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Abstract—Recently, the concept of holographic multiple-input
multiple-output (MIMO) is emerging as one of the promising
technologies beyond massive MIMO. Many challenges need to
be addressed to bring this novel idea into practice, including
electromagnetic (EM)-compliant channel modeling and accurate
performance evaluation. In this paper, an EM-compliant channel
model is proposed for the holographic MIMO systems, which is
able to model both the characteristics of the propagation channel
and the non-ideal factors caused by mutual coupling at the
transceivers, including the antenna pattern distortion and the
decrease of antenna efficiency. Based on the proposed channel
model, a more realistic performance evaluation is conducted to
show the performance of the holographic MIMO system in both
the single-user and the multi-user scenarios. Key challenges and
future research directions are further provided based on the
theoretical analyses and numerical results.

Index Terms—Holographic MIMO, massive MIMO, channel
modeling, performance evaluation, electromagnetic information
theory.

I. INTRODUCTION

In the past ten years, owing to the contributions from
both academia and industry, massive multiple-input multiple-
output (MIMO) technique has been well developed and greatly
improved the performance of 5G cellular networks [1]. In the
future 5G-Advanced and 6G cellular networks, new applica-
tions are rapidly emerging, which require much higher data
rate, lower latency, and higher reliability [2].

In order to tackle these new challenges in the future wireless
communication systems, the concept of holographic MIMO
is proposed recently [3]. By integrating an infinite number
of antennas into a limited surface, holographic MIMO is
expected to fully exploit the propagation characteristics offered
by the electromagnetic channel and approach the fundamental
performance limit [4]. Although it is an emerging technique,
lots of attention has been attracted from both academia and
industry. In [5], the capacity of a single-user holographic
MIMO system is investigated. In [6], the degree of freedom
of a single-user holographic MIMO system is analyzed. Then
in [7], a channel estimation scheme is proposed to achieve
higher accuracy for the holographic MIMO system.

In holographic MIMO, one of the key challenges is the
accurate channel modeling. In [8], a Fourier plane-wave series
expansion-based channel model is proposed for holographic

MIMO systems. Based on the Fourier spectral representa-
tion, it provides a physically meaningful model capturing the
propagation characteristics of the electromagnetic (EM) wave.
In [9], the authors extend the Fourier plane-wave channel
model to a multi-user scenario and the achievable rate is fur-
ther investigated. While the isotropic scattering environment is
considered in [8], [9], the non-isotropic scattering environment
is further modeled in [10]. However, how to determine the
non-isotropic angular power spectrum based on the realistic
channel statistics remains an open problem [10]. Moreover,
when the antenna elements are closely deployed, strong mutual
coupling among the elements will cause non-ideal factors at
the transceivers, including the distortion of antenna patterns
and the decrease of antenna efficiency [11], [12]. These factors
are not taken into consideration in the state-of-the-art channel
models [8]–[10], however, they will have significant impact
on the performance of the holographic MIMO systems.

In this paper, we try to bridge this gap by proposing an
EM-compliant channel model for holographic MIMO, which
is able to model both the characteristics of the propagation
channel and the non-ideal factors at the transceivers caused
by antenna mutual coupling. The contributions of this paper
can be summarized as follows:

• An EM-compliant channel model is proposed for the
holographic MIMO systems. Based on the von Mises-
Fisher (VMF) distributions [13] and the 3GPP TR 38.901
channel model [14], a realistic angular power spectrum
is modeled, which has intuitive physical meaning and is
more consistent with the realistic environment.

• The non-ideal factors caused by antenna mutual coupling
at the transceivers are taken into consideration, including
the antenna pattern distortion and the decrease of antenna
efficiency.

• Using the proposed channel model, a more realistic per-
formance evaluation is conducted in both the single-user
and multi-user scenarios. Simulation results are provided
to show the performance and technical challenges for the
future holographic MIMO systems.

