Current
by Incoming Signal

Fig. 4(a) illustrates a case in which an incoming plane-wave signal
impinges on a short-circuit bowtie antenna array, generating a current
on the antenna array with induced CM weights dependent on the
direction and polarization of the incoming signal. To determine the
relationship between the incoming signal and the induced CMs,
four distinct cases are compared. Case 1 (¢ = 0° 6 = 90°,
and z-polarization) represents a reference incoming signal from the
broadside direction; case 2 (¢ = 0°, 6 = 30°, and z-polarization)
varies the elevation angle 0; case 3 (¢ = 0° 6 = 90°, and 45°-
tilted z-polarization) tilts the polarization; and case 4 (¢ = 45°,
6 = 90°, and z-polarization) varies the azimuth angle ¢. The MECs
of the antenna array’s CMs are plotted in Fig. 4(b), from which it
is seen that the incoming signals for cases 1 and 4 generate only
odd CMs as a result of the symmetry properties, while cases 2 and 3
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generate both odd and even CMs. These results suggest that tilting
the elevation or polarization angle results in the increased production
of even CMs. Furthermore, the most significant factor determining
the weight of odd CMs is seen to be the azimuth angle of the
incoming signal. (Although the elevation and polarization angles also
change the weight of the odd CMs slightly, the effect is seen to be
negligible.) Because the weight of the odd CMs determines the short-
circuit current, it is inferred that the induced short-circuit current is
determined by the azimuth angle of the incident signal.

IV. CMA-BASED MUTUAL COUPLING COMPENSATION MATRIX
A. Derivation of MCCM Based on CMA
Once the short-circuit antenna’s CMA information has been
extracted, the uncoupled port signal can be obtained. As mentioned
previously, CMA can be used to approximate the current distribution
on a short-circuit antenna Jghort € CMx1 with P CMs as follows:
P JTEinC 1 T o
Jshort = D ~2——Jn = [eml AT Jeml" E™. (3)
14+ jin

n=1

where [Jem] = [J1 J2...Jp] € RM>P s the set of characteristic
current vectors, [A] = diag(l + ji1,...,1 4+ jlp) € CP*P | and
A1 < A2 < ... < Ap. According to (2), only the short-circuit currents
Lshort contribute to the port currents Ipore. The required Ighore can be
extracted from (3) as follows:
P JT Einc .
Linort > >, ~8=——Tn =[leml[A]™ Jom ] TE™ “
+ j4n

n=1

where In = [Iy 11y 2. .. In_N]T e RNX1 s the set of short-circuit
currents of the nth CM at each port and [Icm] = [I1 I ...Ip] €
RN*P s the set of short-circuit current vectors for P CMs; among
these, only the odd CMs contribute to the generation of short-circuit
currents because as mentioned in Section III-B, I;; of an even CM is
a zero vector. Thus, (4) can be reduced to

O jodd T ginc
Ishort = Z I B
m=1
where O is the number of odd CMs (O < P) and the columns
of each matrix with the superscript “odd” are composed of O odd
CM vectors, e.g., [I%dﬂ‘fl] = [ITdd I"Odd 1 € RNXO_ 1 addition,
using the properties of odd symmetry and assuming that a z-polarized
signal impinges from the specific elevation angle (0 = 90°), the inner
product of the entire-domain vectors Jg{ld T'ginc jp (5) can be approxi-
mated as the inner product of two-port-domain vectors cI9dd 7 ginc

. port’
where E},“C

J%m

ot 18 the incident E-field across the port, which can be
treated as an uncoupled port signal, and ¢ is a complex constant.
As shown in Fig. 5(c), this assumption leads to some error when
the incoming signal is tilted along either the elevation or polarization
angle. Nevertheless, using this assumption, (5) can be expressed as
b

Lshort =~ -
Zl 1 J/lodd m
_ T i
C[I(édd][ A odd] 1 [I((’jdd] E;)rgcrt. (6)

The relationship between the measurable 50 Q port currents and the
uncoupled port signals can then be derived by substituting Iy from

(6) into (2) and scaling Eip‘})‘:rt by ¢, denoted by I:ZL“OCW as

tporc = (24 + 200 2] 120 )A 0 1) B, )

[c]
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Fig. 5. Results of predicting coupled port currents at the 50 Q port for given
uncoupled port signals. (a) Relative error versus spacing. (b) Relative error
versus azimuth angle. (c) Relative error versus elevation angle.

where [C] € CN*N i called the MCCM. Finally, the proposed
MCCM [C] is obtained from the Z-matrix of the N-port antenna array
and the data obtained from the CM simulation of the short-circuit
antenna array. This can be done in a single run of a commercial CM
simulator. From a physical standpoint, for a set of measured coupled
port currents, the MCCM [C] matrix computes the uncoupled port
currents by inversely calculating the weight of the odd CMs generated
by the incoming signal.

