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Abstract—The performance of holographic multiple-input
multiple-output (MIMO) communications, employing two-
dimensional (2-D) planar antenna arrays, is typically compromised
by finite degrees-of-freedom (DOF) stemming from limited array
size. The DOF constraint becomes significant when the element
spacing approaches approximately half a wavelength, thereby
restricting the overall performance of MIMO systems. To break
this inherent limitation, we propose a novel three-dimensional
(3-D) antenna array that strategically explores the untapped
vertical dimension. We investigate the performance of MIMO
systems utilizing 3-D arrays across different multi-path scenarios,
encompassing Rayleigh channels with varying angular spreads
and the 3 rd generation partnership project (3GPP) channels. We
subsequently showcase the advantages of these 3-D arrays over
their 2-D counterparts with the same aperture sizes. As a proof
of concept, a practical dipole-based 3-D array, facilitated by an
electromagnetic band-gap (EBG) reflecting surface, is conceived,
constructed, and evaluated. The experimental results align closely
with full-wave simulations, and channel simulations substantiate
that the DOF and capacity constraints of traditional holographic
MIMO systems can be surpassed by adopting such a 3-D array
configuration.

Index Terms—3-D antenna array, channel capacity, degree of
freedom, diversity measure, holographic multiple-input-multiple-
output (MIMO) communications.
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I. INTRODUCTION

THE multiple-input-multiple-output (MIMO) technology,
pivotal in wireless communications, has demonstrated

substantial capacity enhancement across diverse scenarios,
marking considerable success over the years [1], [2], [3]. In
the pursuit of augmenting MIMO communication performance,
several technologies have been developed. Some representative
technologies include massive MIMO communications [4], [5],
[6], [7], decoupling and decorrelation of MIMO arrays [8],
[9], [10], [11], reconfigurable intelligent surface (RIS) aided
MIMO communications [12], [13], and holographic MIMO
communications [14], [15], [16], [17], [18], [19], [20], [21], [22].
Holographic MIMO communications, an advanced iteration of
RIS, present promising avenues for research in the realm of
highly adaptable antennas by skillfully harnessing electromag-
netic (EM) waves [23], [24], [25], [26]. Notably, a holographic
MIMO array can comprise a large amount of antennas within
a compact aperture, and it has been substantiated to possess
numerous advantages [27].

However, the primary challenge associated with holographic
MIMO communications is the finite degrees-of-freedom (DOF)
constrained by array size [28]. Given that a holographic MIMO
array integrates a substantial number of antennas with sub-
wavelength inter-element spacing within a confined area, a
pronounced correlation emerges among the antennas, resulting
in performance degradation. To compensate for such an impaired
performance, an increase in array size is expected. Unfortu-
nately, in practice, the array sizes at the base stations or vehicles
are strictly confined due to wind drag, city planning, product
requirements, etc. Hence, exceeding the DOF limit is imperative
in further enhancing the performance of holographic MIMO.

In the pursuit of surpassing the DOF limit, it is necessary
to make clear the fundamental limits of holographic MIMO
communications. This analysis has been undertaken from dual
perspectives–both information and electromagnetic (EM)–to
provide a comprehensive understanding of the inherent limi-
tations [29], [30], [31], [32], [33], [34], [35], [36], [37]. In a
typical multi-path environment, the performance of a MIMO
system depends on both the power gain and the DOF gain [2].
The power gain is known as the beamforming gain, which is
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constricted by the aperture size of the array [38]. One famous
argument is Hannan’s limit [39], providing the closed-form
expression of the radiation efficiency limit of antenna elements
when more and more elements are placed into a constrained
planar aperture. In addition to the power gain, the DOF gain
usually attracts more attention when dealing with MIMO com-
munications. The EM DOF of a MIMO system refers to the
effective rank (the number of significant eigenvalues) of its cor-
relation matrix [2], the number of scattering channels [40], or the
number of available spatial EM modes [41], which characterizes
the spatial-multiplexing performance of the MIMO system. The
DOF of a MIMO system has been discussed based on various
models, including the general scattering method [29], [40], [42],
[43], [44], the Green’s function method [17], [30], [45], [46],
[47], the intuitive methods [41], [48], the plane-wave expansion
model [14], [23], etc. These models are essentially equivalent
but use different expansion bases of EM waves. As a summary,
the EM DOF limit of an aperture-constrained MIMO system
is considered to be only dependent on the surface area of the
transmitting/receiving space [29], [47], or the average scattering
cross-section [34], [35].

