IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 12, NO. 4, APRIL 2023

Sub-6-GHz Uplink Massive MIMO System Using Holographic Beamforming
Metasurfaces: A Conceptual Development

Insang Yoo, Member, IEEE, and David R. Smith', Senior Member, IEEE

Abstract—We propose an uplink massive MIMO system using
an array of holographic metasurfaces as a sector antenna oper-
ating at 3.5 GHz. The antenna consists of a set of rectangular
waveguide-fed metasurfaces combined along the elevation direc-
tion into a planar aperture, each with subwavelength-sized
metamaterial elements as radiators. The metamaterial radiators
are designed such that the waveguide-fed metasurface imple-
ments a holographic solution for the guided (or reference) mode,
generating a directional beam towards a prescribed direction,
thereby forming a multibeam antenna system. We demonstrate
that a narrowband uplink massive MIMO system using the meta-
surfaces can achieve the sum capacity close to that offered by
the Rayleigh channel. We show that metasurfaces supporting
multiple beams can achieve high spatial resolution in the azimuth
directions in sub-6 GHz channels, and thereby form uncorre-
lated MIMO channels between the base station and users. Also,
the proposed metasurface antenna is structurally simple, low-
cost, and efficient, and thus is suitable to alleviate RF hardware
issues common to massive MIMO systems equipped with a large
antenna system.

Index Terms—MIMO systems, multiuser channels, leaky wave
antenna, aperture antennas.

I. INTRODUCTION

ECENTLY, multiple-input, multiple-output (MIMO)

systems with a large number of base station antennas,
referred to as massive MIMO systems, have gained consider-
able interest due to their capabilities to meet growing demands
for high data rates [1], [2]. In massive MIMO systems, the base
stations are equipped with many antennas to exploit uncor-
related and even asymptotically orthogonal subchannels that
can be provided by the large antenna system [3]. Due to a
significant improvement in the spectral efficiency predicted by
theoretical studies and prototypes [1], [2], [4], massive MIMO
systems are considered key ingredients of current and future
communication systems.

The large number of radiating elements in massive MIMO
systems, however, poses challenges such as the increased cost,
design complexity, and high power consumption associated
with array antenna systems and the large number of RF chains
(i.e., one for each radiator) [3]. For most sub-6 GHz bands,
a full digital beamformer (DBF) is an attractive solution for
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most MIMO systems as it provides the greatest flexibility
in adapting multiple beams to the propagation channels [3].
However, sub-6 GHz massive MIMO systems with a large
antenna system (e.g., on the order of hundreds) and low power
consumption may require alternative choices for scalable and
sustainable antenna and RF systems.

Recently, there has been increasing interest in holographic
metasurfaces to address the challenges posed by the increased
RF complexity of massive MIMO systems [3]. Among avail-
able holographic metasurfaces, we find that waveguide-fed
metasurface antennas reported in [5] represent a suitable
radiative platform with a simple, low-cost, and low profile
configuration that can bring many opportunities to massive
MIMO systems. Waveguide-fed metasurface antennas consist
of a waveguide that excites metamaterial radiators embedded
in its upper conducting layer. In the devices, the metamaterial
radiators are excited by the guided modes (i.e., feed wave) and
their geometric (or electrical) configurations can be tuned to
realize holographic beamforming capabilities without requir-
ing costly and power-hungry RF components [5], [6], which
is appealing for massive MIMO systems.

For massive MIMO systems operating in sub-6 GHz bands,
the spatial properties of the propagation channels can be
exploited to further reduce the RF system complexity. In par-
ticular, it is observed in sub-6 GHz band MIMO channels
that the angular spread in elevation is generally small com-
pared to that in the azimuth directions [7], [8]; therefore, it is
natural to consider a holographic waveguide-fed metasurface
antenna with high spatial resolution in the azimuth directions.
To implement such a metasurface antenna system, we consider
an array of rectangular waveguide-fed metasurfaces patterned
so as to generate multiple beams with a greater resolution in
the azimuth direction.

