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Abstract—We introduce a mutual information based optimiza-
tion for a two-port multiple-input single-output (MISO) antenna
system. We develop a complete circuit-level analysis of a compact
MISO system in the wideband regime. We design a physically
realizable antenna array and study the impact of mutual coupling
on the spectral efficiency. Then, we maximize the system’s mutual
information by optimizing the beamformer under two different
power constraints, namely the total dissipated power and the
available power of the amplifiers. By varying the inter-element
antenna spacing, we present results for the achievable spectral
efficiency under different power amplifier constraints.

Index Terms—Mutual Coupling, Multi-band, Beamforming,
MISO, Optimization, Wideband Antenna Array.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) systems for the
post-5G era (in both sub-6GHz, mmWave) are expected to
be super-wideband (i.e., several octaves of bandwidth) [1].
This will enable simultaneous operation at different frequency
bands for multi-connectivity (i.e., multi-radio technology) and
widely-spaced carrier aggregation.

A common problem that arises when designing broadband
antenna arrays is mutual coupling. The strong electromagnetic
interaction between the elements can change the radiation
pattern associated with each element [2]. Prior studies present
interesting results on the impact of mutual coupling in compact
narrowband antenna systems. While some researches claim
that mutual coupling can improve the channel’s mutual in-
formation by achieving pattern diversity [3], others showed
that the mutual coupling can lead to impedance mismatch and
spatially correlated noise [4]. Hence, the work in [5] intended
to reduce mutual coupling in antenna arrays by using robust
adaptive beamforming algorithms. Other researchers, however,
tried to reduce mutual coupling through neutralization lines
[6] and electromagnetic band-gap structures [7]. Another line
of work focused on mutual coupling modeling from a circuit
perspective in narrowband MIMO systems [8]. The impact of
multi-element antenna arrays on the mutual information, diver-
sity order, and the system’s degree of freedom was addressed
in [9], [10]. In [10] multi-port decoupling networks were used
to improve the system performance in the narrowband case.

The previous work, however, focuses on narrowband an-
tenna array systems which is not an adequate assumption for
future wireless systems. In this paper, we design a compact
wideband MISO system and evaluate its achievable rate in

the presence of mutual coupling. The objective of our work
includes a circuit-level based analysis of a two-port MISO
setup. In our prior work, [11], we evaluated the achievable rate
of a wideband single-input multiple-output (SIMO) system
while quantifying the noise correlation matrix. In this work,
we use similar channel models while exploring the transmit
beamforming capabilities. We present a physically consistent
antenna model to mimic a realistic behavior in the wideband
regime. A challenging aspect of our analysis is finding the
optimal beamformer while accounting for mutual coupling.

We begin by extracting the impedance matrix of the
designed antenna array to formulate an equivalent channel
model. Then, we find the optimal beamformer while account-
ing for a dissipated power constraint. In comparison, we
evaluate the spectral efficiency while having constraints on the
available power of the power amplifiers. Finally, we provide
results for the spectral efficiency of these two scenarios while
varying the inter-element spacing of the considered antenna
array.

II. SYSTEM MODEL AND PROBLEM FORMULATION

Fig. 1 considers a MISO communication system with two
transmitting antennas. The transmitter is composed of two
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Fig. 1: MISO system model composed of 2 Tx antennas and
a single receive antenna.

RF chains with separate power amplifiers. To model the
circuit behavior of the MISO system, we design a two-port
antenna array using Ansys HFSS software [12]. We extract
from this physically realizable antenna structure the frequency
dependent impedance matrix ZA(f). The self-impedances



are diagonal elements while mutual impedances are the off-
diagonal elements

ZA(f) =

[
z11(f) z12(f)
z21(f) z22(f)

]
. (1)

The off-diagonal elements are the mutual coupling indicators.
When mutual coupling is severe, z12(f) and z21(f) will not
be negligible (c.f. Section III). If the inter-element antenna
spacing is ≤ λ

2 , mutual coupling manifests with λ = c
f , where

f is the frequency of operation, c = 3.108m/s is the speed of
light.

A. Effective channel model

The composed effective channel model, heff(f), fundamen-
tally considers in its definition the antenna array’s impedance
matrix ZA(f) and the output impedance of the power ampli-
fiers Rin (e.g. Rin = 50Ω). It also includes the propagation
channel hprop(f). The propagation channel model can be line-
of-sight (LoS), rich scattering, sparse channel model, etc..
The resulting effective channel including the antenna coupling
effects is

heff(f) = 2(ZA(f)+RinI)
−1
√
Rin<(diag(ZA(f))hprop(f).