Therefore, one possible route to violate the DOF limit of holo-
graphic MIMO communications is to build a three-dimensional
(3-D) array, which explores the additional volume available in
the vertical dimension, and thus extra DOF. The performance of
a 3-D array has been examined in line-of-sight (LOS) scenar-
ios [49], [50], revealing marginal benefits at far field, but has not
yet been explored in rich-scattering environments. Also, some
similar concepts can be found in using the scatterers over the
MIMO array for realizing the de-correlation (thus improving
the DOF and capacity) [10], [11], and employing the stacked
intelligent metasurfaces for advanced computation and signal
processing tasks [51], [52]. As far as our knowledge extends,
neither the concept of breaking the DOF limit by using the 3-D
array nor the corresponding performance analyses have been
discussed before. In this work, a novel 3-D array topology is
proposed for breaking the DOF limit of holographic MIMO
systems built with two-dimensional (2-D) arrays. The contri-
butions of this paper can mainly be attributed to the following
three aspects:
� The theoretical analyses of the MIMO performances of

3-D arrays based on the 3-D Clarke and Kronecker models;
for example, comparing the performances of the 3-D and
2-D arrays with the same aperture size at different height
differences, element spacings, and angular spreads.

� A practical 3-D antenna array enabled by an electromag-
netic band-gap (EBG) reflecting surface is designed, fab-
ricated, and measured as a proof of concept.

� Assessments of the MIMO performances of the practical
3-D array are conducted in both Rayleigh channels with
varying angular spreads and 3 rd generation partnership
project (3GPP) channels.

A comprehensive exploration of the properties of the 3-D
array topology in various scenarios is presented in detail. The
findings reveal that the 3-D array holds significant promise as a
candidate for augmenting MIMO performance in the landscape
of future wireless communications.

TABLE I
PARAMETERS AND VARIABLES USED IN THIS PAPER

The rest of this paper is organized as follows. In Section II,
the methodology of the 3-D array, and the tools for evaluating
MIMO performance, i.e., the 3-D Clarke and Kronecker models,
are introduced. Next, the theoretical analyses are carried out
in Section III based on the two models. After that, the design,
simulation, and experimental validation of a practical 3-D ar-
ray, together with the discussion of its MIMO performances
in Rayleigh and 3GPP channels, are presented in Section IV.
Finally, some remarks and conclusions are given in Section V.
Table I summarizes a list of the frequently used parameters and
variables in this paper.

II. METHODOLOGY

The diagrams of the traditional 2-D array topology and the
proposed 3-D array topology are depicted in Fig. 1. Without
loss of generality, a one-row array is set up along the x-axis to
reduce the complexities of analysis and design. Rather than using
the traditional 2-D planar array with a perfect electric conductor
(PEC) reflector in Fig. 1(a), a height difference is introduced
between the nearby antennas for realizing the 3-D array in
Fig. 1(b). The lower antennas are close to the EBG surface while
the upper antennas maintain a suitable height difference, which
can be enabled by a well-designed EBG surface. In the 3-D
array, the spatial differences between the array elements are not
only along the transverse (x and y) directions, but also along the
longitudinal (z) direction.

Intuitively, the distance between the nearby antennas becomes
larger because of the introduced height difference, and thus the
spatial correlation between them will become lower (indicating
a larger DOF) because the spatial correlation between two anten-
nas is usually negatively correlated to the distance between them.
From another perspective, the area of the oblique projection of a
3-D array on the transverse plane is always larger than the area of
the aperture of a 2-D array, as illustrated in Fig. 2(a). The above
indicates that the additional volume along the vertical dimension
can be utilized for realizing an equivalently larger 2-D array.

Particularly, a remark regarding the far-field angular spectrum
analysis is given, as shown in Fig. 2(b). The angular domain
for propagating waves is defined as k2

x + k2
y ≤ k2

0, where k0

is the free-space wavenumber, kx and ky are the wavenumber
components along the x and y directions. Assuming a planar
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Fig. 1. Diagrams of the traditional 2-D antenna array and the proposed 3-D
antenna array, where a one-row array is set up for demonstration. (a) Traditional
2-D antenna array over a PEC surface, where the heights of antennas are the same.
(b) Proposed 3-D antenna array over an EBG surface and a height difference is
introduced between the nearby antennas.

