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Abstract—In this paper, we propose a joint analog-digital (A/D)
beamforming scheme for the point-to-point (P2P) multiple-input-
multiple-output (MIMO) systems, where we exploit the mutual
coupling effect to further improve the system performance. By
judiciously selecting the value of each load impedance for the
antenna array, it will be shown that the mutual coupling effect
can be beneficial. We firstly prove that the full elimination of
mutual coupling is not achievable solely by changing the values of
each load impedance. We further propose a joint A/D technique
where the resulting interference aligns constructively to the
useful signal vector with the concept of constructive interference.
Numerical results show that the proposed schemes can achieve an
improved performance compared to systems with fixed mutual
coupling, especially when the antenna spacing is small.

Index Terms—MIMO, mutual coupling, constructive interfer-
ence, optimization.

I. INTRODUCTION

Due to the significant performance gains over conven-
tional single-input-single-output (SISO) systems, multiple-
input-multiple-output (MIMO) systems have been widely stud-
ied in recent years. Among MIMO techniques, one of the
most popular applications is to employ spatial multiplexing to
improve the system capacity by sending parallel data streams
over multiple antennas [1][2]. These data streams can be
successfully decoded at the receiver by equalization tech-
niques. Among receiver architectures, the maximum likelihood
(ML) receiver can achieve the optimal performance, while the
high complexity hinders its application for practical scenarios
[3]. Therefore, linear receivers such as zero-forcing (ZF) and
minimum mean-squared-error (MMSE) that can offer a sub-
optimal performance are proposed as alternative techniques
[4][5]. The successive interference cancellation (SIC) scheme
proposed in [6] can further improve the detection performance,
with an increased computational complexity. Due to the low
complexity, linear receivers are more promising for many
applications than the optimal ML receiver.

Many existing studies on the receiver structures assume an
uncorrelated Rayleigh flat fading channel, where no spatial
correlation or mutual coupling (MC) among antenna elements
is considered. Nevertheless, when the spacing between antenna
elements is small, these two effects have a significant impact
on the system performance and should not be neglected [7][8].
Therefore, studies have been conducted on the correlation and
MC. In [9]-[11], the effect of spatial correlation is studied
for MIMO systems, where the channel model with spatial
correlation is derived. Experimental studies on the effect of

transmit correlation have been conducted in [12]-[14], and the
impact on the MIMO system performance has been studied in
[15]-[17]. Based on these studies, several designs of the robust
pre-processing techniques are proposed in [18]-[20].

For the study of the MC effect, in [21] it is shown that
the effect of MC can be characterized by a coupling matrix,
based on which the impact of MC on MIMO capacity is
studied. Further studies on the MC can be found in [22]-
[25], where in [22] the MC is studied in a Rician channel for
transmit beamforming. It is shown that when the line-of-sight
(LOS) component of the channel is dominant, the system can
achieve an improved capacity. [24] studies the MC for MIMO
systems and shows that MC has an impact on the system
performance, and this impact can be more significant when the
antenna spacing is small. In [25], the effect of MC is studied
for MIMO systems at high SNR, where it is shown that for
low correlated propagation environments, the MC effect will
degrade the system performance.

To compensate for the performance loss introduced by the
MC effect, a number of techniques have been proposed, which
focus on suppressing the performance degradation by deriving
a compensation matrix [26][27]. Some novel structures are
also proposed to eliminate the MC effect. For example, in
[28], a mantle cloaking method is applied to strip dipole
antenna arrays to reduce the mutual coupling effect at low-
terahertz (THz) frequencies. In [29], a U-shaped microstrip
is introduced to suppress the mutual coupling effect. Parasitic
elements are introduced in [30] to formulate a reverse coupling
to alleviate the effect of mutual coupling. Other approaches
targeting at MC suppression can be found in [31]-[33].

In this paper, we propose to exploit the MC effect rather
than suppressing or eliminating this effect, to further improve
the point-to-point (P2P) MIMO detection performance. In the
proposed scheme, each antenna element is equipped with a
tunable load impedance (for example varactors) such that the
MC effect can be controlled by tuning each load impedance.
While it will be shown that the full elimination of MC is
not achievable, with tunable loads we can exploit the concept
of constructive interference to further achieve an improved
performance. By judiciously selecting each value of the load
impedances, the resulting MC matrix can be constructive and
lead to a better detection performance, where each resulting
symbol is strictly aligned to the phase of the original symbol
with an enhancement in the transmit power. The problem
is formulated into a convex optimization problem and the