The rest of this paper is organized as follows. In Section II,
the Fourier plane-wave series expansion-based channel model
for holographic MIMO is briefly reviewed. In Section III, the
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Fig. 1. Illustration of the proposed EM-compliant channel model for holographic MIMO systems, including the characteristics of the propagation environment
and the non-ideal factors at the transceivers.

proposed EM-compliant channel model is explained in detail.
Then based on the proposed channel model, the performance
of holographic MIMO is evaluated and the simulation results
are provided in Section IV. Finally, conclusions are drawn in
Section V.

Notation: Column vectors and matrices are denoted by low-
ercase and uppercase boldface letters. Conjugate transposition
is denoted by (·)H. Cardinality of a set is denoted by | · |.
Frobenius norm is denoted by ‖ · ‖. The p-th element of a
vector, and the element at the p-th row and the q-th column
of a matrix are denoted by [·]p and [·]p,q , respectively.

II. FOURIER PLANE-WAVE SERIES EXPANSION-BASED
CHANNEL MODEL

In this section, we briefly introduce the Fourier plane-wave
series expansion-based channel model for holographic MIMO
systems, which is a spatially-stationary small-scale fading
channel model proposed in [8]–[10].

We consider a holographic MIMO system equipped with
uniform planar arrays at both the base station (BS) and the
user equipment (UE). The width and height of the arrays at
BS and UE are denoted by {LS,x, LS,y} and {LR,x, LR,y},
respectively. NS and NR antenna elements are deployed
with spacing {∆S,x,∆S,y} and {∆R,x,∆R,y} at BS and UE.
The coordinates of the antenna elements are represented by
sp = (spx, s

p
y, s

p
z), p = 1, 2, · · · , NS and rq = (rqx, r

q
y, r

q
z), q =

1, 2, · · · , NR, respectively. The central frequency and wave-
length are denoted by fc and λ.

Based on the Fourier plane-wave series expansion, the
channel matrix H ∈ CNR×NS can be expressed as

H =
√
NRNS×∑

lx,ly

∑
mx,my

Ha(lx, ly,mx,my)aR(lx, ly)aH
S (mx,my),

(1)

where aS(mx,my) and aR(lx, ly) denote the phase-shifted 2-
dimensional Fourier harmonics with

[aS(mx,my)]p =
1√
NS

e
−j

(
2πmx
LS,x

spx+
2πmy
LS,y

spy+γS(mx,my)spz

)
,

(2)
and

[aR(lx, ly)]q =
1√
NR

e
j
(

2πlx
LR,x

rqx+
2πly
LR,y

rqy+γR(lx,ly)rqz

)
, (3)

where γS(mx,my) =
√

( 2π
λ )2 − ( 2πmx

LS,x
)2 − (

2πmy
LS,y

)2 and

γR(lx, ly) =
√

( 2π
λ )2 − ( 2πlx

LR,x
)2 − (

2πly
LR,y

)2.
In (1), Ha(lx, ly,mx,my) is the random Fourier coefficient

with Ha(lx, ly,mx,my) ∼ CN (σ2(lx, ly,mx,my)). The vari-
ance σ2(lx, ly,mx,my) can be further derived as

σ2(lx, ly,mx,my) =

∫∫
ΩR(lx,ly)

A2(θR, φR) sin θRdθRdφR×∫∫
ΩS(mx,my)

A2(θS, φS) sin θSdθSdφS,

(4)



where A2(θS, φS) and A2(θR, φR) denote the angular power
spectrum at BS and UE, respectively. {θS, φS} and {θR, φR}
denote the elevation angle and the azimuth angle at BS
and UE, respectively. ΩS(mx,my) and ΩR(lx, ly) are the
integration region, the details of which can be found in [8].