surface with lengths Lx and Ly along the x and y directions,
the resolutions of the beams generated by this surface along kx
and ky at the far-field angular domain would be Δkx = 2π/Lx

andΔky = 2π/Ly . Then, the DOF limit can be easily estimated
by dividing the circular area (resource of angular domain πk2

0)
by the area of a dotted rectangle (resolution of a beam in
angular domain ΔkxΔky) [41]. In this analysis, the resolu-
tions Δkx = 2π/Lx and Δky = 2π/Ly are the same for the
beams towards different directions. In fact, the resolutions for
beams towards large angles would be worse, since the resolu-
tions would depend on the projection areas of the array along
different directions, as shown in Fig. 2(a). Hence, the resource of
angular domain is fixed for any far-field communication, while
the 3-D array topology is expected to improve the resolutions
of beams towards large angles, thus bringing more DOF for
MIMO communications. To further explore the properties of 3-D
array, including the benefits and drawbacks, the 3-D Clarke and
Kronecker models are first used for characterizing their MIMO
performances, as discussed below.

A. 3-D Clarke Model

Based on the 3-D Clarke model [53], [54], the correlations
between antennas in a Rayleigh fading environment can be
analytically modeled for the theoretical analysis of MIMO per-
formance. In the Clarke model, the antennas are simplified as

Fig. 2. Intuitive explanations of the benefits from a 3-D antenna array.
(a) Under the incidence of a large-angle plane wave with the direction of k,
the 3-D array would have a larger projection area compared to the 2-D array.
(b) In the angular spectrum analysis of the DOF limit, the blue circle with the
radius of k0 represents the available angular spectrum resource, Δkx and Δky
denote the resolutions along the x and y directions. The 3-D array would have
better resolutions compared to the 2-D array at large angles.

Fig. 3. Illustration of the angular spread, where the plane waves are uniformly
distributed in an angular range characterized by θ.

point receivers, and the incident waves are modeled as uniformly
distributed far-field plane waves. The angular spread of the
incident waves can be modified for approximately characterizing
different scattering environments, as the spatial correlation is
dominated by the angular spread, but not the specific distribution
of the incident waves [55]. An illustration of angular spread is
depicted in Fig. 3, and the mean incident angle is taken along the
broadside of the array. The total signal received by one antenna
can be regarded as the integral of these received plane waves
along solid angles (with a sufficient number of plane waves).
Therefore, one can easily formulate the correlation between the
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two antennas at the positions rm and rn by

ρnm =
1
N

∫
Ω

exp (jkΩrn − jkΩrm) dΩ, (1)

where N is the number of arriving plane waves, Ω represents
the solid angles of the plane waves within the angular spread,
and kΩ denotes the wave vector along the Ω direction. Then, the
correlation matrix Φ of the array can be obtained for evaluating
the MIMO performance, i.e., the DOF and capacity. Complex
Gaussian variables can be introduced for characterizing thermal
noise, but will not affect the correlations.

DOF indicates the spatial multiplexing performance of a
MIMO communication system; in (7.12) of reference [2], DOF
is defined as the rank of correlation matrix, i.e., the number of
significant eigenvalues. Physically, these eigenvalues are related
to the EM eigenmodes generated from the array [56].

The DOF limit of a MIMO system is generally dependent on
the size of array but not the antenna number, where the eigen-
values corresponding to the saturated antennas are too small to
contribute to DOF [41]. Other than DOF, the diversity measure 1

is also frequently used for characterizing the spatial multiplexing
performance [9], [30], [57], [58], also called effective DOF.
Diversity measure Ψ, which can approximately represent the
equivalent number of isolated antennas of a MIMO array, can
be calculated by [57]

Ψ(Φ) =

(
tr (Φ)

‖Φ‖F

)2

=
(
∑

i σi)
2∑

i σ
2
i

, (2)

where tr(·) represents the trace operator and σi is the ith
eigenvalue of the correlation matrix Φ. From (2), we can find
that both DOF and diversity can well characterize the limit of
spatial multiplexing, since no more eigenvalues can contribute
to the increase of diversity measure after reaching the limit.
The concept of DOF is more physically intuitive compared to
the diversity. However, the diversity would be more helpful to
capacity estimation, since the number of equivalent isolated
antennas is quite straightforward when characterizing a practical
MIMO array. Both the DOF and diversity can be used for well
capturing the performance limit of spatial multiplexing, i.e., the
limited number of significant eigenvalues of correlation matrix.
In this work, we choose to use the diversity measure due to
its engineering convenience, and the diversity measure used
here should also be distinguished from the antenna diversity
for stabilizing wireless link. To avoid any confusion, we have
clearly clarified the definitions of the DOF and diversity, since
the definitions of these terms may be discrepant in different
works or societies.