practical constraint is also considered, where a look-up table
can be built such that the proposed techniques can be effi-
ciently applied. In this paper we focus on P2P links where
typically small scale MIMO systems are considered, such as
the device-to-device (D2D) communications and small-cells
that have received increasing research attention recently and
will play an indispensable role in the future communication
standards. The proposed schemes are then best suited to these
scenarios, with a relatively small number of antennas at both
the transmitter and the receiver, where the size of the look-
up table is acceptable, and the interference is present and can
be exploited. The simulation results validate the performance
advantages of the proposed schemes.
Notations: a, a, and A denote scalar, vector and matrix,

respectively. (·)T , (·)H , (·)−1, (·)†, and tr (·) denote transpose,
conjugate transpose, inverse, Moore-Penrose inverse and trace
of a matrix respectively. I is the identity matrix and 0 denotes
a zero matrix or vector. Cn×n represents n × n matrix in
the complex set. diag (·) denotes the conversion of a vector
into a diagonal matrix with the values on its main diagonal
and vec (·) is the operation of transforming a diagonal matrix
into a column vector. < (·) and = (·) denote the real part and
imaginary part of a complex number, respectively.

II. SYSTEM MODEL

We consider a P2P MIMO system with Nt transmit antennas
and Nr receive antennas where Nt ≤ Nr. The Nt × 1-
dimensional transmit symbol vector is firstly multiplied by
a MC matrix Zt ∈ CNt×Nt before transmission and then a
receiving MC matrix Zr ∈ CNr×Nr at the receiver side. The
received signal vector can therefore be obtained as

y = ZrHZts + w, (1)

where s ∈ CNt×1 denotes the transmit symbol vector from a
normalized PSK modulation and for each symbol ‖si‖2 = 1,
∀i ∈ {1, 2, ..., Nt}. H ∈ CNr×Nt is the channel matrix,
and w is the additive white Gaussian noise (AWGN) vector
where we assume w ∼ CN

(
0, σ2 · I

)
. As we focus on the

signal processing approaches at the transmitter, the MC at
the transmitter side is considered while we assume Zr = I,
which is in line with the studies of the MC effect in [26]-[30].
We note that the proposed schemes can be trivially applied to
Zr 6= I by considering the effective channel Ĥ = ZrH. At the
receiver, the signal vector is filtered by a channel-dependent
equalizer G ∈ CNt×Nr , and the signal vector for demodulation
can be obtained as

r = Gy = GHZts + Gw. (2)

A. Channel Model

When the spacing between the adjacent antenna elements
is small, the spatial correlation effect becomes significant
and should be characterized in the channel model. For a
P2P MIMO system, as considered in this paper, there exist
correlation effects at both the transmit side and receive side.

Therefore, a fully correlated non-line-of-sight (NLOS) geo-
metric Rayleigh flat fading channel is assumed, which can be
modeled as [9]-[11]

H = ArHNAH
t . (3)

In (3), HN ∈ CN×N is diagonal and can be expressed as

HN =
1√
N
· diag (h1, h2, ..., hN ) , (4)

where N is the number of random and independent paths [9].
hi, ∀i ∈ {1, 2, ..., N} is the complex Rayleigh channel coef-
ficient and hi ∼ CN (0, 1). Ar ∈ CNr×N and At ∈ CNt×N

denote the receiver-side and transmitter-side steering matrices
that contain N steering vectors of the antenna array, which
characterize the correlation effect. For uniform linear arrays
(ULAs), as assumed in this paper, Ar and At can be expressed
as

Ar = [ar (α1) ,ar (α2) , ...,ar (αN )] ,

At = [at (β1) ,at (β2) , ...,at (βN )] ,
(5)

where ar (αi) ∈ CNr×1 and at (βi) ∈ CNt×1 of ULAs can
be expressed as

ar (αi) =
[
1, ej2πdr sinαi , ..., ej2π(Nr−1)dr sinαi

]T
,

at (βi) =
[
1, ej2πdt sin βi , ..., ej2π(Nt−1)dt sin βi

]T
.

(6)

αi and βi denote the angles of arrival (AoAs) and angles
of departure (AoDs) respectively, with the assumption that
each αi and βi follow a uniform distribution in [−π, π].
dr and dt denote the antenna spacing normalized by the
carrier wavelength for the receive and transmit antenna array,
respectively.

