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ABSTRACT The holographic multiple-input-multiple-output (MIMO) communications refer to the MIMO
systems built with ultra-dense antenna arrays, whose channel models and potential applications have
attracted increasing attentions recently. When the spacing between adjacent array elements is larger than
half wavelength, the effect of mutual coupling can generally be neglected in current antenna designs.
However, in holographic MIMO communications, the influence of strong mutual coupling on antenna
characteristics is inevitable, resulting in distorted radiation patterns and low radiation efficiencies. In
this paper, starting from the analytical correlation and efficiency models, we investigate how the mutual
coupling affects the capacity of a space-constrained MIMO system from the aspects of degree of freedom
(DOF) and antenna efficiency. The involved fundamental concepts of correlation, DOF, efficiency and
mutual coupling are crucial for both antenna and wireless-communication engineers when designing
emerging MIMO communication systems.

INDEX TERMS Mutual coupling, holographic MIMO communications, channel capacity, degree of
freedom, embedded radiation efficiency.

I. INTRODUCTION

THE multiple-input-multiple-output (MIMO) technology
for modern wireless commnications has achieved great

success over the past two decades [1], [2]. MIMO tech-
nology can provide both the degree of freedom (DOF) and
power gains for enhancing channel capacity [3], [4]. As
the spectrum resource becomes scarce for fifth-generation
(5G) and beyond 5G applications, it is essential to explore
strategies for enhancing the channel capacity without occu-
pying larger physical space. Consequently, more and more
antennas are tightly arranged into a constrained area, which
leads to the massive MIMO [5], [6], holographic MIMO
[7], [8], and continuous aperture MIMO [9], [10] com-
munications. Recently, the channel models and potential
applications of holographic MIMO systems are frequently
discussed [11], [12]. In such dense arrays, the effect of
mutual coupling is inevitable and should be carefully taken
into account.

The capacity of a space-constrained MIMO system is
dependent on both the DOF and signal-to-noise ratio
(SNR) [2]. DOF refers to the rank of the correlation
matrix of a MIMO system, which characterizes the spatial-
multiplexing performance. The DOF limit of a space-
constrained MIMO system has been discussed from the
perspectives of both the information theory [13], [14], [15]
and electromagnetic (EM) theory [16], [17], [18], [19], prov-
ing that the DOF is fundamentally bounded by the aperture
size of array in arbitrary propagating environments. The total
SNR is usually fixed as a specific value when evaluating
the capacity. Both the DOF and SNR of a MIMO system
are affected by mutual coupling, since the distorted embed-
ded radiation patterns will change the correlations between
antennas, and the coupling of power will reduce radiation
efficiency (related to SNR).
Regarding the effect of mutual coupling on the chan-

nel capacity of a MIMO system, it will generally reduce
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the embedded radiation efficiencies and may lower the
correlation between antennas [20], [21], [22], [23], [24],
[25], [26], [27], then finally decrease the MIMO capac-
ity [28]. Recently, various decoupling technologies have been
developed for improving phased array and MIMO perfor-
mances [29], [30], [31], [32], [33], [34], [35]. With measured
or simulated embedded radiation patterns and efficiencies,
several numerical methods are proposed for conveniently
estimating the performance of a practical MIMO system
rather than testing in a reverberant chamber, such as the
Kronecker model [36] and the ray-tracing method [37].
Moreover, the theoretical bounds of MIMO systems are dis-
cussed, including the Hannan’s limit for efficiency [38], [39]
and the DOF limit in rich-scattering (Rayleigh) environ-
ments [8], [40]. Nevertheless, a clear clarification of the
physical foundations of correlation, DOF, and efficiency is
still necessary. Also, the role that mutual coupling plays in
holographic MIMO communications is not well investigated.
In this paper, mainly two contributions are made. First,

based on a one-dimensional (1-D) microstrip dipole array,
we investigate how the mutual coupling affects the capacity
of holographic MIMO systems from the aspects of DOF and
efficiency. The analytical DOF, efficiency and capacity mod-
els are discussed in detail and then compared to the numerical
results. Second, Hannan’s efficiency limit is introduced for
accurately characterizing the decrease of antenna efficiency
brought by mutual coupling, which can be easily embedded
in the channel model of holographic MIMO communications.
Rather than simply calculating the MIMO capacity in terms of
efficiency and correlationmatrix, we are focusing on analyzing
the DOF and efficiency limit of an aperture-constrained array
through both analytical models and full-wave simulations,
which is particularly important to the emerging holographic
MIMO communications. The proposed theoretical meth-
ods and presented numerical results could provide physical
understanding and engineering guideline for designing and
evaluating next-generation MIMO communications.