Furthermore, we evaluate the capacity of MIMO systems
under the vertical-bell-labs-space-time (V-BLAST) architec-
ture [2], where the transmitting side is ideal (the antennas are
uncorrelated and their efficiencies are equal to 1). The channel
matrix is unknown to the transmitters, and the transmitting power

1Antenna diversity is a scheme that sends multiple copies of a signal to
improve the reliability of data reception. The diversity measure here works as
an indicator for the performance of MIMO spatial multiplexing, but can also be
regarded as a measurement of antenna diversity, since they are closely related.
For example, if the antennas are highly correlated, they are equivalent to much
fewer independent antennas when using antenna diversity.

is equally allocated. This architecture allows us to focus on the
characteristics of the array at the receiving side. The ergodic
capacity incorporating antenna effects can be written as [59]

C = E

{
log2

[
det

(
I+

γ

Nt
RHwH

H
w

)]}
, (3)

where E represents the mathematical expectation, H is the
Hermitian operator, the covariance matrix R equals Φ in the
Clarke model (ideal antenna efficiencies), and I is the identity
matrix. Moreover, Nt and Nr are the number of transmitting
and receiving antennas (Nt = Nr is assumed here for the con-
venience of analysis), γ is the fixed total signal-to-noise ratio
(SNR), and the entries of Hw are independent and identically
distributed (i.i.d.) complex Gaussian variables. Usually, the
Hw is normalized by making ‖Hw‖2

F = NtNr for fair com-
parisons [2], [60], where the NtNr represents the array gain
(or power gain) of the MIMO channel. 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. Under this assumption, the array
gain is simply equal to the number of antennas (assuming the
antennas are lossless). However, the receiving array gain of
an aperture-constrained array will not further increase when
the element spacing becomes smaller than λ0/2. Hence, the
Hw is normalized by making E{‖Hw‖2

F } = NtNr when the
element spacing is larger than half wavelength, and making
E{‖Hw‖2

F } = NtNλ0/2 otherwise [17], [60], where Nλ0/2 is
the number of antennas at λ0/2 element spacing.

B. Kronecker Model

For practical antenna arrays, the deformation of radiation pat-
terns and the decrease of radiation efficiencies caused by mutual
coupling are required to be taken into consideration [59], [61],
[62]. The covariance matrix R is constructed by the entry-wise
product between the correlation matrix Φ and the embedded
efficiency matrix Ξ, i.e.,

R = Φ ◦Ξ. (4)

The correlation matrix incorporating mutual coupling is [63]

Φ =

⎡
⎢⎢⎢⎣

1 ρ12 · · · ρ1Nr

ρ∗21, 1 · · · ρ2Nr

...
...

. . .
...

ρ∗Nr1 ρ∗Nr2, · · · 1

⎤
⎥⎥⎥⎦ , (5)

where

ρmn =

∮
Gmn(Ω)dΩ√∮

Gmm(Ω)dΩ
√∮

Gnn(Ω)dΩ
, (6)

with

Gmn(Ω) = κEθm(Ω)E∗
θn(Ω)Pθ(Ω)+Eφm(Ω)E∗

φn(Ω)Pφ(Ω),
(7)

Eθ(Ω) and Eφ(Ω) are the θ− and φ−polarized embedded
radiation patterns, P (Ω) is the angular power spectrum, and κ is
the cross-polarization discrimination (XPD). The XPD is taken
as 1 (polarization-balanced), and P (Ω) could be used for char-
acterizing different angular spreads. The embedded efficiency
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Fig. 4. Diversity measure based on the 3-D Clarke model, and the array length
is fixed as 5λ0. (a) Diversities of the 3-D arrays with different h and antenna
numbers. (b) Diversities of the 3-D arrays with different h and angular spreads,
where the antenna number is fixed as 25.

matrix Ξ is

Ξ =
√
e
√
e
T
, (8)

with

e =
[
eemb

1 , eemb
2 , . . . , eemb

Nr

]T
, (9)

where the embedded radiation efficiency of the nth antenna
is calculated by the S parameters assuming negligible ohmic
loss [64]

eemb
n = 1 − |S1n|2 − |S2n|2 − · · · − |SNrn|2 . (10)

In the characterization of practical antenna arrays, the power
coupled to other ports is not regarded as the radiated power [65].