B. Modeling of the Mutual Coupling

Based on [7][21][23], the MC matrix with tunable load
impedances can be derived and obtained as

Zt (zL) = [zA · I + diag (zL)] [Γ + diag (zL)]
−1
, (7)

where zA denotes the antenna impedance and zL =[
zL1 , zL2 , ..., zLNt

]T
is the load impedance vector to be

optimized. Γ is the mutual impedance matrix which can be
expressed as [21][23]

Γ =



zA zm1
zm2

· · · zmNt−1

zm1
zA zm1

. . .
...

zm2
zm1

. . . . . . zm2

...
. . . . . . . . . zm1

zmNt−1
· · · zm2 zm1 zA


. (8)

where zmk
denotes the mutual impedance of two antenna

elements with an inter-spacing of kdt. The value of zA and
zmk

can be obtained by the induced electromagnetic-field
(EMF) method [Chapter 8, 23] based on dt.



III. PROPOSED CONSTRUCTIVE SCHEME

In this paper, when there exists MC effect at the transmitter,
the transmit signal vector after MC can be expressed as

_
s = Zts, (9)

where there will be interference among the resulting data
symbols if Zt 6= I. Before the proposed scheme is introduced,
by denoting zxi

= zA + zLi
we note that (7) can be

equivalently expressed as

Zt = Zx[B + Zx]
−1
, (10)

where Zx = diag
(
zx1

, zx2
, ..., zxNt

)
and B = Γ−zA ·I. From

(9), the MC effect at the transmitter is fully characterized by
the MC matrix multiplied to the transmit symbol vector, which
can be regarded as a linear scaling effect to the data symbol
s, and (9) can be further expressed as

_
s = Zts = Zx(B + Zx)

−1
s. (11)

It is known that the linear scaling effect of a matrix can
be equivalently represented by the multiplication of a diag-
onal matrix, and therefore by introducing a diagonal matrix
diag (Λ), (11) can be equivalently expressed as

_
s = diag (Λ) s, (12)

where Λ = [λ1, λ2, ..., λNt ]
T and λi is the scaling factor for

transmit symbol si. The property of λi can then represent the
MC effect for each transmit symbol. It should be noted that
the expression of (12) is only a mathematical representation,
and does not necessarily mean that there is no interference
between transmit symbols because each λi can be a complex
number. Then, based on (11) and (12), we can obtain

Zx(B + Zx)
−1

s = diag (Λ) s, (13)

which can be further transformed into

s = (B + Zx) Z−1x diag (Λ) s

⇒ [diag (Λ)− I] s + BZ−1x diag (Λ) s = 0.
(14)

We note that for practical antenna arrays, B and Zx are both
invertible, which enables the following designs.

A. Full Elimination of the Mutual Coupling

We firstly consider the approach on the full elimination of
the MC matrix such that there is no performance loss, which
means that _

s = s. According to (12), this is equivalent to

λi = 1, ∀i ∈ {1, 2, ..., Nt} . (15)

Substituting (15) into (14) yields

BZ−1x s = 0, (16)

and (16) can be further transformed into

B · diag (s) vec
(
Z−1x

)
= 0, (17)

which leads to the following proposition.
Proposition: It is not achievable to fully eliminate the MC

effect by solely tuning the value of each load impedance.

Proof : Note that (17) means finding Z−1x to satisfy (17)
for a specific transmit symbol vector s. This is equivalent to
finding a non-zero solution of the linear system Ax = 0,
where A = B · diag (s) and x = vec

(
Z−1x

)
. Based on linear

algebra theory, the condition for a non-zero solution for such
a system is det (A) = 0, which means

det [B · diag (s)] = 0, (18)

and (18) can be further obtained as

det [B] = 0 or det [diag (s)] = 0. (19)

Noting that B = Γ − zA · I has a non-zero determinant and
det [diag (s)] 6= 0, it is therefore not possible for (17) to have
a non-zero solution, which proves the proposition. �

B. Constructive Mutual Coupling Exploitation

Although the full elimination of MC solely by changing
the values of each load impedance is not achievable, we can
exploit the concept of constructive interference to rotate the
angles of the interfering signals by selecting the value of
each load impedance such that the resulting MC effect is
constructive and further benefits the system performance. Con-
structive interference is defined as the interference that pushes
the interfered symbols away from the detection thresholds.
The concept of constructive interference is firstly exploited
to further improve the performance of MIMO systems by
precoding schemes in [34]-[36], where the angles of the
interfering signals are controlled and rotated such that the
interfering signals are strictly aligned to the phase of the
desired symbol, which leads to a better detection performance.
For the mutual coupling exploitation, we optimize each value
of the load impedance such that the resulting MC matrix is
constructive and improves the power of the transmit symbol
vector. Based on (12), this is equivalent to

λi ≥ 1, ∀i ∈ {1, 2, ..., Nt} , (20)

where λi can be seen as a constructive coefficient. Recall (13)
and with some transformations, we can obtain

BZ−1x diag (Λ) s = [I− diag (Λ)] s

⇒ vec
(
Z−1x

)
= diag (Ω) B−1 [I− diag (Λ)] s,

(21)

where Ω =
[

1
λ1s1

, 1
λ2s2

, ..., 1
λNtsNt

]T
. It can be observed that

for a given symbol vector, we can obtain vec
(
Z−1x

)
with an

arbitrary value of λi. However, the values of the resulting
load impedances may be infeasible in practice, as the real
part of the load impedance should be ensured positive such
that the antenna array can radiate power [37][38]. Therefore
in this paper, we employ convex optimization to obtain the
optimal values of the load impedances under this practical
implementation constraint, as detailed below.