According to [8], the Fourier coefficient Ha(lx, ly,mx,my)
is non-zero only within the lattice ellipse

ES =

{
(mx,my) ∈ Z2 :

(
mxλ

LS,x

)2

+

(
myλ

LS,y

)2

≤ 1

}
, (5)

and

ER =

{
(lx, ly) ∈ Z2 :

(
lxλ

LR,x

)2

+

(
lyλ

LR,y

)2

≤ 1

}
, (6)

at BS and UE, respectively. We denote the cardinalities of
the sets as nS = |ES| and nR = |ER|. Therefore, the channel
matrix H in (1) can be further written as

H = URHaU
H
S , (7)

where Ha ∈ CnR×nS collects all the non-zero elements
Ha(lx, ly,mx,my). US ∈ CNS×nS collects the corresponding
nS Fourier harmonics defined in (2), and UR ∈ CNR×nR

collects the corresponding nR Fourier harmonics defined in
(3).

III. EM-COMPLIANT CHANNEL MODEL

In the above section, the Fourier plane-wave series
expansion-based channel model is briefly reviewed, which
provides a physically-meaningful and tractable channel model
for holographic MIMO systems [8]–[10]. However, the angular
power spectrum needs to be modeled according to realis-
tic channel statistics. Moreover, the non-ideal factors at the
transmitter and the receiver need to be considered. When the
antenna elements are closely deployed, strong mutual coupling
among the elements will arise. According to [11], the non-ideal
factors caused by the mutual coupling include the distortion
of antenna patterns and the decrease of antenna efficiency.

In this section, we try to bridge this gap by proposing an
EM-compliant channel model based on the Fourier plane-wave
series expansion-based model. In the proposed channel model,
the angular power spectrum of the propagation environment,
the distortion of antenna patterns, and the decrease of antenna
efficiency are jointly considered to provide a more realistic
channel model for the holographic MIMO systems. An illus-
tration of the proposed model is shown in Fig. 1.

A. Angular Power Spectrum

In the Fourier plane-wave series expansion-based chan-
nel model, the angular power spectrum A2(θS, φS) and
A2(θR, φR) characterize the propagation of EM wave in the
environment. In [8] and [9], only the isotropic propagation is
considered with A2(θS, φS) = A2(θR, φR) = 1. In [10], the
non-isotropic environment is modeled by the mixture of VMF
distributions [13]. However, only two clusters of scatters are
considered, which is not consistent with the realistic channels.

In this subsection, we combine the VMF distributions and the
measurement results from the 3GPP TR 38.901 standard [14]
to build a more realistic angular power spectrum for the
channel model.

Suppose there are Nc clusters of scatters in the environment
between BS and UE. The angular power spectrum at BS and
UE can be modeled by a mixture of Nc VMF distributions

A2
S(θS, φS) =

Nc∑
i=1

wS,ipS,i(θS, φS), (8)

and

A2
R(θR, φR) =

Nc∑
i=1

wR,ipR,i(θR, φR), (9)

where wS,i and wR,i represent the normalization factor with∑Nc
i wS,i =

∑Nc
i wR,i = 1. pS,i(θS, φS) and pR,i(θR, φR)

represent the probability distribution function of the 3-
dimensional VMF distribution, which can be further given
by [15]

pS,i(θS, φS) =
αS,i

4πsinh(αS,i)
×

eαS,i(sin θS sin θ̄S,i cos(φS−φ̄S,i)+cos θS cos θ̄S,i),

(10)

and

pR,i(θR, φR) =
αR,i

4πsinh(αR,i)
×

eαR,i(sin θR sin θ̄R,i cos(φR−φ̄R,i)+cos θR cos θ̄R,i),

(11)

where {φ̄S,i, θ̄S,i} and {φ̄R,i, θ̄R,i} denote the elevation and
azimuth angles of the i-th cluster at BS and UE, respectively.
αS,i and αR,i denote the concentration parameters for the i-
th cluster, which determine the angular spread (AS) of each
cluster. AS is larger with smaller concentration parameter.
When αS,i = αR,i = 0, it represent the isotropic propagation
environment.