II. MUTUAL COUPLING IN MIMO ANTENNA ARRAY
When one antenna in a MIMO array is excited, the input
power will be coupled from the excited antenna to the
others due to free-space radiation, conduction current, and
surface wave. The principle of mutual coupling has been
well discussed in the literature [41], [42], and we are not
going to revisit them in detail here, but give some visu-
alized demonstrations of the effects of mutual coupling.
In this paper, a microstrip printed dipole with reflecting
board is used for investigating mutual coupling, as demon-
strated in Fig. 1 (a-b). The upgraded versions of this kind of
antenna are widely used for commercial basestation appli-
cations [43], [44]. In order to arrange sufficient antennas
along one direction, a 1-D array with fixed length and uni-
form element spacing is employed, as seen Fig. 1 (c). Based
on this configuration, the embedded radiation patterns and
efficiencies of a four-element 1-D array at 0.3 λ0 (λ0 is
the free-space wavelength) element spacing are depicted in

FIGURE 1. Configuration of the microstrip dipole array. (a) Array element working at
5 GHz (radiation efficiency is 0.95, directivity is 5), with the wavelength λ0 = 60 mm.
w = 3 mm, l = 22.5 mm, h = 15 mm, and dx = dy = 60 mm. (b) Radiation pattern of the
isolated array element (in linear scale). (c) Structure of the one-dimensional (1-D)
antenna array. dy = 60 mm, and the total length along the x−axis is fixed as Lx . The
open boundary condition is applied along the x−axis and the periodic boundary
condition is applied along the y−axis.

Fig. 2. The embedded radiation pattern of one antenna in
array can be acquired by feeding the antenna while mak-
ing all the other antennas well matched [39], [45], which
can be obtained by computational electromagnetic methods.
It can be observed that the radiation patterns are severely
distorted and the efficiencies are largely decreased. These
are typical effects brought by mutual coupling, as out-of-
phase currents are induced on the surfaces of surrounding
antennas when exciting one antenna. In large-size arrays, the
embedded radiation patterns of the antennas in the central
area will not be distorted too much due to the simultaneous
influences of the surrounding antennas [42], and only the
antennas at the edge will be severely distorted. Therefore,
the effect of mutual coupling on the DOF of a large-size
array is negligible, but the effect will become significant for
a small-size and dense array.

III. ANALYTICAL CORRELATION, DOF AND EFFICIENCY
MODELS
A. CORRELATION MODEL
For an M × N antenna array, the correlation between each
pair of antennas can be written as an MN ×MN correlation
matrix �. The capacity of a practical MIMO system can be
precisely evaluated with � and an efficiency matrix. DOF,
which characterizes the spatial multiplexing performance of
a MIMO system, is defined as the number of significant
eigenvalues of �. Physically, the eigenvalues of � represent
the strengths of available spatial EM modes, and the cor-
responding eigenvectors tell us how to excite these modes.
Since DOF is completely determined by the correlations
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FIGURE 2. Embedded radiation patterns and efficiencies en of a four-element array, the element spacing is 0.3 λ0.

FIGURE 3. Antenna correlation model in 2-D multipath environment. (a) Correlation between two antennas, the coming waves are modeled as uniformly distributed plane
waves within a specific angular spread (AS). (b) 2-D correlation functions under different ASs (AS = 180◦ for Clarke’s model).

between antennas, it is particularly important to mathemati-
cally express the correlationmodels and physically understand
how antenna radiation characteristics (incorporating mutual
coupling) influence these models.
One of the most commonly-used correlation models is the

Clarke’s model in two-dimensional (2-D) multipath environ-
ment [46], [47], which describes the correlation between
antennas as a function of distance. In Clarke’s model, the
antennas are regarded as point receivers, and the receiv-
ing waves are modeled as TM-polarized (Ez) far-field plane
waves uniformly coming from a half space (angular spread
is equal to 180◦) or full space, as depicted in Fig. 3 (a). The
total signal received by one antenna can be regarded as the
superposition of these received plane waves. Therefore, we
can easily formulate the correlation function between two
antennas as (with sufficient number of plane waves) [48]