As λi is the constructive coefficient for si which can be
seen as a power enhancement factor, we therefore consider



a max-min optimization problem in which we maximize the
minimum value of λi, expressed as

P0 : max min
zLi

λi

s.t. (λi − 1) si +
[
BZ−1x diag (Λ) s

]
i

= 0, ∀i ∈ I
< (zLi) ≥ 0, ∀i ∈ I
λi ≥ 1, ∀i ∈ I

(22)
where we denote I = {1, 2, ..., Nt} for simplicity. By denoting

ti = λi − 1, (23)

and

x =

[
λ1

zA + zL1

,
λ2

zA + zL2

, ...,
λNt

zA + zLNt

]T
, (24)

the max-min optimization in (22) can be further transformed
into a max optimization problem, which is given by

P1 : max
ti,xi

Q

s.t. tisi + [Bdiag (x) s]i = 0, ∀i ∈ I
< (zLi) ≥ 0, ∀i ∈ I
Q ≤ ti + 1, ∀i ∈ I
ti ≥ 0, ∀i ∈ I

(25)

where Q is an introduced variable. Based on (23)(24), the load
impedance zLi

can be obtained as

zLi
=
ti + 1

xi
− zA, (26)

and the constraint that < (zLi
) ≥ 0 is equivalent to

<
(
ti + 1

xi

)
≥ < (zA)⇒ (ti + 1) · < (xi)

|xi|2
≥ < (zA)

⇒ < (xi) ≥
< (zA)

ti + 1
|xi|2 .

(27)

Noting that (27) is a non-convex constraint and makes the
optimization problem non-convex, we therefore relax this
constraint into a convex one. Based on (20)(23) we note that
(ti + 1) ≥ 1, therefore we have

< (zA) · |xi|2 ≥
< (zA)

ti + 1
|xi|2 . (28)

Then, if the following constraint is satisfied:

< (xi) ≥ < (zA) · |xi|2 , (29)

the constraint in (27) is also satisfied. We therefore employ
the constraint in (29) to substitute the constraint in the
optimization problem, and in this way the original problem
is transformed into a convex optimization problem and can
be efficiently solved. The final optimization problem can be
formulated as

P2 : max
ti,xi

Q

s.t. tisi + [Bdiag (x) s]i = 0, ∀i ∈ I
< (xi) ≥ < (zA) · |xi|2 , ∀i ∈ I
Q ≤ ti + 1, ∀i ∈ I
ti ≥ 0, ∀i ∈ I

(30)

(30) is a second-order cone programming (SOCP) and can
be efficiently solved by convex optimization tools such as
CVX and SeDuMi. Then, the optimal load impedance for each
antenna element can be calculated based on (26).

IV. PRACTICAL IMPLEMENTATION

It can be observed from the above derivation that the optimal
value of each load impedance is solely dependent on the trans-
mit symbol vector, irrespective of the channel H. Therefore,
a look-up table can be built for the optimal values of each
load impedance based on the transmit symbol vector. With this
approach, the optimization process can be conducted offline to
obtain the optimal values prior to the data transmission, and
this information can then be kept for future data transmission,
where a symbol-by-symbol optimization is no longer needed,
which can significantly reduce the complexity. For D2D and
small-cell scenarios where the number of antennas is relatively
small at both the transmitter and the receiver, the proposed
schemes can be efficiently applied by using the look-up table.