III. THEORETICAL ANALYSIS

We commence with the foundational Clarke model, wherein
antennas are approximated as isotropic point sources, and mutual
couplings are disregarded. In this section, the lengths of all the
arrays are fixed as 5λ0, and a height difference h is introduced
between the nearby antennas for realizing 3-D array (see Fig. 1),
and the 3-D array will degenerate into a 2-D array when h = 0.
The diversities of 3-D arrays in different scenarios are investi-
gated and presented in Fig. 4. In Fig. 4(a), it can be observed that
the diversity in 2-D case (h = 0) will not further increase when
element spacing reaches nearly 0.5λ0, which is the fundamental
DOF limit of conventional holographic MIMO communications.
However, the limit can be surpassed when a height difference
between the nearby antennas is introduced, and the diversity
keeps increasing until nearly 0.25λ0 element spacing. Moreover,
the diversities under different angular spreads are presented in
Fig. 4(b), where the increment of diversity brought by the 3-D
configuration is positively related to the angular spread. The Kro-
necker model can be used for taking into account the distorted
antenna radiation patterns. Rather than using the ideal isotropic
radiation patterns, we first take into account the distortion of
radiation patterns due to the 3-D antenna array topology, where
the radiation patterns of the lower and upper antennas would be
different. With a large height difference, side lobes are almost

Fig. 5. Diversity measure based on the Kronecker model, and the array length
is fixed as 5λ0. (a) Diversities of the 3-D arrays when h = 0 and h = 0.5λ0.
(b) Diversities of the 3-D arrays with different h and angular spreads, where the
antenna number is fixed as 25.

Fig. 6. Compared to using the 2-D array with the same aperture size, the
percentages of increases in diversity and capacity by using the 3-D array.

unavoidable for upper antennas according to the antenna array
theory [38]. A 0.5λ0 height difference is taken here for balancing
the antenna performance and DOF benefits, which is acceptable
for a practical MIMO array. The radiation patterns of the upper
and lower antennas are exported for performing the theoretical
analyses here. The corresponding antenna designs and radiation
patterns can be found in Figs. 8(b)–(c) and 11.

Based on the Kronecker model, the diversities of 3-D arrays
are calculated and presented in Fig. 5, showing that the DOF
limit can be broken by using the 3-D configuration, and the
increment brought by the 3-D array is largely dependent on the
angular spread. It should be noticed that the diversities of 3-D
arrays could be slightly lower than that of 2-D arrays without
enough antennas, as shown in Fig. 5(a). In this situation, the
performance of the 2-D array is close to saturation, while the
3-D array is still not well spatially sampled. The performance
limit should always be reached or exceeded with a sufficient
antenna number (i.e., holographic MIMO), and there may be
few benefits from the 3-D array when the antenna number is
not enough. For a better illustration, we plot the percentage of
increases in diversity and capacity brought by the 3-D array
compared to the 2-D array with the same aperture size in Fig. 6.
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Fig. 7. Unit cell of the EBG surface for enabling the proposed 3-D array
topology. (a) Side view of the double-layer EBG units, h1 = 1.83 mm, h2 =
1.57 mm. The relative dielectric constant of the substrate is εr = 2.2. (b) Top
view of the double-layer EBG units, l1 = 10.5 mm, l2 = 9.5 mm, p = 11 mm.
(c) Reflecting phase of the EBG surface obtained from full-wave simulations,
and a 0◦ reflecting phase can be realized at 2.45 GHz.

Fig. 8. Configuration of the 3-D antenna array. (a) Top view of a single antenna
element, L = 48 mm. (b) Side view of the lower antenna element. (c) Side view
of the upper antenna element, H = 61 mm, T = 1.57 mm. (d) Perspective view
of the 3-D antenna array.

Theoretically, i.e., ideal decouplings are made, the diversity
can be increased by 27%, and the capacity can be increased
by 9% (γ = 10 dB) and 22.5% (γ = 20 dB) in an isotropic
multi-path environment (angular spread is 90◦). In practical
applications, the angular spread may become smaller. When the
angular spread is 60◦, the diversity can still be increased by
12%, and the capacity can be increased by 4% (γ = 10 dB) and
15.5% (γ = 20 dB). Hence, the theoretical analyses put forth
in this study strongly suggest that the proposed 3-D configu-
ration successfully transcends the DOF limit, showcasing its
potential application for enhancing capacity across a multitude
of scenarios.

