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Abstract

This work examines the efficiency of the model known as “Coupled Voltages to Uncoupled Currents” for representing the mutual
coupling phenomenon between the elements of a receiving antenna array. This model postulates the relationship between the couple-
free currents induced in the elements of the array when receiving electromagnetic waves and the induced voltages developed at the
terminals of these elements. These voltages will be contaminated by the coupled energy between the elements of the array due to
retransmission when the elements are close to each other. The results of this work illustrate that using this model in the cost function
of the MUSIC algorithm results in DOA estimation of signals received by a receiving antenna array with very high resolution and very
low RMSE when compared with another mutual coupling model.

Keywords- Antenna array, “Coupled Voltages to Uncoupled Currents” mutual coupling model, DOA estimation, MUSIC algorithm,
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I. INTRODUCTION

One main characteristic of an antenna array is mutual coupling. This phenomenon is inherent and unavoidable, especially when the
array aperture size is small, i.e., when the elements are close to each other. Many of the array's fundamental characteristics, such as
gain, directivity, and input impedance, are positively or negatively affected by the energy exchanged between the elements of the array
when energized by an external source. Significant uses that are offered by antenna arrays, such as DOA estimation, rejecting
interference signals, and others, are adversely affected by mutual coupling [1][2][3][4]. In an antenna array operating in receiving
mode, each antenna receives a significant portion of the retransmitted energy from a nearby antenna in addition to the energy received
from the impinged electromagnetic waves. As a result, the antenna’s measurement will be contaminated and will not reflect the actual
response to the received signal. Therefore, it is possible that several crucial antenna array-related variables were calculated incorrectly.
For example, if the mutual coupling is not accurately accounted for or described in a receiving antenna array, the direction of arrival
(DOA) of signals impinging on the array will be inaccurately assessed when the measurements are fed into DOA algorithms [5][6][7].
Therefore, it is essential to compensate for or counteract the effect of mutual coupling to obtain the true parameters.

For an N-element antenna array, the mutual coupling phenomenon is typically represented by an N X N matrix. The elements of this
matrix are frequently complex values and they represent either the self-impedance and the mutual impedance between the elements of
the array or the scattering parameters. There are several different models, which are expressing mutual coupling characteristic, are
presented in the literature.

The concept of “Open Circuit Voltage” (OCV) model is presented in [9]. In this model, a receiving antenna array is represented by a
bilateral network with N 4+ 1 ports with the extra port being the one for the received signals. The basis of this concept has been
developed based on circuit theory. Assuming that one antenna is loaded and the terminals of other antenna elements are open-
circuited, a system of equations describing the energy exchange through the mutual coupling impedance between the elements of the
array has been computed. Using the OCV model into the cost function of the MUSIC algorithm, a fairly DOA estimation is obtained
from an affected steering matrix of a receiving antenna array due to mutual coupling [10]. However, the OCV model is criticized
because the receiving antenna will still have an induced current even if its terminals are open-circuited. Therefore, it is assumed that
this model does not adequately represent the corrected terms for mutual coupling [11][12]. On the other hand, a half-wave dipole
antenna with a very thin diameter and open-circuited terminals carries negligible current when receiving a signal. The model
“Receiving Mutual Impedance Method” (RMIM) is proposed in [12], and [13]. In contrast to the OCV model, the elements of the
RMIM model, which involve receiving mutual impedances between the elements, are proposed under the condition of the closed-
circuit terminals of the antennas. However, the receiving mutual impedance of this model is calculated experimentally using an array
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of monopole antennas [13][14]. In [15], the effect of the retransmitted mutual impedance has been considered in addition to the
commonly used mutual impedance. Therefore, N2simultaneous equations are required to calculate the unknown mutual coupling
terms. Additionally, the authors of [15] do not demonstrate how to determine the mutual impedance formula for retransmission. The
mutual coupling model in [16], known as the "full wave" model, has been widely recognized for accurately interpreting the mutual
coupling phenomenon [17]. The reason for this recognition is that the model is based on the concept of the Method of Moment

(MoM), which accurately accounts for the exchanged energy between the elements of the array and the element itself. Consequently,
this paradigm remains unaffected by the state of an element's terminals. However, to use this model, it is necessary to have prior
knowledge of the Direction of Arrival (DOA) of the received signals [16][18]. The model Multiple Antenna Induced EMF (MAIE),
proposed in [18], formulates the mutual coupling matrix using the concept of the induced EMF method. It assumes a one-volt supply

powering one antenna in the array with the other antennas terminated with the load impedance. However, using the term 1/ 1(0) asan

antenna impedance results in an open-circuit voltage with a unit of volt-square rather than a unit of volt.

