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Introduction

Multiple Input Multiple Output (MIMO) wireless communication systems have been
a focus of interest, due to their ability to increase the capacity in rich scattering en-
vironments by using multi-element antenna arrays both at the transmitter and the
receiver sides [1, 2]. However, when dealing with multi-element antenna arrays, ef-
fects of mutual coupling among the array elements become significant and should be
included in the channel matrix properly. These effects were included in the MIMO
channel matrix mainly for free standing linear arrays (FSLA) of uniform thin-wire
dipole antennas using coupling matrices obtained from the mutual interaction ma-
trix and terminations in [3, 4]. These matrices reduce to the identity matrix when
the interactions are ignored, because of the scaling factors related with termination
impedances. Unfortunately, if a comparison among various array types is desired,
this approach fails since it gives the same channel capacity regardless of the type
of elements in an array. Therefore, in this paper we propose a partially stochastic
full-wave electromagnetic model with electric fields (MEF), to evaluate the MIMO
channel matrix accurately with and/or without including effects of mutual coupling.
Effects of mutual interactions among the array elements through space and surface
waves (when printed arrays are considered) are included in the channel matrix us-
ing a full-wave hybrid method of moments (MoM)/Green’s function technique. The
stochastic part of the model comes from a local cluster of uniformly distributed scat-
terers. Consequently, the proposed method is exact except the scatterer scenario,
thus, besides achieving the accuracy to be used as a benchmark solution for other
approaches, comparisons can be made among any kind of arrays. Throughout this
paper, an ejwt time convention is used and suppressed from the expressions.

Channel Model with Electric Fields

The scattering environment, adopted from [3], is a two dimensional (2D), single-
bounce geometric model. It assumes a local cluster of scatterers around the trans-
mitter array (TX) and the receiver array (RX). The local cluster is a disk of radius
RD including S uniformly distributed scatterers. Assuming flat fading, the re-
ceived signal vector, v̄rx, can be written in terms of the transmitted one, v̄tx, and
the additive white Gaussian noise vector, n̄, with zero mean independent identi-
cally distributed elements with unit variance as: v̄rx = H v̄tx + n̄; H denotes the
R × T channel matrix, where R and T are the number of antenna elements in re-
ceiver and transmitter arrays, respectively. Assuming the channel knowledge only
at the receiver side, the maximum amount of data to be transmitted reliably (i.e.,
the Shannon capacity), can be evaluated as C = log2 (|I + PTHH∗/T |), where I is
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the R × R identity matrix, |.| is the matrix determinant, PT = E[v̄tx∗v̄tx] is the
total transmitted power with (.)∗ and E[.] denoting the conjugate transpose and
expectation operations, respectively. Mutual coupling effects were included into the
channel model for uniform arrays of side-by-side free standing linear dipoles (FSLA)
in [3,4] using the coupling matrices for RX and TX which are obtained from mutual
impedance matrices. Comparing different array types, such as FSLA versus printed
linear dipole arrays (PLDA), the method fails, since model is based on the phase
differences due to scatterers and spatial properties of antenna elements, and will
yield exactly the same channel matrix regardless of the type of elements in an array
with the same interelement spacing values for no mutual coupling cases.

Here, we propose a full-wave electromagnetic model with the same scatterer scenario.
In order to involve the electric fields, the channel matrix H is splitted into two as H1

and H2. H1 is the S×T transmission link matrix relating TX to scatterers; whereas
H2 (R × S) is the one linking scatterers to RX. The overall channel matrix, H can
then be expressed as: H = H2 H1. Using electric fields, the (p, n)th entry of H1 is
written as: h

(1)
pn = Etx(r̄np), vtx

n = 1V, vtx
i�=n = 0, where Etx(r̄np) denotes the electric

field generated by transmitter array, impinging on the pth scatterer, when nth TX
antenna is activated. The incident energy is scattered at the scatterers. Then,
treating each scatterer as an isotropic radiator, the (m, p)th entry of H2 is expressed
as h

(2)
mp = αp Erx(r̄pm), vrx

m = 1V, vrx
q �=m = 0 due to the reciprocity principle. In

order to obtain the entries of mutual coupling included H1, the following procedure
of the MEF is used:

i. Evaluate ZT .

ii. Start with n = 1.

iii. Activate nth TX element (vtx
n = 1V, vtx

j �=n = 0).

iv. Calculate the current vector, ītx = (ZT + ZSI)−1 v̄tx.

v. Find

h(1)
pn = Etx(r̄np) =

T∑
t=1

E(it, p) (1)

vi. Increase n, and go to (iii).