Fig. 9. Fabricated samples and experimental setup. (a) Fabricated EBG sur-
face. (b) Fabricated 3-D antenna array and testing environment.

IV. NUMERICAL AND EXPERIMENTAL VERIFICATIONS

A. Design of the 3-D Array

As a proof of concept, a practical 3-D array enabled by an
EBG surface is designed for verifying the above theoretical
analyses. To create the 0.5λ0 height difference while maintaining
acceptable antenna performances, a 0◦ reflecting phase should
be introduced by using the EBG surface at the working fre-
quency. The design of EBG surfaces has been well discussed in
literature [66], and a double-layer EBG surface is used here
for realizing the desired functions [67]. The diagram of the
utilized EBG structure is plotted in Fig. 7(a)–(b), and a 0◦

reflecting phase can be realized at 2.45 GHz in Fig. 7(c). To
reduce the complexities of design, simulation, and fabrication,
a microstrip dipole antenna is used here for facilitating the
procedure of verification, as shown in Fig. 8(a). The full-wave
models of the isolated upper and lower antennas are presented
in Fig. 8(a)–(c), and a perspective view of the constructed 3-D
array can be found in Fig. 8(d). Furthermore, the proposed
3-D array in Fig. 8(d) is fabricated and fully measured, the
fabricated samples and experimental setup are demonstrated in
Fig. 9.

B. Numerical and Experimental Results of the 3-D Array

1) Isolated Antenna: The reflection coefficients and far-field
radiation patterns of the isolated upper and lower antennasare
first investigated, as shown in Fig. 10. The simulated and
measured results agree well with each other, and the reflec-
tion coefficients are below −10 dB near the designed working
frequency, which fulfills the requirements for array elements.
Moreover, the electric-field patterns of the isolated antennas at
far field (reference distance is taken as 1 m) are demonstrated
in Fig. 11. It can be observed that the lower antenna maintains
a regular radiation pattern [68], while the upper antenna has
side lobes due to the introduced 0.5λ0 height difference. The
side lobes in the upper antenna are almost inevitable, since its
radiation pattern can be regarded as the end-fire radiation of
a two-element in-phase array with 1λ0 distance. To create a
larger height difference, directly increasing the height difference
is detrimental to radiation patterns; however, a multilayer 3-D
array would be more feasible. Moreover, the performances of
antennas in the 3-D array can be further improved by the antenna
and decoupling designs.

Authorized licensed use limited to: Zhejiang University. Downloaded on August 29,2024 at 03:37:14 UTC from IEEE Xplore.  Restrictions apply. 



11282 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 73, NO. 8, AUGUST 2024

Fig. 10. Simulated and measured reflection coefficients of the isolated lower
and upper antennas.

Fig. 11. Simulated and measured electric-field patterns of the isolated lower
and upper antennas at far field (reference distance is taken as 1 m), and the
unit is dB(V/m). The “Co-pol” and “Cro-pol” represent the co-polarized and
cross-polarized patterns, respectively. (a)–(b) E-plane and H-plane patterns of
the lower antenna. (c)–(d) E-plane and H-plane patterns of the upper antenna.

2) Antennas in the 3-D Array: TheS parameters and embed-
ded radiation patterns of the antennas in a practical 3-D array are
simulated and measured. Specifically, the embedded radiation
pattern of one antenna in the array is obtained by exciting this
antenna while making all the other antennas well-matched. The
results of the first five antennas, i.e., P1–P5 in Fig. 8(d), are given
considering the symmetric structure of 3-D array. The simulated
and measured reflection coefficients are plotted and compared
in Fig. 12. Near the desired frequency, the reflection coefficients

are mostly below −10 dB, some deviations can be attributed to
the fabrication and measurement errors. In Fig. 13, the simulated
and measured embedded radiation patterns of the antennas in the
3-D array are given, where some parts of radiation patterns are
deformed due to the mutual coupling at small element spacings.

From the perspective of beamforming, the 3-D array will have
better gain than the 2-D array especially at large scanning angles,
because the corresponding projection area is larger. The gain
limit of a 2-D array is given by [38]

G =
4πA
λ2

cos θ0, (11)

where A is the area of the array, and cos θ0 represents the
decrease of projection area due to the increase of θ0. The 3-D
array is expected to have a larger projection area, especially at
large scanning angles benefiting from the increased height, thus
breaking the gain limit of the 2-D array at large angles, as shown
in Fig. 14.