(2)

To derive (2), we calculate the current across the antenna
terminals for a given excitation current vector is(f)

iA(f) = (ZA(f) +RinI)−1Rinis(f). (3)

The excitation current vector is applied via a frequency de-
pendent beamforming vector b(f) and the transmitted signal
x(f)

is(f) =
2√
Rin

b(f)x(f). (4)

Consequently, we use (3) and (4) to determine heff(f) as given
in (2). Note that the current vector, is(f), is the vector that
is controlled form the digital side, which is resulting from the
space-time processing of the signal x(f). In addition, only
for the uncoupled case, i.e. ZA = RinI, we get heff(f) =
hprop(f).

B. MISO optimal beamformer

In a MISO communication system, our main objective is
finding the optimal frequency-dependent beamforming vector
that maximizes the spectral efficiency of a wideband system.
Accordingly, the system’s input-output relationship is

y(f) = heff(f)Tb(f)x(f) + η(f) (5)

where η(f) corresponds to the noise at the receiver that follows
a complex Gaussian distribution with power spectral density
N0NF with NF being the noise figure of the receiver. In this
section, we present two different constraints that maximize
the system’s spectral efficiency. The first approach optimizes
b(f) while having the L2 norm as a conventional constraint
on the beamforming vector. This constraint defines an upper
bound for the current sources of each power amplifier in the

RF chain, i.e., the maximum available power. The second
approach, however, has a constraint on the power dissipated
by the current sources.

To find the optimal beamformer, we set up the optimization
problem using a power constraint E with impedance kernel
matrix G

max
b(f)
|heff(f)Tb(f)|2 s.t. b(f)∗Gb(f) ≤ E. (6)

The matrix G is required to define a valid power quantity
based on the excitation current vector in (4) which is related
to the beamforming vector. G can be for instance the identity
matrix, when the constraint is the L2 norm corresponding to
a limitation on the available power from the amplifiers. If
one limits the total dissipated power by the excitation current
sources is(f), then G is given by

G = 4(ZA(f)+RinI)
−1 (<(ZA(f))Rin +ZA(f)ZA(f)∗)

× (ZA(f)∗+RinI)
−1.

(7)

After applying the Karush–Kuhn–Tucker (KKT) conditions on
the quadratic constrained quadratic program (QCQP) [13], we
get the following optimal beamforming vector as a function
of the dissipated power, E, and the effective channel

b(f) =

√
E

||b(f)∗G−1b(f)||2
G−1heff(f). (8)

The beamforming vector in (8) is essential in finding the
optimized spectral efficiency and helps in mitigating mutual
coupling.

III. ANTENNA DESIGN

Extracting the impedance matrix ZA(f) solely depends on
the designed antenna array simulated in HFSS. Therefore,
we design a two-port physical antenna structure that satisfies
a linear polarized antenna alignment. Fig. 2 illustrates the
geometrical configurations of the designed two-port compact
planar antenna. This parallel configuration is composed of
two elliptical monopoles that generate a wideband frequency
behavior [14].

Antenna parameter Value (mm) Parameter description
L` 27 length of substrate
W` 48 width of substrate|d=22mm

R 6 ellipse major radius
Dl 2.6 length of the minor feed-line
F` 5.5 length of the major feed-line
Lt 7 length of the ground plane
Ht 24 width of the ground plane
d 12-22 inter-element spacing

Dw 2.5 width of the minor feed-line
Fw 3 width of the major feed-line

TABLE I: Antenna parameters.

The simulated parallel alignment is based on a 27 mm ×
48 mm FR4 substrate with 1.6 mm thickness and a dielectric
constant of 4.4. The axial ratio is 1.3 and the major ellip-
tical radius is 6 mm. The feed-line of the antenna array is
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Fig. 2: Parallel antenna array structure composed of two
elliptical monopoles and two trapezoidal ground planes.

geometrically tapered to the elliptical monopole. The narrow
feed-line, Dw is smoothly connected to a wider feed-line Fw.
A truncated trapezoidal geometrical structure is used as the
antenna ground plane.

To evaluate the impact of mutual coupling on the antenna’s
radiation pattern, we vary the inter-element spacing, d, of the
parallel antenna array. If the inter-element spacing is ≤ λ

2 =
18.7 mm then the mutual coupling is high in the corresponding
frequencies. Increasing the inter-element spacing to 22 mm
allows us to compare the changes in the spectral efficiency.