In 3GPP TR 38.901 standard [14], the cluster delay line
(CDL) model is defined for the link-level evaluations. In [14],
the azimuth angle of departure (AoD) φi,AoD, zenith angle
of departure (ZoD) θi,ZoD, azimuth angle of arrival (AoA)
φi,AoA, zenith angle of arrival (ZoA) θi,ZoA, angular spread
of departure (ASD) δASD, and angular spread of arrival (ASA)
δASA are provided based on practical measurements. There-
fore, it can be used as guidance to implement a more realistic
angular power spectrum for the channel. It can be derived by
setting φ̄S,i = φi,AoD, θ̄S,i = θi,ZoD, φ̄R,i = φi,AoA, and
θ̄R,i = θi,ZoA. The relation between AS and the concentration
parameters in VMF can be found in Appendix 3.1 in [15].
For small AS δASD < 21◦ and δASA < 21◦, the concentration
parameter can be derived by [15]

αS,i =
212.92

δ2
ASD

, αR,i =
212.92

δ2
ASA

(12)

For example, when refering to the CDL-B channel in [14],
the number of clusters should be set to Nc = 23. The angles
AoD, ZoD, AoA, ZoA, ASD, and ASA of each cluster can be
found in Table 7.7.1-2 in [14]. Based on the proposed model,
the overall angular power spectrum can be illustrated in Fig. 2.



Fig. 2. Illustration of the anglular power spectrum of the propagation channel
based on 3GPP CDL-B channel model. a) Anglular power spectrum at BS;
b) Anglular power spectrum at UE.

B. Antenna Pattern Distortion

When the antenna elements are closely spaced, the mutual
coupling among the antenna elements will distort the antenna
pattern of each individual element [11]. Firstly, the distorted
antenna pattern will be different from that of an isolated
element. Secondly, the distorted antenna patterns of different
elements will also be different based on the locations of the
elements in the array [11].

In the previous works of channel modeling for holographic
MIMO [8]–[10], this effect is neglected by assuming each
element has a uniform antenna pattern. In this subsection,
we involve the distortion of antenna pattern into the channel
modeling of holographic MIMO systems.

We denote the normalized embedded antenna pattern of
each individual antenna at BS and UE as FS,p(θS, φS) and
FR,q(θR, φR). For specific antenna arrays at BS and UE, the
antenna pattern can be obtained from electromagnetic com-
puting softwares. In the Fourier plane-wave series expansion-
based channel model, each Fourier harmonic aS(mx,my) and
aR(lx, ly) denotes a plane wave from a specific angle. Based
on this, a modified Fourier harmonic is proposed to take the
antenna pattern of individual element into consideration, which
can be expressed as

[ψS(mx,my)]p =
1√
NS

e
−j

(
2πmx
LS,x

spx+
2πmy
LS,y

spy+γS(mx,my)spz

)

× FS,p (θ∗S(mx,my), φ∗S(mx,my)) ,
(13)

and

[ψR(lx, ly)]q =
1√
NR

e
j
(

2πlx
LR,x

rqx+
2πly
LR,y

rqy+γR(lx,ly)rqz

)

× FR,q (θ∗R(lx, ly), φ∗R(lx, ly)) ,

(14)

where {θ∗S(mx,my), φ∗S(mx,my)} and {θ∗R(lx, ly), φ∗R(lx, ly)}
denote the corresponding elevation and azimuth angles for
the Fourier harmonics (mx,my) and (lx, ly) at BS and UE.
These angles can be further given by

θ∗S(mx,my) = arccos

√1−
(
mxλ

LS,x

)2

−
(
myλ

LS,y

)2
 ,

(15)

φ∗S(mx,my) = arctan

(
LS,xmy

LS,ymx

)
, (16)

θ∗R(lx, ly) = arccos

√1−
(
lxλ

LR,x

)2

−
(
lyλ

LR,y

)2
 , (17)

φ∗R(lx, ly) = arctan

(
LR,xly
LR,ylx

)
. (18)

When the uniform antenna pattern is used, which implies
FS,p(θS, φS) = FR,q(θR, φR) = 1, the modified Fourier
harmonics ψS(mx,my) and ψR(lx, ly) will be reduced to the
conventional Fourier harmonics aS(mx,my) and aR(lx, ly) in
(2) and (3), respectively.