In [10], a new mutual coupling model was proposed. It is known as CVUC, which stands for Coupled Voltages to Uncoupled
Currents. It was formulated to propose the relationship between the uncoupled currents induced in the elements of an antenna array
operating in receiving mode and the load voltages developed at the terminals of these antennas. By considering the total components
of the magnetic vector potential and the electric field components on the surface of a received antenna, the validity of Thevenin
equivalent circuit to the receiving antenna array was proved. This work examines the effectiveness of this model when used in the cost
function of a well-known direction of arrival algorithm, the MUSIC.

Il. THE CVUC MODEL
The terminal voltages of loaded antennas in a receiving antenna array receiving signals are expressed in terms of the coupled currents
induced in these antennas through the CVUC model as [10]:

v, = (A+BD VI = GI (1)

where v, = [v,; v . vL,N]T € CV*1 s the column vector of the terminal load voltages and I = [I; I, ... Iy]T € C¥*1 is a column
vector of the uncoupled currents. 6 = (4 + BD~1) is the CVUC model under consideration. The derivation of this model is based on
electromagnetic theory and is represented by the Thevenin equivalent circuit. As a result, the couple-free currents, which are the
response of the antenna elements to the received signals, can be extracted from the contaminated measurements of the array.
Processing these uncoupled currents results in obtaining the true information of the received signals, such as the direction of arrival
(DOA). The structures of the matrices A, B, and D are as follows, respectively:

[ le + ZL,l 0 0 0
0 Zyy+ 7, 0 0
A= 0 0 Zy-pw-n+Zin-1 0 (2)
0 0 ZNN + ZL,N
[_le Zy;y Zin ]
ZZl _ZZZ ZZN
B =| . @)
|‘ZNl ZNZ ZNNJ
1 —Z12 -Z1N
[ Zy1+Zy, 211+ZL,1]
| —Z21 1 —Z3N I
D = Zy2+ZL2 T ZpptZp (4)
|z e
lZNN+ZL,N ZNN+ZLN T J

The complete proof for the system of equations in (1) can be found in [10]. Thus, the matrix G maps the uncoupled currents to the
coupled terminal voltages. Note that Z,,,, and Z,, in (2), (3), and (4) are respectively the self-impedance and the mutual impedance
that were derived from the theory of the induced EMF [19]. For an array consisting two antennas, the matrix G will be [10]:
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(211+211)Z11222 222212211
G = (211+211)Z22-Z12Z21  (Z11+Z1,1)Z22—Z12721 (5)
211221212 (222+ZL2)ZL,2 Z11

(Z22+Z1,2 )211-212Z21  (Z22+21,)Z11-Z12Z21

The matrix G in (5) has a Toeplitz structure. In the following sections and according to the pros and cons of the mutual coupling
models mentioned in the previous section, the CVUC model will be evaluated by comparing it only against the OCV model since this
model is considered as a good approximation for representing mutual coupling in receiving antenna array [20][21]. The uncoupled
voltages (the open-circuit voltages) developed at the terminals of the elements in a receiving antenna array are related to the coupled
voltages through the OCV model as [9]:

Voc = TvL (6)

where v,., and v, are column vectors of the uncoupled and coupled voltages, respectively, of the array. The structure of the mutual
coupling matrix T € CV*1 js:

z z ZiN
B
L L L
| 22 1422 Zn |
T=| L e | (7
[ ZN1 ZN2 1+ZNNJ
Z, Zy, C ZL

where Z,¢ is the transmitting mutual impedance between element r and element s of the array [4]. The assessment of CVUC model
will consider the concept of DOA estimation and root mean square error (RMSE) criterion.

I1l. DOA ESTIMATION FROM COUPLED MEASUREMENTS

DOA estimation as a vital field of array processing has attracted numerous researchers since the beginning of wireless
communications. By being capable of estimating the exact direction of incoming signals received by an antenna array, the most
effective route for securely exchanging data during wireless communications can be easily determined. Also, increased data
throughput and connected channels can be achieved. The effect of mutual coupling between array elements, especially when the
aperture size of the array is small compared to the wavelength of the received signal, is a major problem among other problems
associated with array processing. It is important that array measurements reflect only the response to received signals and lack
the energy coupled between array elements due to retransmission. Therefore, the more accurate the interpretation or expressing the
mutual coupling between the components of the array, the more precisely extracted the uncoupled values.