In this letter, we present an uplink massive MIMO system
using a set of metasurface antennas to form a base station
antenna operating at 3.5 GHz. To demonstrate the operation
of the system, we design holographic beamforming metasur-
face antennas, each consisting of a rectangular waveguide and
radiating metamaterial elements, and verify their performance
using the coupled dipole method. We then demonstrate that the
proposed massive MIMO system using the metasurface aper-
ture generating multiple beams can achieve a sum capacity
close to that offered by the Raylegh channel.

II. DESIGN OF HOLOGRAPHIC METASURFACE ANTENNAS

We consider a rectangular waveguide-fed metasurface
antenna with a set of metamaterial elements that implement a
holographic beamforming solution for the guided modes [5],
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Fig. 1. Schematic of an array of rectangular waveguide-fed metasurface
antenna for uplink massive MIMO system. The antenna consists of Np,
metasurfaces with metamaterial elements as radiators, and uth metasurface
generates a beam toward prescribed direction § = 8y.

as illustrated in Fig. 1. Each metasurface antenna consists of
a rectangular waveguide, with resonant metamaterial radia-
tors etched into the upper conductor. Since the elements are
electrically small, each element forms a subwavelength aper-
ture that can be modeled as the polarizable magnetic dipole
excited by the guided modes [9]. If the element spacing is also
subwavelength, they represent a step-wise approximation to a
continuous, linear distribution of current density over a con-
ducting plane. Holographic solutions are then easily identified
and implemented as the current density that results from the
interference of the incident waveguide mode and the desired
radiation pattern back-propagated to the aperture [5].

Following the holographic solution in [5], the required
polarizabilities for beamforming are obtained such that the
phase advance in the feed waveguide is compensated, and the
radiated field constructively interferes at a desired direction.
For example, for the metasurface antenna shown in Fig. 1,
the desired polarizability of ith element located at y; can be
expressed as

agz'émq — eIBYi Jkoy: COSE‘G1 (1)

where 3 and ky represent the propagation constant and free
space wavenumber, respectively. f is the desired beam direc-
tion. However, the available set of polarizabilities supported
by resonant metamaterial elements is limited by the Lorentzian
resonance [5], [9], given by

me2
2

mi
Qpp (W) = —5—F———,
= Wy — w? + JWwYrm

(2
with w and wqp being, respectively, the angular frequency and
the angular resonant frequency. Fp, and vy = wp/2Qm tep-
resent a coupling factor, damping factor, respectively, and Qp,
is the quality factor of the metamaterial element.

Given the dipolar treatment of individual element, we design
metasurface antennas using the coupled dipole method (CDM),
an effective analysis and design tool for metasurface anten-
nas [9], [10]. At this point, it should be emphasized that our
goal is a conceptual development of an uplink massive MIMO
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system with holographic beamforming metasurfaces by pro-
viding comprehensive analyses of the system using the CDM.
Therefore, we use a generic model of metasurfaces that are
simulated using the CDM and metamaterial elements char-
acterized by (2), where the holographic design approach is
employed as an antenna radiation pattern synthesis technique.
The full-wave or experimental verification of the holographic
design method can be found in [5], [6], [11].

We consider here an array of Nj, rectangular waveguide-fed
metasurfaces stacked along the z direction, as shown in Fig. 1.
Each metasurface has N,;, metamaterial elements, each char-
acterized by the Lorentzian parameters Fi, = 3.0 X 1079 m?
and @ = 10.0. The spacing between adjacent elements is
pm = 30.0 mm. It should be noted that the spacing (i.e., pm)
should be less than the half wavelength (A/2 = 42.85 mm
at the operating frequency of 3.5 GHz) to avoid generating
grating lobes [12]. Also, to keep the CDM valid, the elements
should be placed at a distance where higher-order modes have
sufficiently decayed [9], [13]. We empirically find that the ele-
ment spacing needs to be >~ A/3 [13] and have chosen the
value of py,, accordingly. We assume that each element can
have its resonant frequency wp /2w tuned to lie between 3.2
GHz and 3.8 GHz. Note that we choose practical values for
the Lorentzian parameters that have not been optimized for the
simulated antenna design. The substrate filling the waveguide
is assumed to be 1.52-mm-thick Rogers 4003C (e, = 3.55,
tan d = 0.0027). The width of each rectangular waveguide is
30.0 mm. The waveguide parameters enable us to analytically
determine the waveguide feed mode.

