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Abstract—In this paper, we study the effect of element separa-
tion in a base station array (BSA) on the downlink line-of-sight
achievable sum-rate of MIMO systems in the presence of mutual
coupling at the BSA. The channel matrix H is modeled using
the embedded field patterns of the BSA and is used to analyze
the outage performance for two single-element user equipments
assuming no inter-user coupling.

I. INTRODUCTION

The effect of base station array (BSA) antenna element
separation on the capacity of point-to-point MIMO systems,
assuming a Rayleigh channel and including mutual coupling
(MC) at transmitter and receiver, has been studied in [1], [2].
Similarly, MC has been shown to have a beneficial effect on
the capacity of multi-user MIMO for spacings closer than half-
wavelength in a Rayleigh environment [3]. In a line-of-sight
(LOS) environment, MC effects have been studied in [4] for a
fixed array spacing. This paper presents a study of the effect
of inter-element spacing on the achievable sum-rate of a LOS
MIMO system with two users and a BSA modeled with MC.

II. METHODOLOGY

A. Network representation of the system

Fig. 1 shows a network representation of an entire MIMO
system with M BSA antennas serving K users [1]. The

Fig. 1: Block-based network model of a MIMO system.

transmit array is driven through a Thévenin voltage source
equivalent with an RMS source voltage VT and a complex

source impedance Z0 as shown in Fig 1. A block-partitioned
matrix equation of the system is given as [1][
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where STT and SRR are the scattering matrices of the transmit
and receive arrays, and SRT and STR represent the BSA-
UE and UE-BSA channel matrices, respectively. Furthermore,
a and b are defined as incident and reflected block-based
power wave vectors, respectively. Assuming that the receiver
is perfectly matched, aR = 0. To represent the channel
matrix SRT ∈ CK×M , we use the embedded field patterns
Eemb of the transmit antennas generated using the Thévenin
voltage source. It follows from (1) that the power wave bRk

is proportional to both Eemb and aT as [5, Ch. 2]
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where the relation aT = VT/(2
√
R{Z0}) [6, Ch. 2], and

with l̂k, and (rk, φk) being the polarization vector and polar
coordinates of user k, respectively.

B. Capacity

To model the downlink case, we use the channel-noise
model proposed by [1, sec. 4.3.]. The relation between the
power wave vector bR ∈ CK×1 and the excitation power wave
vector aT ∈ CM×1 at the BSA is given as

bR = (SRTaT + 2R{Z0}−1/2n), (3)

where n ∈ CK×1 is the AWGN vector. The total radiated
power constraint is chosen according to (9) of [1]. Therefore,
the downlink capacity with total radiated power Ptot is
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where KaT is the covariance matrix of aT, H = SRT, N0 is
the noise power at a user receiver, and IK and IM are identity
matrices of size K and M , respectively. Note that Ptot is found
by an appropriate EIRP analysis to ensure a certain SNR at
the users. It is assumed that only the BSA knows the downlink
channel. By choosing equal power allocation among the BSA
antennas K∗

aT
= Ptot

trace(IM−SH
TTSTT)

IM [7, Ch. 8], the following
achievable sum-rate is found:
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III. NUMERICAL RESULTS

We study a BSA consisting of a 4x1 uniform linear array
(ULA) of center-fed half-wavelength z-oriented strip dipoles
distributed along the x-axis. The BSA is serving K = 2
co-polarized single-antenna UEs. Inter-user MC is neglected.
Both the BSA and UEs are assumed perfectly matched. The
users are uniformly distributed in the H-plane far-field of the
BSA at a radius of 100 m. The field-of-view (FoV) is chosen
from φ = 30◦ to φ = 150◦ with 1◦ sampling. The following
procedure is applied to calculate the 5% outage for different
BSA inter-element spacings in the range of 0.01λ to 2λ:

1) Generate STT and the channel matrix H = Eemb for a
given array geometry. For this we use the ’CAESAR’ EM
solver [8]. The BSA is driven by a Thévenin source with
VT = 1 V and Z0 = 50 Ω.

2) Find achievable sum-rates using (5) for all possible com-
binations of user locations within the FoV (φk=1, φk=2).

After discarding the lowest 5% values of the achievable sum-
rate, the minimum (Rmin), average (Ravg), and maximum
(Rmax) sum-rates are found and plotted in Fig. 2. For compari-
son, the sum-rates calculated by assuming minimum-scattering
antennas (MSA, Z0 →∞, open-circuited dipoles) at the BSA
are plotted in the same figure. When the UE element spacing
approaches zero, it becomes increasingly more difficult to
distinguish between the two users in space. This causes a
drop in Rmax and Ravg to the value of Rmin. Mutual coupling
has a beneficial impact on the maximum sum-rate for all
element spacings compared to the MSA model. On the other
hand, it causes a detrimental effect on the minimum sum-rate
for spacings closer than 1λ. In terms of the average sum-
rate, λ/2 spacing offers the best performance. As expected,
with increasing wavelength and decaying coupling effects, the
curves including MC converge to the MSA model.

IV. CONCLUSION

In this paper we have studied the effect of BSA element
spacing on the achievable sum-rate of a LOS MIMO system.
Numerical results are presented for a system consisting of a
4×1 transmit ULA and two randomly distributed co-polarized
single-antenna users. To account for the coupling effects at
the transmit array, embedded element patterns have been used
to model the channel matrix H . It has been demonstrated
that the MC has positive impact on the maximum sum-rate
regardless of inter-element spacing, and negative impact on
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Fig. 2: Sum-rates Rmin, Ravg and Rmax considering mutual cou-
pling (MC) or assuming minimum-scattering antennas (MSA)
at the BSA.

the minimum sum-rate for spacings less than 1λ. This is in
contrast with the often-used assumption that the MC has a
detrimental effect on the system performance for any given
array geometry. The effects of different array geometries and
channel considerations will be addressed in a future study.
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