Therefore, the overall channel matrix can be written as

H = ΨRHaΨ
H
S , (19)

where ΨS ∈ CNS×nS and ΨR ∈ CNR×nR collect the modified
Fourier harmonics with antenna pattern distortion defined in
(13) and (14), respectively.

C. Antenna Efficiency

In a dense antenna array with small element spacing, the
efficiency of the antenna elements will be decreased because
of the mutual coupling among them [11]. The reason behind
this is that due to the effect of mutual coupling, the active
impedance of each element varies with scan angles. The
impedance mismatch between the antenna elements and the
transmission lines causes the power to be returned to the
generators. Therefore, the efficiency is reduced [16].

We denote the S-parameter matrix of the antenna arrays
at BS and UE as SS ∈ CNS×NS and SR ∈ CNR×NR .
For a specific antenna array, this can be obtained from the
electromagnetic computing softwares. According to [17], the
efficiency of each antenna element can be estimated as

eS,p = 1−
NS∑
p′=1

‖[SS]p,p′‖2, (20)

and

eR,q = 1−
NR∑
q′=1

‖[SR]q,q′‖2, (21)



where eS,p and eR,q represent the efficiency of the p-th element
at BS and q-th element at UE.

In [16], [17], a relationship between the element effi-
ciency and the element spacing is established, which is called
Hannan’s efficiency. It shows that the maximum available
efficiency of an element in a dense array can be expressed
as

e∗S,p(∆S,x,∆S,y) =
πLS,xLS,y

NSλ2
=
π∆S,x∆S,y

λ2
, (22)

and

e∗R,q(∆R,x,∆R,y) =
πLR,xLR,y

NRλ2
=
π∆R,x∆R,y

λ2
, (23)

which mean that the element efficiency is proportional to
the area allocated to the element. In order to compare the
performance of the holographic MIMO with different antenna
spacing, we define a relative efficiency parameter ηS,p and ηR,q

to account for the relative element efficiency compared to the
classic array with half-wavelength element spacing. They can
be expressed as

ηS,p =
eS,p

e∗S,p(
λ
2 ,

λ
2 )
, (24)

and
ηR,q =

eR,q

e∗R,q(
λ
2 ,

λ
2 )
. (25)

Finally, when the antenna efficiency of each antenna el-
ement at BS and UE is accounted for, the overall channel
matrix can be given by

H = ΓRΨRHaΨ
H
S ΓS, (26)

where ΓS ∈ RNS×NS and ΓR ∈ RNR×NR are diagonal
matrices indicate the efficiency of each antenna element with
[ΓS]p,p = eS,p = ηS,pe

∗
S,p(

λ
2 ,

λ
2 ) and [ΓR]q,q = eR,q =

ηR,qe
∗
R,q(

λ
2 ,

λ
2 ).

IV. NUMERICAL RESULTS

In this section, the performance of the holographic MIMO
system is evaluated based on the proposed EM-compliant
channel model. The downlink channel capacities of the single-
user and multi-user holographic MIMO systems are investi-
gated in the following subsections.

A. Single-User Scenario

Firstly, the ergodic capacity with different antenna spacing
at BS and UE is analyzed. The central frequency is set to be
fc = 3.5 GHz. The width and height of the antenna arrays
at BS and UE are fixed as {LS,x, LS,y} = {4λ, 4λ} and
{LR,x, LR,y} = {λ, λ}, respectively. Equal element spacing is
adopted in the width and height with ∆S = ∆S,x = ∆S,y and
∆R = ∆R,x = ∆R,y . The number of antenna elements can be
calculated by NS = LS,xLS,y/∆

2
S and NR = LR,xLR,y/∆

2
R.

The proposed EM-compliant channel model in (26) is utilized.
In the non-isotropic scattering environment, the angular power
spectrum of VMF distribution is generated based on the CDL-
B channel in 3GPP TR 38.901 [14] with Nc = 23 clusters.
In the isotropic scattering environment, the parameters are
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Fig. 3. Ergodic capacity of a single-user holographic MIMO system with
different antenna spacing at BS and UE.

set to be Nc = 1 and αS,i = αR,i = 0. When the
antenna pattern distortion is considered, it is generated from
the electromagnetic computing softwares where each element
is modeled as a dipole antenna. Water filling power allocation
strategy is applied to maximize the single-user capacity. The
signal to noise ratio (SNR) is set to be 0 dB.