With the above parameters selected, the CDM allows self-
consisting modeling of the metasurface using the following
matrix equation, given in [9] as

Gihm, = H"E, ?3)

where mg, H""¢ ¢ CNm*1 are the effective magnetic dipole
moments representing the metamaterial elements and the inci-
dent magnetic fields, respectively. The off-diagonal entries of
the matrix GI2™ € CNm*Nm are the Green’s functions [14],
and the diagonal entries are the inverse of the polarizabilities,
i.e., (@™;)~1. The matrix equation takes into account all dipo-
lar interactions between the elements and the waveguide in a
metasurface. Note that we apply the Lorentizan-constrained
polarizabilities in (3), which are obtained from minimizing
the Euclidean distance between the accessible and required
polarizabilities [15]. By solving the matrix equation in (3) for
the magnetic dipole moments, we can compute the radiation
pattern and S-parameter [10].

The far-field pattern of uth metasurface can be computed
as the sum of the radiated fields by each radiator in the
metasurface, given in [16] as

N, ki
it — kot
EMd — _ Z (mmwsimg,) : @)

Ay
i=1 :

where r; = |F — 7| is the radial distance between the ith
element and the origin. pg represents the free space magnetic
permeability. Using (4), the directivity can be obtained from
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Fig. 2.  (a) Directivity patterns of each metasurface antenna at the target
frequency of 3.5 GHz. (b) S-parameters of each antenna.

the ratio of the radiated intensity and that of the isotropic
radiator [16].

Fig. 2(a) shows the simulated directivity patterns (i.e., radi-
ation patterns on the yz plane) of the designed antenna with
Nis = 20 metasurfaces, each with N;; = 30 metamate-
rial elements. As the spacing between adjacent metamaterial
elements is p;, = 30 mm, the overall aperture size is
~ 90 cm x 60 cm. The operating frequency is chosen to be
3.5 GHz, and each metasurface is designed to generate a beam
toward the prescribed directions, ranging from # = 30 to 150
degrees (with an interval of 6.32°). As shown in Fig. 2(a),
the peak directivities of the patterns are maintained to be
larger than 15.74 dBi for the designed metasurfaces. Note
that the variations in the directivity patterns in Fig. 2(a) are
due to changes in the effective aperture area. In other words,
as the scan angle moves away from the broadside direction
(i.e., # = 90°), the effective area pointing in the direction
of the beam decreases, resulting in a broadened beam with
reduced peak directivity. This phenomenon is often referred
to as scan loss in antenna engineering [12]. Also, note that
each of the radiation patterns shown in Fig. 2(a) is obtained
by simulating a metasurface in each row using (3) and com-
puting its pattern using (4). This approach of simulating an
array of metasurfaces ignores the mutual interaction of meta-
material elements—through the radiated fields—embedded in
waveguides in different rows. However, such interactions of
metamaterial elements are often not significant and have minor
impacts on antenna’s performance [11]. Therefore, we here
use the approach to simplify the analysis of the array system
rather than introducing an antenna model that accounts for
the interactions between all pairs of elements in a metasurface
array.