R2D(d) = 〈
Ez(x, y)E

∗
z (x+ d, y)

〉
av

= 1

K

K∑

n=1

〈exp{jk0 cos φnd}〉av
= J0(k0d), (1)

whereK is the number of plane waves, φn = πn/K denotes the
directions of plane waves, and k0 is the free-space wavenum-
ber. Moreover, ∗ is the conjugate operator, 〈·〉av represents the
ensemble average, d is the distance between the two receivers,
and J0 is the zero-order Bessel function. This correlation func-
tion is in fact the average of phase delays between the two
antennas along different directions within the half-space angu-
lar spread. Within a smaller angular spread, the correlation

will become larger, leading to a worse MIMO performance,
see Fig. 3 (b). When the angular spread approaches 0, the
correlation will be close to 1, which is equivalent to the
line-of-sight (LOS) scenario in free space.
In three-dimensional (3-D) multipath environment, the

basic principle of the correlation model is similar, the receiv-
ing waves are also modeled as uniformly distributed plane
waves. However, the strengths of the received signals along
different θ are different, since the received signal from the
k�−direction plane wave would be exp(jk� · rn)d�, where
rn denotes the position of the receiving antenna, as demon-
strated in Fig. 4 (a). Hence, the superposed plane waves
should multiply the weight of sin θ , which is the same as
the integral over solid angle � in calculating envelope cor-
relation coefficient (ECC) between antennas [49]. When the
angular spread is half space (θ = 0 − 90◦, φ = 0 − 360◦),
the expression for 3-D correlation function is close to
R3D = sinc(k0d) after normalizations [50]. The 3-D cor-
relation functions under different ranges of θ are depicted
in Fig. 4 (b), the null points of correlations are shifted
under different angular ranges, which are quite different
from the 2-D cases in Fig. 3 (b). In practice, the signal
received by one antenna is simultaneously determined by
its embedded radiation pattern (taking into mutual cou-
pling) and angular spread, which will be further discussed in
Section IV.

B. DOF MODEL
As depicted in Fig. 5, the physical size of a planar antenna
array is L × L, which can be regarded as an equivalent
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FIGURE 4. Antenna correlation model in 3-D multipath environments. (a) Illustration of the differential of solid angle (d�), the received signal from the k�−direction plane wave
would be exp (jk� · rn)d�, where rn denotes the position of the receiving antenna. (b) 3-D correlation functions under different ranges of θ .

band-limited source function J(r′). The far-field radiation
pattern of this source can be calculated with a dyadic Green’s
function as

Efar(k) = −jωμ0
e−jk0r

4πr

∫

v

(
aθaθ + aϕaϕ

) · J(r′)

exp
(
jk · r′)dr′, (2)

where aθaθ and aϕaϕ represent the θ and ϕ components
of unit dyadic, and k is the wave vector in free space.
Obviously, the transformation from near-field (spatial domain)
to far-field (wavenumber domain) is a Fourier transform
(FT), and the reverse process is an inverse Fourier transform
(IFT). Hence, the minimum resolutions along one direction in
wavenumber and spatial domains would be 
k = 2π/L and

L = 2π/2k0 = λ0/2, respectively. When the angular spread
of the incoming wave is complicated (non-isotropic scattering
environment), the largest length (or area) in angular domain
will become smaller, indicating that the resolution of spatial
domain will become worse according to the FT, and the ele-
ment spacing to reach the DOF limit will only be larger than
λ0/2. Therefore, the λ0/2 element spacing is generally suffi-
cient for capturing all the information brought by EM waves
coming from far field (although the embedded radiation pat-
terns and angular spread are complicated in practice), unless
the available wavenumber domain is expanded, like radiative
near-field communications based on evanescent waves [51].
Furthermore, we can easily deduce the DOF limit of a

MIMO system in isotropic (half space) multipath environ-
ment. According to Fig. 5, the resolution area for one EM
mode in wavenumber domain would be (
k)2, and the total
available wavenumber area is defined by

k2
x + k2

y < k2
0, (3)

then the number of independent scattering channels (DOF
limit) can be estimated by a division between the
wavenumber area (red circle in Fig. 5) and the minimum

