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The paper presents the results of the research of electromagnetic mutual
coupling impact on the structure of the correlation matrices in multiantenna
communication systems. Classical correlation structures employed in most of
the up-to-date communication systems descriptions and designs usually
assume unit autocorrelation and exponentially decreasing cross-correlation of
antenna elements in the receiving/transmitting array. At the same time
numerous studies had shown that these assumptions may not hold under
certain conditions. The performed research relates the correlation effects with
the imbalances of the array impedance matrix terms and studies the impact of
antenna elements mutual electromagnetic interaction upon the diagonal
(autocorrelation) and off-diagonal (cross-correlation) terms of correlation
matrix, depending of the geometry of the array: number of elements and their
spatial separation. To exemplify quantitative results the analysis was carried
out for the 5G NR #78 band, being one of the most wideband subchannels in

Under-6 GHz regime for 5G systems. The obtained results also justified the
applicability of the banded correlation matrix model for wireless
communications.
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1. INTRODUCTION

Communication systems’ synthesis and real time adaption to the changing conditions [1, 2]
necessitates the forecast of the communication system statistical properties [3, 4]. The estimation of the
potential error probability, link outage probability, channel capacity and spatial diversity gain for the case of
multiple input multiple output (MIMO) systems is based on the channel matrix, which, in turn, determines
the channel correlation matrix [5]. Many of these characteristics of the communication system are calculated
from a set of eigenvalues of the correlation matrix. Effective techniques of dataflow distribution in MIMO
systems are based on spectral decomposition of the correlation matrix. Thus, the more accurately the
correlation matrix is predicted, the more accurate the estimate for the quantities of interest [5].

Usually it is assumed that the correlation matrix is exponential, i.e. its elements decrease with the
spacing between the antenna elements according to the exponential or quadratic-exponential law [3, 5, 6],
with the main parameter of the correlation matrix is a one-step correlation coefficient. Physically, these two
factors-the exponential law of decrease of the matrix elements and the value of the one-step correlation
coefficient determine basic properties of the communication system.

In the works of Abdi and Kaveh [7-9] analytical expressions for correlation matrix elements for
different channel models and various practical situations are obtained. Although being widely used in
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scientific literature, their model does not take into account the mutual coupling of elements in the antenna
arrays at the base station and at the user terminal. However, as shown in a number of works, the
consideration of mutual coupling affects the forecast characteristics of the communication system [10-13],
thus, it must be taken into account when assuming a model of the channel correlation matrix.

Whereas for small MIMO systems it is quite easy to provide decoupling between the ports of the
antenna system, it is difficult for Massive MIMO. Although a number of possible solutions for such a case
are described in [14], from practical perspectives it is valuable to have an ability to estimate the significance
of mutual coupling between the elements separated by some distance, hence possibly ignoring it, thus
reducing the complexity of synthesized isolation networks, especially if a dense layout is planned. This can
be attained by exploiting the knowledge about the structure of the system correlation matrix.

In this paper, we analyze the structure of the correlation matrix for a MIMO system equipped with
dipole linear antenna arrays corresponding to the worst case in terms of mutual coupling. To reach the goal a
3D full-wave electromagnetic simulation was performed in order to analyze the structure of the antenna array
mutual impedance matrix, being the key element of the correlation matrix. As the result of the simulation
specific changes of the correlation matrix structure considering mutual influence are demonstrated. The
analyzed effects justify the application of the proposed bordering procedure, which can possibly yield the
increase in communication link quality and reduce the complexity of the of decoupling procedure.