The ergodic capacity is analyzed through Monte Carlo sim-
ulations with 1000 channel realizations. Three main findings
can be summarized from the numerical results shown in Fig. 3.

• The characteristics of the scattering environment affect
the channel capacity. It is shown that the capacity in the
isotropic environment (dashed line) is much larger than
that in the non-isotropic environment (solid line) with the
same antenna spacing. The main reason is that the angular
spread in the isotropic environment is much larger, which
can provide more spatial degrees of freedom than the non-
isotropic environment.

• The antenna efficiency has significant impact on the
channel capacity of holographic MIMO. When the closely
spaced antenna elements have 100% relative efficiency,
which means ηS,q = ηR,q = 100%, integrating more
antenna elements into the limited antenna aperture can
increase the channel capacity. For example, when BS
and UE are equipped with λ/8 spacing elements, it can
achieve about 300% capacity gain. However, when the
efficiency deteriorates to 80%, the capacity gain will
reduce to about 200%. It is worth noting that when
the efficiency is limited by the area allocated to the
element according to Hannan’s efficiency [16], integrating
more antenna elements cannot provide any capacity gain,
which is because the array gain and multiplexing gain
by deploying more antenna elements will be completely
eaten by the decrease of the antenna efficiency.

• The antenna pattern distortion may also decrease the
channel capacity. It can be seen that when the distorted
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antenna pattern is applied (dotted line), the channel
capacity will decrease about 5% to 10% at the same
antenna efficiency.

B. Multi-User Scenario

Then, we further investigate the ergodic capacity of the
multi-user scenario. We consider a cellular sector with one
BS and K = 10 users. The users are uniformly distributed
in the sector within the angle of [−120◦, 120◦] and the dis-
tance of [25, 100] meters. The large-scale pathloss is modeled
according to the urban macro (UMa) scenario in 3GPP TR
38.901 [14]. The SNR for the user which is 50 meters from
BS is normalized to 0 dB. The iterative water-filling strategy
is adopted to calculate the multi-user sum capacity [18].

Similar conclusions can be drawn from the simulation
results in Fig. 4. When only the impact of the EM propa-
gation environment is considered, holographic MIMO is able
to increase the ergodic capacity when more closely spaced
antenna elements are used. However, the non-ideal factors at
the transceivers will prevent us from obtaining the whole ca-
pacity gain. These non-ideal factors have posed the following
challenges for designing a holographic MIMO system:

• Antenna Efficiency: The efficiency of the antenna element
is decreased because of mutual coupling and impedance
mismatch. Adaptive impedance matching networks and
super-gain antennas may be possible ways to increase
the element efficiency.

• Antenna Pattern Distortion: The distortion of individual
antenna patterns has negative impact of the beamforming
effect, which affect the overall capacity of the system.

• Channel Correlation: The angular power spectrum deter-
mines the channel correlation. Smart environment control
techniques may be needed to decrease the channel corre-
lation and increase the capacity.

These challenges should be carefully dealt with in the design
of holographic MIMO systems.

V. CONCLUSION

In this paper, an EM-compliant channel model has been
proposed for the future holographic MIMO communication
systems, which takes the characteristics of the scattering
environment, antenna pattern distortion, and antenna efficiency
into consideration. Based on the proposed channel model,
numerical simulations have been conducted to show the per-
formance of the holographic MIMO systems. Key challenges
are also highlighted to inspire further research into this fast
growing area.
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