B. Evaluation of the Proposed MCCM

The proposed MCCM was evaluated by comparing its predicted
coupled port currents with those obtained from a 50 Q loaded bowtie
antenna array model. The uncoupled port signals produced by an
incoming signal in a linear array can be treated as the normal-
ized steering vector Eg:fn(qﬁi) = [1 1-exp{jQnd/l)sin(¢;)}...1-
exp{j (N — D d/A)sin(¢;)} T € CN*1, Using (7), the normalized
predicted coupled port currents I . were derived by multiplying
and scaling MCCM [C]. For comparison, the actual normalized port
currents IAOrt were obtained from a full-wave simulation in FEKO
2017. The degree of accuracy was determined from the following
relative error:

P A
_ ”Iport - Iport ll2

x 100(%). (8)
08112

&r

Fig. 5 shows the results for three cases: 1) change in antenna
spacing from 0.2 to 11¢; 2) change in azimuth angle ¢ from 0° to 60°;
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and 3) change in elevation angle # from 0° to 60°. For each case,
the results of the 45°-tilted z-polarization are also plotted. In cases
2) and 3), the antenna spacing D was fixed to the electrical length
Ao/2 at 2.4 GHz using the model described in Section III. For further
comparison, the results produced by the well-known OCV-based
MCCM are also shown. The OCV-based MCCM has errors greater
than 1% in all three cases, primarily because it applies the OCV as
the uncoupled port voltage, which is a very unrealistic assumption as
the OCV already contains the effects of mutual coupling. By contrast,
the proposed CMA-based MCCM yields accurate results with errors
of below 1% in all three cases because it utilizes the relationship
between the port and uncoupled signals. Nevertheless, it produces
more errors in two cases. As shown in Fig. 5(a), the error increases
when the element spacing is reduced because reducing the spacing
between elements results in more dominant CMs, which makes it
impossible to accurately express short-circuit currents with only
15 CMs. This is, however, unproblematic because antenna arrays
are rarely designed with the spacing of less than 0.51¢. Fig. 5(c)
shows a slight increase in error at somewhat increased tilting of the
polarization and elevation angles. This occurs because the proposed
MCCM assumes that the z-polarized signal is coming from specific
elevation angle (¢ = 90°) and, as mentioned in Section III-C, results
in a slight difference in the weight of the odd CMs. Once again, this
error is insignificant in terms of compensation result reliability, as is
verified in the following example of the direction-of-arrival (DOA)
estimation.

C. Application Direction-of-Arrival Estimation

One of the more prominent examples of the application of mutual
coupling compensation is DOA estimation. A number of algorithms
are used to estimate DOA, including MUSIC [20], all of which apply
a receiving signal model without mutual coupling

Iport(t) = [A]s(?) +n(7) )

where s(r) = [s1(0)s2(r)...sk@®] e CKX1 is the incom-
ing signal vector arriving at the antenna array from the dis-
tinct direction (01, ¢1), (02, #2),..., Ok, ¢x). [Al = [a(d1)
() ... a(pr)] € CN*K is a steering matrix comprising a steer-
ing vector with a(¢;) = [1 exp{j(2zd/l)sin(¢;)}...exp{j(N —
DRz d/A)sin(gi)}]1T € CN*1 and n(t) = [n1()n2(1) ... nn ()T €
CNx1 s the noise signal vector. A modified receiving signal model
that reflects the mutual coupling effect was suggested in [21]

Iport (t) = [C][A]s(¢) + n(r) (10)

where [C] € CN*N i5 the MCCM. Based on (10), the generalized
MUSIC algorithm including the mutual coupling effects was pro-
posed in [21]

1
|[EX]ICle(e) |

where [E;] is the basis for the noise subspace and Pyy(¢) is the
spatial spectrum.

To obtain the accurate DOA estimation results using the gen-
eralized MUSIC algorithm, a rigorous MCCM [C] is required;
accordingly, the DOA estimation ability of the proposed MCCM was
validated by applying the modified MUSIC algorithm in (11) to three
cases: one in which the proposed CMA-based MCCM was applied;
one in which the conventional OCV-based MCCM was applied; and
one in which mutual coupling effects were disregarded ([C] = [I]).
The DOA estimation for the uniform linear bowtie antenna array
with a spacing of A¢p/2 and a 50 Q load shown in Fig. 2 was
performed at 2.4 GHz with an SNR of 30 dB using 700 snapshots.

Pyu(9) = an
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and (0, ¢) = (30°, 15°). All four incoming signals have elevation and
polarization angles tilted by 60° and 45°, respectively.

Fig. 6 shows the DOA azimuth angle estimation results for three
uncorrelated incoming signals with untilted elevation and polarization
angles impinging from (@, ¢) = (90°, 15°), (0, ¢) = (90°, 25°),
and (0, ¢) = (90°, 30°). Fig. 7 shows the DOA estimation results
when four uncorrelated incoming signals impinge from (0, ¢) = (30°,
—50°), (8, ¢) = (30°, —20°), (0, ) = (30°, 12°), and (@, ¢) = (30°,
15°) with elevation and polarization angle tilts of 60° and 45°,
respectively. The results in Figs. 6 and 7 confirm the accuracy of
the CMA-based MCCM in terms of DOA estimation; in particular,
Fig. 7 reveals the exact DOA estimation even though it represents
close to the worst case, in which the error of the CMA-based MCCM
is increased by the tilts in the elevation and polarization angles.

V. CONCLUSION

In this communication, a CMA-based mutual coupling compensa-
tion method for a receive-mode antenna array comprising symmetric
antenna elements has been proposed and tested. The CMA-based
MCCM has been derived by employing CMA in the modeling
of a 1-D bowtie antenna array as an equivalent N-port network
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system. Although two assumptions have been made, the errors by
these assumptions have been physically explained by CMA and are
endurable in terms of compensation result reliability compared to the
conventional OCV-based MCCM. Beyond bowtie arrays, the CMA-
based MCCM can be applied to many metallic antennas arrays whose
elements are open-ended and geometrically symmetric, including
dipole and monopole arrays. Furthermore, it can be applied to not
only uniformly spaced but also nonuniformly spaced antenna array.
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