2. PROPOSED METHOD
2.1. Antenna array elements mutual coupling model
Let us assume that the antenna array consists of N identical elements forming certain geometry, for

example, linear, with a constant distance d between the elements. The impinging electromagnetic wave of
the received signal forms a current distribution in the conductive parts or on the equivalent aperture of the i-
th antenna element, which can be characterized by the complex envelope of the signal I, (i=1,..,N) and

the vector of the antenna array input signals — f:{li}i“:1 [15]. Then, in accordance with the classical

approach [15, 16] for each j-th element voltage complex envelope is defines as U; = pRA Z;;I;. Diagonal
elements Z,; of the NxN square impedance matrix z characterize the transformation of the impinging

electromagnetic field into the output voltage of this particular j-th element. Off-diagonal elements Z; (i j)

are mutual impedances that characterize the effects of neighboring antenna elements. Thus, the signal vector
at the output of the receiving antenna array has the form:

u=2zI (1)

Although in the most general case the expressions for mutual impedances [17, 18] do not allow predicting

their specific values in advance, the physics of the phenomena behind the mutual coupling of the elements

allows us to make a number of statements about the properties of the impedance matrix.

— First, the mutual coupling is due to multiple re-reflection of the incident signal between the elements of
the antenna array, so the elements that are under different electromagnetic conditions are characterized by

different self- Z; and mutual resistances Z; (i # J). So, there will be different self-impedances of

elements located at the edge and in the middle of the antenna array. Similarly, the mutual coupling of
neighboring elements will differ depending on whether this pair is located at the edge or in the middle of
the array. This does not lead to the fact that the values of self-impedances decrease to the endings, and
mutual coupling of neighboring elements by itself cannot be a measure of the electromagnetic interaction
of antenna elements and a measure of the degree of correlation of signals received by different elements.
- Second, in the case of a symmetric structure of the antenna array, the impedance matrix will be
Hermitian, which greatly facilitates the calculations. Moreover, N-element antenna array will be
characterized only by (N+1)2 /4 unique values of the impedance matrix. For three-element antenna array

it is 4 of 9 elements and for five-element-9 of 25.

— Third, since from the point of view of electrodynamics, the reflection conditions depend on the
wavelength and the distance between the antenna elements, then for specific antenna elements and a
specific array geometry, the elements of the impedance matrix will be functions of frequency and
interelement spacing [19-21].

2.2. Classical correlation matrix models
Modern correlation matrix models used to analyse communication systems usually have the
following structure [5, 6]:
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where the correlation between i-th and j-th antenna elements is assumed to depend only on the distance
between the antenna elements, and is decreasing according to the exponential law, where r is the one-step
correlation coefficient characterizing the correlation between adjacent elements.

For communication systems the Abdi-Kaveh model is often used [7-9], which was obtained for
spatial-temporal correlation of signals received by different elements of the receiving antenna array. The
parameters, that characterise it are the geometry of the system, including the direction and velocity of the
mobile user terminal, the number of elements in antenna arrays, the electrical distance between elements in
the array (i.e., the distance normalised to the wavelength), the size of the area, where scatterers creating the
conditions for multipath propagation of the signal from the base station to the user are located and the
orientation of antennas of both stations. However, the authors assumed that the mutual influence of the
elements can be minimized by the proper choice of the array step, so they left the mutual coupling out of
consideration.

To illustrate how mutual coupling affects the correlation matrix of the system, a variant of the Abdi-
Kaveh-Clark temporal correlation model [22] will be used in the paper. This is a model describing the
Rayleigh fading channel, with the base station having a single antenna and the antenna array elements on the
user side being omnidirectional. The scatterers can be arbitrarily positioned near the user, i.e. the angle
directions form the base station to scatterers are described by a uniform probability distribution with zero
expectation. Under these conditions the elements of the correlation matrix can be represented as [7, p. 558]

3= 30[27”|i—j|d) ®)

where J,(-) -zero order Bessel function of the first kind.

2.3. Proposed correlation model modification considering antenna element mutual coupling
Assuming the vectorised form of the receiving antenna array output (1), the signal correlation matrix

is defined as;

r = E[UUH ] = E[ZT(ZT)” ] = E[ZWHZ” ] =7x7"

mo

(4)

and is related to the correlation matrix = defined by (3), where E[-] is the averaging operator, and (-)"
means Hermitian conjugate. Thus, the correlation matrix X ., accounts for the inter-element mutual

coupling since it is the result of a transformation of matrix = based on the mutual impedance matrixz .
Another important result of implementing (4) is that it assumes possible non-identity of the diagonal
elements, which is usually assumed in (2), (3) and other classical models, hence it gives rise to a wide variety
of balancing scheme synthesis [23-28].