FIGURE 5. Theoretical resolution limits in spatial and wavenumber domains.
Transformation from near field (spatial domain) to far field (wavenumber domain) is
essentially a Fourier transform (FT), and the reverse process is an inverse Fourier
transform (IFT). The wavenumber area (red circle) is defined by k2

x + k 2
y < k 2

0 for
propagating waves.

resolution area (
k)2, which yields

DOF ≤ πk2
0

(
k)2
= πL2

λ2
0

. (4)

C. EFFICIENCY MODEL
Radiation efficiency is a vital factor in evaluating capacity of
MIMO antenna arrays, which may not be considered in some
wireless communication models. To deduce the efficiency
model, one should be aware that the maximum gain of an
array element in a phased array is bound by its physical
size according to Hannan’s limit [38]. It has been found that
Hannan’s limit can well describe the decrease of efficiency
brought by mutual coupling at small element spacing [39].
We assume that the shape of array element is rectangular,
with the length of dx along the x−axis and the length of dy
along the y−axis. The maximum available gain of such an
array element in a phased array is Gemb = 4πdxdy/λ2

0 [38].
At small element spacing, the radiation pattern of antenna
would appear as a cos θ shape. As a result, the directivity is
the integral of the radiated power over �, which yields the
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directivity Demb ≈ 4 (≈ 6 dBi). Finally, the upper bound of
the embedded antenna efficiency becomes

eemb = Gemb
Demb

= πdxdy
λ2

0

. (5)

In consequence, when the antenna number is increasing in a
space-constrained MIMO system, the reduction of element
size will lead to the decrease of antenna efficiency char-
acterized by (5). We will show in the following numerical
examples that (5) is quite accurate compared with practi-
cal antenna efficiencies obtained from full-wave simulations.
Interestingly, it can be found that the efficiency limit given
by (5) is the same as the DOF limit given by (4) [40], indi-
cating that the performances of MIMO communications are
fundamentally bounded by the physical sizes of both array
and element.

IV. PRACTICAL MIMO PERFORMANCES
In this paper, we evaluate the practical performance of
MIMO antenna arrays under the Vertical-Bell-Labs-Space-
Time (V-BLAST) architecture [2], where the transmitting
side is ideal (the antennas are uncorrelated and their effi-
ciencies are 1). The channel matrix is unknown to the
transmitters, and the transmitting power is equally allocated.
This architecture allows us to focus on the element spacing
and antenna characteristics at the receiving side. Assuming
that there are Nt transmitting antennas and Nr receiving
antennas (Nt = Nr), the ergodic capacity incorporating
receiving antenna effects can be written as [24], [36]

C = E

{
log2

[
det

(
I + γ

Nt
RHwHH

w

)]}
, (6)

where E represents the mathematical expectation, H is the
Hermitian operator, and I is the identity matrix. Moreover,
γ is the fixed total signal-to-noise ratio (SNR), the entries of
Hw (matrix dimension is Nr×Nt) are independent and identi-
cally distributed (i.i.d.) complex Gaussian variables denoting
spatially white MIMO channel. One should pay special atten-
tion to the normalization of Hw when evaluating the MIMO
systems built with aperture-constrained arrays. Usually, the
Hw is normalized by making ‖Hw‖2

F = NtNr for fair compar-
isons [2], [52], where the NtNr represents the array gain (or
power gain) of the MIMO channel.1 However, the receiving
array gain of an aperture-constrained array will not further
increase when the element spacing becomes smaller than
λ0/2 [52] (assuming that the array gain is equal to the num-
ber of antennas before reaching the λ0/2 spacing). Hence,
the Hw should be normalized by

‖Hw‖2
F =

{
NtNr, element spacing > λ0/2
NtNλ0/2, element spacing ≤ λ0/2

(7)

where Nλ0/2 is the number of receiving antennas at λ0/2
element spacing and ‖ · ‖F denotes the Frobenius norm.

1. This is a frequently-used assumption in MIMO communications, the
antennas are simplified as isotropic point sources, and the element spacing
is an integer multiple of λ0/2. Therefore, the array gain is simply equal to
the number of antennas (assuming the antennas are lossless).