Let an antenna array consist of N elements and receive M narrowband signals. Also, let these elements be half wave dipole antennas
distributed along the x-axis and vertically oriented and parallel to the z-axis with their centers located on the x-axis. This type of array
is known as a Uniform Linear Array (ULA). Let the elements be equally spaced with an interelement spacing d (see figure 1).
Assuming that the signals are received in the x-y plane, the measurement of this array will be [10]:

y(@) = C[F($)s(t) + n(1)] ®)

where y(t) € CV*1 is the column vector of the measurement. €€ CV*N is the mutual coupling matrix,
F(p) = [f(p1) f(d2) ... f(Pu)] € CV*M is the steering matrix and it involves some information about the array’s response to the
received signals such as element gain and the DOA. In this work, f(¢,,) € CV*1 is a vector that contains the response of each element
in the array to the received signal m assuming the gain of each element is one. s(t) € C¥*1 is a column vector of the strength of the
received signals, and n(t) € C¥*1 is the column vector of the noise. Equation (8) is valid when the noise is affected by the mutual
coupling, such as cosmic noise. However, if the noise is not coupled, then (8) becomes [10][22][23][24]:

y(t) = CF($)s(t) +n(t) 9)
The effect of the mutual coupling can be easily eliminated from the measurement in (8) by multiplying it by the inverse of C , i.e.,

C~1 if there is a prior knowledge of the mutual coupling (e.g., by array calibration). The covariance matrix is then calculated from the
couple-free measurement, y(t) = C~1y(t) as follows:

R=yOy®)"
= [F(¢)s(t) + n(O][F(¢p)s(t) + n()]?
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= F(¢)SF(p)" + X (10)

where (.)# denotes the Hermitian operation. § € CM*M and £ € C¥*V are, respectively, the signal covariance and the noise
covariance matrices. In (10), it is assumed that the received signals and the noise are random variables with normal distribution and
zero mean value [10][22][23][24]. In addition, the signals are uncorrelated with the noise. Note that the covariance matrix R € CV*V
is positive definite matrix and all its eigen values are real and positive [25]. Eigen decomposing R results into two orthogonal
subspaces: the signal subspace V; € C¥*M and the noise subspace V,, € CV*N-M) je

R=VAV! +V,AVH (11)

In practice, R can be obtained from:

= 1qi=
R = ;Z::Z}’ (DD
=V AV +V, A, V! (12)

Where, () means estimated value. Equation (12) is valid provided that g, the number of measurement snapshots, is too large, i.e.,
q — o to obtain unbiased estimation.

In [26], the Multiple Signal Classification (MUSIC) algorithm has been proposed. This algorithm suggests a significant high-
resolution technique for direction finding and spectral estimation. Estimating the DOAs of the received signals impinged on antenna
array can be obtained by searching the peaks for the MUSIC cost function as:

1

() = S (13)

The concept behind (13) is that the column space of the steering matrix F(¢) is orthogonal to the noise subspace, i.e., F(¢p)? V,, = 0
with O is the zero matrix with size M x (N — M) [26].

If the measurement follows (9), i.e., there is no coupled noise between the elements, the method suggested for eliminating the mutual
coupling in (8) will be not useful. Alternatively, (10) becomes:

R=y®)y®H
= CF(¢)SF(p)H ¢ +x (14)

and (13) becomes [10][22][23][24]:

1
P) = fegyrem, ver@) s

Since under such a condition the orthogonality: F(¢)"c? V,, = 0 satisfies.

IV. THE RMSE VALUE
The root mean square error (RMSE) is another criterion that may show whether the mutual coupling models in conjunction with DOA
algorithms are effective. This criterion evaluates the proximity of the estimated value to the true value using the following

relationship:
L (5 4 )2
RMSE = ’M (16)

where ¢;, ¢, are the estimated and true DOA and L is the number of calculated runs. RMSE calculations in this work will be
examined against a range of S/N for the models CVUC and OCV. The smaller the difference between the estimated and actual DOA,
the better the performance of the mutual coupling model.