The embedded radiation efficiencies of the antennas are calcu-
lated from S parameters according to (10), which are drawn and
compared to the efficiencies in the 2-D arrays at different element
spacings (i.e., different antenna numbers) in Fig. 15. It can be
found that the efficiencies in the 3-D array are generally lower
than that in the 2-D array at 0.4λ0 spacing, but higher than that in
the 2-D array at 0.22λ0 spacing (with the same antenna number
as the 3-D array). The latter indicates that Hannan’s efficiency
limit for a planar array [39] is in fact broken by introducing the
height difference in the 3-D array.

C. MIMO Performance

1) 2λ0 Array in Rayleigh Channel: With the above results,
i.e., embedded radiation patterns and efficiencies, the diversity
and capacity of the 3-D array can be calculated and compared
to the 2-D arrays with the same aperture size by using (3–10).
Three types of arrays with 2λ0 array length are first considered,
including the proposed 3-D array, the 2-D array at 0.4λ0 element
spacing (i.e., only the lower layer of the 3-D array), and the
2-D array at 0.22λ0 element spacing (with the same antenna
number as the 3-D array). The results at different SNR levels
(γ = 10 and 20 dB) are depicted in Fig. 16(a) and (b), and
the arrows in the figures indicate the lines corresponding to the
diversity and capacity. It can be observed that the increments
of diversities and capacities are close to the theoretical analyses
in Section III. To be specific, compared to the 2-D array, the
diversity is increased by 33%, and the capacity is increased by
13% (γ = 10 dB) and 30% (γ = 20 dB) in isotropic multi-path
environment. When the angular spread is 60◦, the diversity is
increased by 18%, and the capacity is increased by 9% (γ =
10 dB) and 19% (γ = 20 dB). Particularly, for a regular 2-D
array, the diversity may only slightly increase due to the mutual
coupling after reaching the DOF limit, but the efficiency will
dramatically decrease following Hannan’s limit [39]. Therefore,
placing too many antennas into a constrained planar area will
generally be harmful to capacity, as shown by the 0.22λ0 and
0.4λ0 spacing 2-D arrays in Fig. 16(a).

2) 5λ0 Array in Rayleigh Channel: We also investigate the
performance of a larger 3-D array in Fig. 17, with the length
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Fig. 12. Simulated and measured reflection coefficients of the antennas in a 3-D array. (a)–(e) Reflection coefficients of the antennas P1–P5.

Fig. 13. Simulated and measured far-field patterns of the antennas in a 3-D array, the unit is dB(V/m). (a)–(e) E-plane patterns of the antennas P1–P5. (f)–(j)
H-plane patterns of the antennas P1–P5.

Fig. 14. Beamforming performances of the 2-D and 3-D arrays. The blue,
orange, and green lines represent the gain patterns at the target beamforming
angles of 0, 35, and 70 degrees, respectively. The solid and dotted lines represent
the gain patterns of the 2-D and 3-D arrays. The red line denotes the theoretical
gain limit of the 2-D array, which can be exceeded by the 3-D array at large
scanning angles.

Fig. 15. Embedded radiation efficiencies of the antennas in different types of
arrays.

of 5λ0 along the x−axis. In a large-scale array, the radiation
patterns of the antennas in the middle region are similar [65],
and the influence of edge antennas would be little. Compared
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Fig. 16. Diversity and capacity benefits of the 3-D array compared to the 2-D
array with the same aperture size, and the array length along the x-axis is 2λ0.
(a) SNR γ = 10 dB. (b) SNR γ = 20 dB.

to the 2-D array at 0.4λ0 spacing, the capacity is increased by
12% (γ = 10 dB) and 26% (γ = 20 dB) in isotropic multi-path
environment, and increased by 8% (γ = 10 dB) and 20% (γ =
20 dB) when the angular spread is 60◦. In order to analyze the
effects of mutual coupling, the percent of increase is drawn in
Fig. 18 similar to the theoretical analysis in Fig. 6. It can be
observed that the increments of capacities are slightly larger than
the theoretical analyses in Section III at large angular spreads,
because the large-angle radiations are stronger (indicating more
DOF benefits are brought by the 3-D array configuration). How-
ever, the mutual coupling will degrade the performance of the
3-D array at low SNR and small angular spreads (the capacity
enhancement brought by the extra DOF is not significant), also
bring troubles for beamforming.