In (1), E(it, p) is the electric field due to the current it on the tth element in the
transmitter array impinged on pth scatterer, i.e.,

E(it, p) =
∫

St

Jt(r̄′) G(r̄p, r̄′)ds′ (2)

for j, n, t = 1, 2, ..., T , where
∫
St

(.)ds′ is the integral over the tth element, Jt is the

current density on the same element due to it, (r̄p, r̄
′) is the position vector pair

for the pth scatterer and tth antenna element, and finally G(r̄p, r̄′) denotes the
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Figure 1: MIMO capacity comparison of MEF and [3] versus interelement spacing
(a) with and (b) without normalization of the channel matrix for FSLA. Mutual
coupling included. (c) Comparison of mutual coupling inclusion methods, MEF
versus [3] (d) Correlation comparison of MEF and [3] versus interelement spacing.
S = 100, RD = 200λ.

Green’s function (A similar procedure can be followed to obtain the entries of H2,
by using RX array properties). Thus, in steps (iv)-(v), the mutual interactions
among the array elements through space and surface waves (when printed arrays
are considered) are included in the channel matrix using a full-wave hybrid method
of moments (MoM)/Green’s function technique. Besides, effect of the termination
impedance on MIMO channel capacity is examined as well. Hence, the proposed
model is exact (except the scatterer scenario) and can be used as a benchmark
solution for validation of other channel models. Also, it can be used for arrays of
any kinds of antenna elements.

Numerical Results

MIMO performances of linear arrays of free standing (FSLA) dipole elements are
investigated in terms of mean channel capacity, received SNR and correlations. The
channel model we propose (depicted as MEF), and the one in [3] are compared
for the cases with and without mutual coupling (represented by MC and NoMC in
the figures, respectively). Transmit and receive arrays are assumed to be identical
linear arrays, located 300λ away from each other in a broadside manner and formed
by R = T = 2 uniform dipoles, where each of them is separated by a distance
of ∆. Results are generated for different ∆ values between 0.01λ and λ. Mean
capacity results are obtained by averaging the MIMO channel capacity over NR =
1000 channel realizations. FSLA are considered to be composed of thin wire dipole
elements of λ/2 height and λ/200 radius. An equalization process is considered
for MEF with fixed transmit power in order to have a fair comparison. First, the
single input single output (SISO) capacity for [3] with normalization is calculated
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by Csiso = log2(1 + SNR) for SNR = 10dB, and then, required PT of MEF for
the same Csiso is obtained around 99 dB and fixed for all ∆ values. Results are
illustrated in Fig. 1 (a) both for [3] and MEF with and without mutual coupling. [3]
differs so much from the MEF, because of the normalization of H. Removing the
normalization, SISO capacity of [3] alters to Csiso = E[log2(1 + SNR |h11|2)]. The
required PT of MEF for this Csiso is calculated to be around 117 dB and fixed.
Results become comparable when the normalization is avoided as shown in Fig. 1
(b). Normalization cancels some channel characteristics, and should be removed in
order to have a correct comparison. In Fig. 1 (b) effect of the mutual coupling
on the MIMO capacity is given by plotting the mean capacities of MEF and [3]
with and without coupling. Also, results of a hybrid version of two models, in
which without coupling case is obtained using MEF and mutual coupling effects are
included by coupling matrices of [3], is shown. Further investigation on coupling
inclusion techniques is done by simply plotting Cmc/Cnomc in Fig 1 (c). Results
clearly show that, the two inclusion models are not the same. Finally, channel
correlation (i.e., E[h11h12]) is illustrated in Fig. 1 (d), for all the models with and
without mutual coupling. Optimal values emerge around the correlation minima
for [3] and MEF+ [3]. However, this is not the case for MEF. [3] yields pretty
different optimum distances from MEF when mutual coupling is included.

Conclusion

A model with electric fields based on a hybrid MoM/Green’s function technique is
proposed and used in order to evaluate the mutual coupling included MIMO channel
matrix. The accuracy of the method in [3] is tested using our model with electric
fields (MEF) as a benchmark solution.
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