The covariance matrix R is constructed by the entry-wise
product between the correlation matrix � and the embedded
efficiency matrix �

R = � ◦ �. (8)

The correlation matrix incorporating mutual coupling is [53]

� =

⎡

⎢⎢⎢
⎣

1 ρ12 · · · ρ1Nr
ρ∗

12 1 · · · ρ2Nr
...

...
. . .

...

ρ∗
1Nr

ρ∗
2Nr

· · · 1

⎤

⎥⎥⎥
⎦

, (9)

where

ρmn =
∮
Gmn(�)d�

√∮
Gmm(�)d�

√∮
Gnn(�)d�

, (10)

with

Gmn(�) = κEθm(�)E∗
θn(�)Pθ (�)

+ Eφm(�)E∗
φn(�)Pφ(�), (11)

Eθ (�) and Eφ(�) are the θ− and φ−polarized embedded
radiation patterns, � represents the solid angle, P(�) is the
angular power spectrum, and κ is the cross-polarization dis-
crimination (XPD). We assume the XPD is 1, and P(�) = 1
over all the solid angles, which represents an isotropic-
scattering polarization-balanced multipath environment. The
embedded efficiency matrix � is expressed by

� = √
e
√
e
T
, (12)

with

e = [
eemb1, eemb2, . . . , eembNr

]T
, (13)

where the embedded radiation efficiency of the nth antenna
is calculated by the S parameters assuming negligible ohmic
loss

eembn = 1 − |S1n|2 − |S2n|2 − · · · − ∣∣SNrn
∣∣2

. (14)

It is worthy of mentioning that the embedded radiation effi-
ciency is in fact deduced from the average of active S
parameters over all the solid angles [38], [39], [45].

V. NUMERICAL RESULTS
Numerical investigations of the effects of mutual coupling
are demonstrated based on the 1-D antenna array in Fig. 1(c),
and the antennas are uniformly distributed along the x−axis
within a fixed length Lx = dx ×Nx = 2λ0, Nx is the number
of receiving antennas along the x−axis. Through full-wave
simulations empowered by commercial software CST MWS,
embedded radiation patterns and efficiencies of the elements
are extracted for evaluating the practical performances of
the whole MIMO arrays, which are then compared to the
analytical models and limits. For the correlation model with-
out mutual coupling, the embedded radiation pattern of each
antenna is the same as the radiation pattern of a single iso-
lated antenna, but with an additional phase delay over each
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FIGURE 6. Diversities of the receiving arrays in different scenarios.

solid angle. If we write the radiation pattern of the isolated
antenna as Eiso(�), the embedded radiation pattern of the
nth antenna would be

E(�) = Eiso(�) exp(jk� · rn), (15)

where k� is the wave vector along the � direction, and
rn is the position of the nth antenna. Besides, the DOF
performance is conveniently characterized by the diversity
instead of counting significant eigenvalues [54]. The diversity
of a MIMO array can be calculated by

�(�) =
(

tr(�)

‖�‖F

)2

=
(∑

i σi
)2

∑
i σ

2
i

, (16)

where tr(·) represents the trace operator and σi is the ith
eigenvalue of the correlation matrix �. At the receiving side,
the diversity represents the equivalent number of uncorrelated
antennas of the receiving array.

A. EFFECT OF MUTUAL COUPLING ON DOF
The DOF performances in different scenarios are character-
ized by the diversities demonstrated in Fig. 6. At this array
size (Lx = 2λ0), it can be observed that the mutual cou-
pling will slightly enhance DOF at small element spacing,
as the deformations of embedded radiation patterns may lead
to lower correlations between antennas [55]. With increas-
ing antenna number, the tendencies of the diversities with
and without mutual coupling are almost the same, i.e., the
DOF cannot significantly increase when the antenna number
is larger than 2Lx/λ0 + 1. Therefore, even for holographic
MIMO communications with strong mutual coupling, ignor-
ing the mutual coupling will not bring large errors in the
analysis of DOF. Meanwhile, the effect of mutual coupling
on DOF will become negligible when the array size becomes
larger [42]. When the mutual coupling is ignored, we can
observe that the diversities calculated with isotropic radiation
patterns are slightly larger than that calculated with isolated
patterns, because the non-isotropic radiation pattern of an
isolated antenna is equivalent to a smaller angular spread.