It also should be noticed that the 3-D array provides marginal
benefits over the 2-D array in far-field LOS scenarios [49],
[50], which is in consistent with our analyses at small angular
spreads. Therefore, the benefit of 3-D array is highly dependent
on the SNR level, specific multi-path environments, and antenna
designs (radiation patterns), while the obtained results reveal the
superiorities of the 3-D array over the 2-D array with the same
aperture size in many scenarios.

3) 3GPP Channel: To further investigate the MIMO per-
formances of the 3-D array in practical communication
environments rather than in the ideal Rayleigh channel, the

Fig. 17. Diversity and capacity benefits of the 3-D array compared to the 2-D
array with the same aperture size, and the array length along the x-axis is 5λ0.
(a) SNR γ = 10 dB. (b) SNR γ = 20 dB.

Fig. 18. Compared to using the 2-D array with the same aperture size, the
percentages of increases in diversity and capacity by using the 3-D array
configuration in a practical case.

open-source software QuaDRiGa is used for comparing the
performances of 2-D and 3-D arrays in 3GPP channels [69].
Particularly, two single-cell scenarios are considered, includ-
ing the 2-D 3GPP urban macro (UMa) and 3-D 3GPP UMa
scenarios [69]. The configurations of the 3GPP models are
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Fig. 19. Configurations of 2-D and 3-D 3GPP channels with 100 users. (a)
2-D 3GPP channel. (b) 3-D 3GPP channel.

TABLE II
BENEFITS OF THE 3-D ARRAY IN 3GPP CHANNELS

demonstrated in Fig. 19, where the users (marked by blue circles)
are distributed in a circular area with a radius of 200 m, and the
base station (marked by a red cross) is placed on the left side of
the circular area with the height of 25 m.

The users are arranged in accordance with the 3GPP assump-
tions [70], where 80% of them are situated indoors at different
floor levels for the 3-D scenario and all set outdoors (1.5 m
height) for the 2-D scenario. The embedded radiation patterns
of the proposed 2λ0 3-D array are imported as a transmitting
array, while the users are set as omnidirectional antennas. After
that, the channels of the paths created by different clusters are
generated and summed for obtaining the wanted correlation
matrix. Following (2-10), the diversity and capacity can be
obtained for investigating the performances of 3-D arrays in
geometry-based spatial correlation channels. The diversities and
capacities (γ = 20 dB) with different numbers of users are
calculated 50 times and averaged (each time the users are at
different random positions), as presented in Table II. Compared
to using the 2-D array with the same aperture size, the capacity
can be increased by nearly 10% with 3-D array. Obviously, the
benefits brought by the 3-D array in 3GPP channel are smaller
than that in Rayleigh channel because of the smaller angular
spread at the base station in 3GPP channels. Specifically, the
azimuth angle spread at the base station side is regulated to be

smaller than 104◦ (angular spread θ < 52◦) according to 3GPP
TR 38.901 [70]. Therefore, when implementing a 3-D array, the
specific settings should be carefully taken into consideration,
including the array design, multi-path environment, SNR level,
user density, etc.

V. CONCLUSION

In this study, we successfully overcome the fundamental DOF
limit in holographic MIMO communications by introducing a
3-D array topology. We systematically elucidate the principles
behind the DOF limit and demonstrate the step-by-step uti-
lization of the 3-D array topology to surpass this constraint,
progressing from the ideal Clarke model to practical scenarios.
Particularly, the benefits of 3-D array are illustrated from the
perspectives of electromagnetics and beamforming. The nu-
merical and experimental results further substantiate that, after
reaching the DOF limit, the diversities and capacities of MIMO
systems can be further improved by applying the 3-D topology.
Furthermore, the performances of 3-D arrays in 3GPP channels
are investigated, regarding the possible small angular spreads in
practical implementations. Consequently, the 3-D array stands
out as a promising candidate for bolstering MIMO performance
across various scenarios in the future landscape of wireless
communications.

Future endeavors will delve into exploring corresponding
channel modeling and precoding technologies. Additionally,
we aim to enhance hardware designs, incorporating advanced
antenna and decoupling structures to improve radiation patterns
and matching. These avenues of research will contribute to the
ongoing advancement and optimization of holographic MIMO
communication systems.
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