Inv. SIMULATION RESULTS
In this section, several simulations will be run to determine the effectiveness of the CVUC model as a mutual coupling model in
receiving antenna arrays. As previously stated, the concepts of DOA and RMSE will be used to evaluate the CVUC model compared
to the OCV model. Let the array proposed in section 111 consists of six half wave dipoles with the first element located at the origin.
The interelement spacing is d = 0.5A, where A is the wavelength of the received signals, see Figure 1. Two signals coming from the
directions ¢, = 60°and ¢, = 65 with each signal having a signal to noise ratio S/N = 30dB are impinged on the array. Figure 2
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shows the MUSIC spectrum for these two signals. The number of snapshots used to obtain this plot was K=1000. The Figure depicts
that using € = G , which is defined in (1), in (15) results in estimating the DOA of the received signal with high resolution much
better than using € = T~1. Figure 3 illustrates that reducing the aperture size of the array by reducing the interelement spacing
between the elements of the

array to d = 0.31, has no effect on the resolution of the underlined DOAs when CVUC is considered. In contrast, the array fails to
detect the DOAs when using OCV maodel for this case. Figure 4 shows that the CVUC model also outweighs the OCV model if it is
used in the cost function of MUSIC algorithm to estimate the DOAs of signals coming from the end fire direction. However, it was
required higher S/N ratio for the received signals to correctly detect the DOASs.

Z Ar
Received
d signals

— Y
[ I I
1111

y

Figure 1: A ULA array consists of six half wave dipoles.
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Figure 2: MUSIC spectrum for two signals coming from the directions ¢p; = 60°and ¢, = 65° and impinging on the array
shown in Figure 1 with N=6 and interelement spacing d = 0.54 . Each signal is with §/N = 30dB and 1000 snapshots are
used for the measurements.

http://doi.org/10.58564/1JSER.3.2.2024.173 https://ijser.aliragia.edu.iq



Al-Iragia Journal for Scientific Engineering Research, Volume 3, Issue 2, June 2024 6 of 9
ISSN: 2710-2165

MUSIC spectrum

10° T ; ;

OCV module
CVUC module

10*

10°

10"
0 10 20 30 40 50 60 70 80 90

¢ in degree
Figure 3: MUSIC spectrum for the same scenario used to plot Figure 2 but with d = 0.34
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Figure 4: MUSIC spectrum for two signals coming from the directions ¢p; = 30°and ¢, = 35 and impinging on the array
shown in Figure 1 with N=6 and interelement spacing d = 0.5 . Each signal is with §/N = 35dB and 1000 snapshots are
used for the measurements.

Figure 5 shows a plot for the RMSE versus S/N when a signal is coming from the direction ¢; = 10” and impinging on the same
array of Figure 1. The interelement spacing d = 0.54. The number of runs were L=100 with the number of snapshots were K=50 per
each run. Figure 6 also shows the RMSE plot versus S/N for the same scenario used for Figure 5, but the direction of the coming
signal is ¢, =5 and the interelement spacing is d = 0.31. Figures 5 and 6 show clearly that the difference between the true value
and the estimated value of the DOA of the received signal will be significantly reduced when using CVUC model, regardless of the
size of the array or the direction of received signal.
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RMSE of estimated DOA vs. SNR in ULA
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Figure 5: RMSE versus S/N for a signal coming from the direction ¢p; = 10° and received by the array of Figure 1 with
d = 0.5A. L=100 and K=50 for each run

RMSE of estimated DOA vs. SNR in ULA

=== OCV module
8+ =——&— CVUC module | -

RMSE in degree

SNR in dB

Figure 6: RMSE versus S/N for a signal coming from the direction ¢p; = 5" and received by the array of Figure 1 with
d = 0.3A. L=100 and K=50 for each run

V. CONCLUSIONS

In this work, the effectiveness of the CVUC as a mutual coupling model in a receiving antenna array has been examined. The CVUC
and OCV models are compared by investigating the performance of antenna array regarding DOA estimation and RMSE criteria. In
conjunction with the MUSIC algorithm, it has been demonstrated that the model CVUC contributes to estimating the DOAs of signals
received by the array with a much higher resolution than the OCV model under different conditions of the array structure and received
signals. Additionally, compared to the OCV model, using the CVUC model yields a considerably smaller difference between the
estimated and actual DOA.

Thus, CVUC can be regarded as an effective and sufficient interpretation of the mutual coupling phenomenon in receiving antenna
array. Accordingly, some parameters of antenna array can be correctly calculated if a precise knowledge about the mutual coupling
and its parameters are available.
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Future works might be recommended for improvement of DOA estimation in the presence of mutual coupling effect. The first one is
to formulate a DOA dependent CVUC model. This will provide an updated CVUC model where the elements of the receiving array
are any type of antenna. Also, it can be worked to counteract the mutual coupling effect rather than using it in the cost function of the
MUSIC algorithm. This might reduce the error associated with DOA calculations due to insufficient conditions required for an
antenna array acting as direction finder.
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