3. RESEARCH METHOD

The study was carried out on the example of linear antenna arrays of electrically shortened dipole
antennas designed to work in # 78 New Radio channels [29], i.e. at a central frequency of 3.550 GHz. The
number of elements in the arrays varied from 1 to 13 with increments of 2. For a more detailed description of
the effects, the results for three values of the distance between elements normalized to the wavelength are
given: 0.3; 0.5 and 0.7 wavelengths, which correspond to the compacted, standard and somewhat sparse
placement of the array elements. The antennas had sufficient bandwidth and were made of well-conducting
wire with a radius of 0.4 mm.

Assuming the reciprocity (for transmission and reception) of the analyzed array and broadside and
equal-amplitude power supply the values of electric and magnetic fields were obtained for all antenna
elements and then the values of the impedance matrix entries were calculated. The analysis was performed
via computational electromagnetic modeling applying finite integration technique [30] and broadband
excitation.

The analysis was performed via full-wave 3D electromagnetic simulation. The setup assumed the
finite integration technique procedure with open boundary conditions and solver stopping criterion of residue
energy within the simulation volume -50 dB. The hexahedral meshing of the antenna array structure with a
meshing step of not greater than 10 elements per wavelength was used. The assumed # 78 New Radio
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channel bandwidth was increased for simulation to reach better numerical stability of the obtained results.
The equally spaced antenna array was stimulated with an equal amplitude and phase broadband excitation.

4. SIMULATION RESULTS AND DISCUSSION
4.1. Mutual coupling effects in linear array of dipole antennas

To demonstrate the impact of mutual coupling numerical simulation based on the described above
setup was performed. Since the simulation setup assumed dipole antennas, which are omnidirectional in the
horizontal plane, the classical Jakes correlation model (3) was used as a reference. At the same time the only
factor that impacts (3) is the electrical distance between the elements hence the further analysis targets the
problem of its influence upon the impedance and correlation matrix elements. Nevertheless, it should be
mentioned that earlier in [31] for a similar setup the effect of the array generator deformation (i.e. array
bending) was studied by authors yielding results for inter-element unbalance compensation scheme synthesis
in case of reconfigurable array geometry.

Figure 1 shows absolute values of the impedance matrix diagonal elements |Zj_]-| as a function of
element number j, i.e. self-impedances for the case of d = 1/2. Here the plots will assume only one half of
the elements in the array (for diagonal elements) since for the second half of the array (for example, for
elements with numbers 8-13) the dependence can be obtained by mirroring relative to the vertical axis. For
clarity, the points are connected by dotted lines. It can be seen that the self-impedance of the central element
is the maximum decreasing to the edges. The relative difference is small, but with the increase of the number
of elements in the antenna array, the inequality of self-impedances increases: from about 1.5% for a three-
element array to 4.5% for a 13-element one. Thus, for large arrays, for example, used for Massive MIMO
systems [4], the effect will be more significant than, for example, for widely used small 2x2 arrays MIMO
systems.

Figure 2 demonstrates the impact of the interelement spacing between antennas in the array on their
self-impedances |Z,-.,-| for arrays of 3, 7 and 13 elements. Hereafter, the electric distance 0.3 is marked with
triangle markers, 0.5-square and 0.7-round ones. In contrast to the situation with the half-wave distance
between the elements, when the self-impedances monotonically increased from the edge to the center, for
arrays with steps 0.3 and 0.7 the type of dependence is oscillatory. In this case, the relative impedance
inequality can be either greater or less than occurs at the standard recommended placement with a step of 0.5
wavelength. Therefore, for exploit more or less dense array elements placement, a more thorough study of
the impedance matrix diagonal elements behavior is necessary.
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Figure 1. Absolute values of self-impedances for Figure 2. Absolute values of self-impedances for
d=0.54 d=031,d=0.54and d=0.74
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The analysis of off-diagonal entries of the impedance matrix for arrays of different sizes is
demonstrated in Figure 3 on the example of the impedance values of the first row of the impedance matrix. It
can be seen that in comparison to the self-impedance |Z, ; |, the mutual impedances |Z, ;| between the first

and the j-th elements in the array are significantly weaker, and the size of the antenna array N practically does
not affect the type of the dependence. However, for middle elements in the array the decline is not rapid

enough to argued that only the nearest neighboring elements have a mutual coupling. Thus, for a thorough
prediction of the performance of the communication system exploiting antenna arrays, it is necessary to take
into account these effects.