Fig. 2(b) shows the S-parameter of the metasurfaces as a
function of frequency, where port “1” and “2” of each meta-
surface indicate the input port (at the right edge of each
metasurface) and termination port (at the left edge of each
metasurface), respectively. For all of the metasurfaces, it is
computed that S1; < —15.62 dB and S21 < —19.89 dB at
3.5 GHz. The computed 511 indicates that each metasurface
has a reasonably good level of impedance match at port 1.
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II1. PERFORMANCE RESULTS IN UPLINK
MASSIVE MIMO SYSTEMS

We here focus on the analysis of an uplink massive MIMO
system where the base station uses the designed metasurface
antenna serving one sector in a cell. For the analysis, we
assume that each waveguide-fed metasurface in the antenna
system is connected to a single RF chain; thus, the base sta-
tion has N RF chains. The maximum number of active users
is Ny, and each user terminal is equipped with one dipole
antenna. We consider a narrowband, flat-fading propagation
channel which yields a received signal, expressed as

r=,/pHs+n, (5)

where s € CNex1 s the transmit signal vector normalized
such that E[|s|?] = 1, and r € CNes¥1 is the receive signal
vector. Also, n € CNux1 represents a complex Gaussian noise
with zero-mean and unit covariance. H € CNus*Nu s the
channel matrix such that E[|[H||%] = Nps Ny where || - ||%
represents the Frobenius norm. p is the signal-to-noise power
ratio at the receive antenna.

To simulate MIMO propagation channels, we consider a
clustered channel model, referred to as the Saleh-Valenzuela
(SV) model [17], [18]. The SV model is a physical wireless
channel model that statistically describes the angles of arrival
(AoA) and departure (AoD) of multipath components [17],
[18]. Each entry of the channel matrix H in this model can
be obtained by summing up the contributions of the rays in
the clusters, which are multiplied by the channel gain, and
transmit and receive antenna gain at the AoA and AoD. More
specifically, the entry in the mth row and nth column of the
channel matrix H in (5) can be written as

S v SRSV N

where N, and N, represent the number of clusters in the prop-
agation environment and rays in each cluster, respectively. hpq
is the complex gain of the gth ray in pth cluster and is assumed
to be Rayleigh fading coefficient. g7 (¢3,) and gl (9 5) are
the antenna gain at the nth user terminal and mth base station,
respectively, where F)gq and 933 are the transmit and receive
angles of the rays. The antenna gain in (6) was computed by
using the directivity, where the antenna efficiency was assumed
to be unity. Note that ¢, and Ggg are generated according
to a Laplacian distribution with a mean cluster angle 6%, ..n
6%, and angular spread o, 0%, respectively. In construct-
ing the channel matrix H using (6), we assume that the clusters
are independent, and the mean clusters are generated accord-
ing to the uniform distribution with 6%, € [0°,360°] and
655 . € [-60°,60°]. It should be noted in (6) that we assume
that the rays are confined to the yz plane in Fig. 1 (i.e.,
¢ = 90°), as the angle spread in the xz plane is generally
small compared to that in the yz plane in sub-6 GHz MIMO
channels [7], [8].

To demonstrate the operation of the proposed uplink massive
MIMO system, we simulated the system according to (5) and (6),
where the radiation patterns of the metasurfaces are incorpo-
rated to construct the MIMO channel matrix H. To evaluate

Hl
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Fig. 3. The cumulative distribution of (a) the sum capacity and, (b) the ratio
of the condition numbers of MIMO channel matrix, i.e.., Kprg /K Rayleigh-

It is assumed that the angular spread is o% = ¢?S = 20°. Mean of (c) the
sum capacity and, (d) the condition number of MIMO channel matrix. The
aperture size of the antenna is varied by changing the number of metamaterial
elements Ny, while fixing the number of metasurfaces N, and the spacing
P between the elements. The angle spread o% = abs is also swept from
5° to 50°.

the performance of the proposed system, we use the condi-
tion number x of the matrix H and the sum capacity over
10,000 realizations of the channel matrix. Note that (-)H is
the Hermitian operator. In constructing the channel matrix, we
assume that the number of clusters and rays are N. = 6 and
Ny = 11, respectively, which are used to model macro-cells
in urban areas [19]. In the simulations, we further assume that
the channel state information is available to the base station,
and the users do not cooperate with each other. Under these
assumptions, the sum capacity can be expressed as [20], [21]

Ny
Ceum =) log, (1 + NiAu) )
u

u=1

where )\, represents the uth eigenvalue of the matrix HZH.