The antenna array’s S-parameters are presented in Fig. 3.
The S-parameters are the conventional antenna’s figures of
merit that illustrate its circuit behavior. In fact, the S-
parameters are directly related to the antenna’s impedance
matrix by the transformation S = (ZA/50Ω− I)(ZA/50Ω +
I)−1. To capture the region of operation and the regions with
the highest mutual coupling, we vary the spacing between the
elements and capture the S-parameter response. We extract
the reflection coefficients, e.g. S11, from the HFSS simulation.
Proper antenna operation requires conventionally that S11 is
below −10 dB. Accordingly, the designed antenna operates
between 4.14-8GHz when the inter-element spacing is 12 mm.
The antenna array’s radiation pattern in Fig. 4 is evaluated at
f = 8GHz and d = 22 mm.

Furthermore, the mutual coupling indicator, S12, is also
plotted in Fig. 3 at different inter-element spacing d ∈
{12, 22} mm. Antenna arrays that mitigate the mutual cou-
pling effects maintain an S12<−15 dB. In our design, how-
ever, we are accounting for mutual coupling and focus on the
frequency regions where it is severe. Therefore, we focus on
the regions that have an S12>−15 dB|d=12 mm and S12>−15
dB|d=22 mm. These regions will be important when computing
the optimal beamforming vector that essentially depends on
the coupling effects to achieve an improved spectral efficiency.

IV. NUMERICAL RESULTS

In this section, we evaluate the spectral efficiency of the
two element MISO system using the two different power
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Fig. 3: S-parameters of the two-port antenna array structure at
different inter-element spacing.

Fig. 4: Realized antenna gain at f = 8GHz|d=22mm.

constraints for the beamformer design. We consider the angle
of departures, θ = 0, which mimics an end-fire configuration
and θ = π

2 i.e. broadside direction. We vary the inter-element
spacing d ∈ {12, 22} mm to visualize the impact of mutual
coupling. We begin our analysis with a Line-of-Sigh (LoS)
channel model. The propagation channel, hprop,LoS(f), also
considers the transmit antenna’s radiation pattern P(θ) (with
2D beamforming) and is given by (with isotropic Rx antenna)

hprop,LoS(f) =
λ

4πD

[
1

e−j2π
d
λ cos θ

]√
P(θ), (9)

where D = 2 km is the distance between the Tx and
Rx antennas. This path-loss model is characterized by the
simplified Friis transmission equation [14].

Our objective is to maximize the spectral efficiency. So we
define the frequency-dependent SNR as

SNR(f) =
|heff(f)Tb(f)|2

N0NF
, (10)

where N0 = BkkbT and kb is the Boltzman constant, T =
290 K, NF = 5dB is the noise figure of the receiver, and E
= 250 mW/20 MHz. Accordingly, the spectral efficiency is

C(f) = log2(1 + SNR(f)). (11)



We plot the spectral efficiency of the two beamformers at
different inter-element spacing and compare them to the
performance of a perfectly matched single omni-directional
antenna (Friis curve), i.e.,

CFriis(f) = log2

(
1 + αc(f)

E

N0NF

)
, (12)

where αc(f) is the frequency-dependent channel path-loss.
Fig. 5 shows that the computed optimal beamformer, under
fixed dissipated power, has better spectral efficiency in com-
parison to the L2 norm constraint, since source currents are not
limited. Furthermore, since the source currents are not directly
limited, the presence of mutual coupling (d = 12 mm) results
partially in higher achievable rates for both beamformers.
Tighter spacing might be beneficial for certain frequency
bands, but can also lead to some performance degradation
for other frequencies. Additional measures can be taken to
improve the achievable rate of the beamformer constraint over
the L2 norm. One of these approaches motivates the use of
multiport matching networks [8].

V. CONCLUSION

In this paper, we designed a two-port wideband antenna
array by means of full-wave simulation in HFSS. Using this
antenna array, we evaluated the spectral efficiency of a MISO
system in the broadband regime. The beamforming vectors are
optimized under different power constraints while accounting
for the effects of mutual coupling. The results showed that
the optimal beamforming vector strongly depends on the type
of power constraints and the degree of mutual coupling in
the antennas. Potential venues for our future work considers
different channel propagation models, a larger number of an-
tennas, and advanced matching techniques to further mitigate
mutual coupling effects.
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