As seen in Figure 4, the rate of decrease of the mutual coupling expressed in terms of |Zl_]-| depends
on the distance d.j between the elements. In denser arrays (with d =0.34 ) it is stronger than in sparse one
(with d =0.74). It should be noted that the plots in Figures 3 and 4 are presented in logarithmic scale along
vertical axes. Hence one can see that the substantial number of elements (but not all) exhibit linear in
logarithmic scale (i.e. exponential in normal scaling) mutual coupling, which coincides with the classical
exponential model. The relation suits (2) well up to the exponential base (one-step correlation coefficient),
which was estimated via non-linear model fitting: for instance, r=0.88 in case of d =0.54 . At the same time

closely-spaced elements and very distant element demonstrate the decrease in mutual coupling greater than
exponential, which in practice should be taken into consideration.
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Figure 3. Absolute values of mutual impedances

Figure 4. Absolute values of mutual
for different array sizes and d =0.51

impedances comparison for the cases of
d=0.31,d=051and d=0.71

4.2. Correlation matrices analysis

The resultant correlation matrix X, , was obtained according to the expressions (3) and (4). The
effect of accounting the antenna array elements mutual coupling is presented in Figures 5 and 6 for the case

of a 13-element antenna array with half-wave spacing. Figure 5 demonstrates the magnitudes of the diagonal
entries of the resultant correlation matrix X

moa (Dlue line with round markers) and the matrix X obtained in
accordance with (3) (red line with square markers). As one would expect from Figure 1, the imbalance
between the values of the self-impedances of the elements in the array leads to a difference between the
values of the diagonal elements of the correlation matrix compared to a conventional one in which the main

diagonal equal to unity. However, the observed difference is not as significant as the difference in the
decrease of off-diagonal entries, which is shown in Figure 6.
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Figure 6. Comparison of correlation matrices off-diagonal elements’ magnitudes for two models and
d =052

It can be seen that compared to the classical Clark model (3) the decrease of the cross-correlation
properties is much greater (for example by 2 orders of magnitude for a 10-element array) and cannot be
controlled by the exponential model. Hence it can be argued whether the impact of distant elements is small
enough to be excluded from further evaluations thus resulting in banded correlation matrix structures [32]. As
it was demonstrated earlier in [33] this can possibly yield further improvement in system performance. For
example, authors have shown (see [33]) that for a Massive MIMO system with available channel state
information at both sides (transmitter- and receiver-) exploiting eigenmode transmission with waterfilling
power allocation the procedure of tridiagonal bordering of the correlation matrix introduces possible MIMO
channel capacity gain that reaches 7% for a 64x64 antenna array relatively to the full correlation matrix case.
The electrodynamic justification of such a procedure is partially given by the stated results, see Figure 6.

5. CONCLUSION

The research presents qualitative and quantitative results concerning the impact of the mutual
coupling upon the diagonal (corresponding autocorrelation) and off-diagonal (corresponding cross-
correlation) terms of correlation matrix, depending on the geometry of the linear array: number of elements
and their spatial separation, which reflects the cases of classical spacing and dense/sparse array layouts.
Quantitative analysis demonstrated that the classical Clark correlation model is inappropriate in massive
MIMO systems with mutual coupling, since autocorrelation does not constitute to unity and, hence, cannot be
governed by the classical exponential model. So, in practice it is necessary either design decoupling schemes
or modify correlation matrix model used for signal precoding and decoding in a way that is proposed in this
work. Qualitative analysis shows the possibility to use banded correlation matrix model almost without
losing the accuracy of evaluating the main characteristics of the communication system for a Massive MIMO
system.
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