FIGURE 7. Embedded radiation efficiencies of the array elements obtained from
full-wave simulations, where the lengths of solid lines along the x−axis denote the
numbers of antennas.

B. EFFECT OF MUTUAL COUPLING ON RADIATION
EFFICIENCY
The embedded radiation efficiencies obtained from simu-
lated S parameters are depicted in Fig. 7. As expected,
the efficiencies will drop quickly when the antenna num-
ber is increasing, especially for the antennas around the
central region (power will be coupled to nearby antennas).
Notice that the working frequency of the antenna array
will shift to high frequencies due to mutual coupling, the
errors brought by this frequency shift should be taken into
account when the bandwidths of the array elements are nar-
row. Then, we compare the average efficiencies obtained
from full-wave simulations and Hannan’s limit, as shown
in Fig. 8. Regarding Hannan’s limit, the average antenna
efficiency is taken as 0.95 when the antenna number is
smaller than 2Lx/λ0 + 1, assuming the antennas can main-
tain relatively high efficiencies at large element spacing. It
can be found from Fig. 8 that the decreasing tendencies
of the efficiencies are almost the same at small element
spacing (Nx > 2Lx/λ0 + 1), and the efficiencies given by
Hannan’s limit actually indicate an upper bound. Hence, it
would be effective and convenient to apply Hannan’s limit
to model the decrease of efficiency in holographic MIMO
communications.

C. EFFECT OF MUTUAL COUPLING ON CAPACITY
According to (6-16), the channel capacities in different sce-
narios are calculated based on both full-wave simulations and
analytical methods. As shown in Fig. 9, the mutual coupling
is generally detrimental to the capacity of a MIMO commu-
nication system. When the element number becomes larger
than 2Lx/λ0 +1, the DOF will not further increase, however,
the radiation efficiencies will keep decreasing, which results
in a decreasing capacity. As a consequence, the holographic
MIMO communications, or the tightly-coupled arrays, are
hard to bring extra benefit compared to traditional uni-
form arrays with nearly λ0/2 element spacing. Although
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FIGURE 8. Average embedded radiation efficiencies obtained from full-wave
simulations and Hannan’s limit, and the efficiencies in Hannan’s limit are regarded as
0.95 when antenna number Nx < 2Lx /λ0 + 1.

FIGURE 9. Capacities of the aperture-constrained MIMO systems in different
scenarios, total SNR γ = 10 dB.

the working bandwidth could increase through the tightly-
coupling technology [56], [57], [58], the dramatic decrease
of efficiency would be fatal for MIMO applications.
We can also find the reasonable applicability of Hannan’s

limit at small element spacing. In Fig. 9, the capacities incor-
porating the Hannan’s limit without coupling are almost the
same as the practical full-wave simulation results. Although
the efficiencies given by Hannan’s limit are slightly higher
than the practical values, the DOF without coupling is also
slightly smaller than the practical DOF. Consequently, syn-
thesizing the analytical expressions of DOF and Hannan’s
efficiency would obtain a capacity pretty close to the practi-
cal value. Therefore, in the channel modeling of holographic
MIMO communications, (5) can be readily embedded for
accurately characterizing the antenna effects at small element
spacing.

VI. CONCLUSION
In this paper, we investigate how the mutual coupling
affects the capacity of holographic MIMO system from the

perspectives of DOF and radiation efficiency. The princi-
ples of correlation, DOF and efficiency are discussed with
detailed analytical models, then numerical examples based
on printed dipole arrays are illustrated to compare the prac-
tical MIMO performances with the analytical models. In
the presented numerical results, the strong mutual coupling
will slightly enhance DOF, but dramatically decrease antenna
efficiency at small element spacing. Synthesizing the influ-
ences of coupling on DOF and efficiency will finally yield a
reduced capacity when the element spacing is smaller than
nearly half wavelength. Even if ideal decouplings are made,
the DOF limit of a space-constrained MIMO system cannot
be broken with planar antenna arrays. Future explorations for
breaking the DOF limit may consider new array architectures
to better match both spatial and spectral characteristics of
incoming waves in different communication channels. The
new architectures include multi-layered antenna arrays with
optimized spatial topology and reconfigurable antenna arrays
with tunable angular spread.
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