On the other hand, the equalizer G at the receiver requires
the knowledge of H, however with pilots we can only obtain
H̃ = HZ0

t at the receiver. Therefore, the receiver needs to
extract H from H̃. We note that the mutual impedance Γ is
only dependent on the array structure and does not change.
Therefore Γ is typically known to the transmitter, either by
the induced EMF method or other measurements, and further
known to the receiver by forwarding. At the pilot stage the load
impedance vector zL is set to a specific value (for example
50Ω for each load impedance) known to the receiver, denoted
as z0L, and we further denote the resulting MC matrix as Z0

t .
We then obtain H̃ = HZ0

t , and as Z0
t is known to the receiver,

H can be extracted from H̃ to obtain the equalizer G.
Still, we note that the proposed scheme needs to tune the

value of each load impedance based on the transmit symbol
vector during data transmission. Therefore, technologies that
support the frequent tuning of the load impedances are nec-
essary, which has been proposed and studied in [39] and the
references therein. It is shown that both semiconductor-based
and ferroelectric-based varactors that can support a tuning
speed as fast as 1-100 ns have been designed. Furthermore,
recent studies on electronically steerable parasitic array ra-
diators (ESPARs) have also supported the frequent tuning of
the load impedances [40][41]. The successful proof-of-concept
experiments and implementation of ESPARs have therefore
motivated the design of the proposed schemes [42].

V. NUMERICAL RESULTS

In this section the numerical results based on Monte Carlo
simulations are presented. We assume the system operates
at the frequency f = 2.6GHz and QPSK modulation is
employed. It should be noted that the extension to higher PSK
is also applicable [34], and for QAM modulation the construc-
tive interference can be exploited for the outer constellation
points [35]. We consider a 4 × 4 P2P MIMO system, where
the simulated channel is based on (3)-(6) and N = 50. As
we assume Zr = I at the receiver side, in the simulations



dr = 0.5. We focus on a compact array and the MC
effect is more dominant when the antenna spacing is small,
and therefore at the transmitter a dipole antenna array with
dt = 0.2 is assumed, while we also compare the performance
with different values of the antenna spacing dt. The above
parameters remain the same throughout the simulations unless
otherwise stated. For the receiver structure G, we employ both
ZF and MMSE receivers, which are expressed as

GZF =
(
HHH

)−1
HH ,

GMMSE =

(
HHH +

Nt
ρ
· I
)−1

HH ,
(31)

where ρ = 1
σ2 denotes the transmit SNR. We compare our

results with the ML receiver and hard detection is performed
after equalization.

In Fig. 1, the bit error rate (BER) performance of the
proposed scheme is compared to conventional case with fixed
mutual coupling (denoted as “with MC”) and an ideal case
where there is no mutual coupling effect (denoted as “no
MC”). Note that the case “no MC” is only shown as a
reference. The proposed scheme is denoted as “Constructive”.
It is seen that MMSE-based schemes outperform ZF-based
schemes. Furthermore, for both ZF and MMSE, it can be
observed that the proposed scheme outperforms the conven-
tional case with fixed mutual coupling with an SNR gain over
5dB and even performs better than the case without mutual
coupling, as the mutual coupling effect is exploited to further
improve the system performance.
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Fig. 1: BER v.s. SNR, dt=0.2, dr=0.5, QPSK

Fig. 2 presents the BER performance with respect to
the normalized antenna spacing at the transmitter. For both
schemes, the BER performance is improved with the increase
in the antenna spacing, which is because of the reduced
correlation effect. Moreover, it is important to observe that
the performance gain of the proposed schemes becomes larger
when the antenna spacing is small, due to the fact that the
mutual coupling effect becomes stronger when the antenna
spacing is small. This result means that the proposed schemes
are more favourable with a small antenna spacing, which
enables the design of compact antenna arrays.
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Fig. 2: BER v.s. transmit antenna spacing, SNR=30dB, dr=0.5,
QPSK

Noting that the proposed scheme is modulation dependent
which makes the expression of Shannon capacity inaccurate,
in Fig. 3 we therefore show the average throughput of ZF
and MMSE based schemes to illustrate the capacity benefits,
where the throughput is expressed as Tr = (1− BLER) ·m ·
Nt bits/channel use, where BLER is the block error rate and
m=2 bit/symbol for QPSK. The block length is assumed to be
20 symbols. As can be seen, the proposed scheme achieves an
improved performance on the average throughput for both ZF
and MMSE receivers. MMSE achieves a better performance at
low SNR compared to ZF, and achieves a similar performance
when the SNR is high.
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VI. CONCLUSION

In this paper, we study the mutual coupling effect among
MIMO antennas and further exploit this effect to benefit the
MIMO performance. By solely changing the values of each
load impedance, the mutual coupling effect can be controlled.
We then propose a constructive mutual coupling exploitation
technique to further improve the performance of MIMO, which
enables the design of compact antenna arrays. We formulate
the problem into a convex optimization to obtain the optimal
load impedance for each antenna element. The numerical
results show that the proposed schemes based on constructive
interference can achieve significant performance gains over



conventional case with fixed mutual coupling, especially when
the antenna spacing is small. Extensions to multi-user case will
be a research focus in the future.
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