Fig. 3(a) shows the cumulative distribution (CDF) of the
sum capacity for the angle spread 0% = o? = 20° and
p = 10 dB for the antenna with Np; = 20 metasurfaces.
Each metasurface is assumed to have N,; = 30 metamaterial
elements—thus, we use the radiation patterns of the antenna
shown in Fig. 2(a) in the simulations. It is shown in Fig. 3(a)
that the sum capacity offered by the metasurface antenna is
close to that by the Rayleigh channel. To evaluate the qual-
ity of the subchannels, we compute the ratio of the condition
number, i.e., K75/ K Rayleigh- KMS and K Rayleigh tepresent the
condition number of the channel matrix H in (6) and that of
the Rayleigh channel matrix, respectively. Fig. 3(b) shows the
CDF of the ratio of the condition number for the angle spread
o' = % = 20°, illustrating that the condition number of the
MIMO channels provided by the proposed system is compa-
rable to Rayleigh channel. It should be noted at this point that
the number of beams, beam widths, and beam angles should
be determined by examining the system performance met-
rics, such as the sum rate. For example, having sharp beams
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can help minimize spatial correlation. However, if beams are
too narrow and do not overlap, regions between two adjacent
beams may result in very weak signal strength and poor com-
munication links. In this letter, given the antenna size (i.e., the
number of metamaterial radiators Ny, and their spacing pr, ),
we have empirically found the set of beam angles that provide
a reasonably high sum rate, illustrated in Fig. 3(a).

We also study the effects of the aperture size of the antenna
and angular spread of the clusters on the performance of the
proposed massive MIMO system. To alter the aperture size of
the antenna, we sweep the number of metamaterial elements
N, from 10 to 45, while fixing the number of metasurfaces to
be Ny, = 20 and the spacing between adjacent metamaterial
elements to be p;; = 30 mm. For each N,,, we simulate the
metasurfaces using the CDM in (3) and compute their radiation
patterns. We then use the computed radiation patterns in (6)
to construct the channel matrix for each angle spread, varied
from 5° to 50°. For the analysis, we generated 10,000 channels
for each value of angular spread. In the simulations, we fixed
p =10 dB.

In the analyses, we used the mean of the sum capacity
over the realized MIMO channels as a metric to evaluate the
performance of the proposed system. Fig. 3(c) shows the mean
of the sum capacity for the swept angle spread (i.e., o% = Jbs)
and number of elements N,,. As depicted in Fig. 3(c), the
mean capacity increases as the number of the metamaterial
elements increases, which can be attributed to the increased
spatial resolution due to the increased aperture size. Note that
the mean of the sum capacity is saturated for Ny, > 30 and
approaches 44.75 bits/s/Hz, which is close to that offered by
Rayleigh channel, 46.34 bits/s/Hz. Also, for fixed Np,, the
mean of the sum capacity is improved with increasing angular
spread, as a result of the fixed spatial resolution.

Such observations in the mean of sum capacity in Fig. 3(c)
can be demonstrated using the mean of the condition num-
ber of the realized channel matricies, as depicted in Fig. 3(b).
As shown in Fig. 3(d), the increase in the aperture size (by
increasing Ny,) results in increased spatial resolution, lead-
ing to a reduced spatial correlation between subchannels.
More specifically, the mean condition number of the proposed
system reaches its minimum of 8.15 for o = o% > 30°.
Note that the mean condition number of the Rayleigh channel
is 4.53. Also, it can be observed in Fig. 3(d) that the increase
in the angle spread leads to the reduced correlation between
subchannels for a fixed number of elements N,,, which is the
result of the fixed spatial resolution by the metasurfaces.

In this letter, we have assumed simple communication envi-
ronments and have not considered the angle spread in the
elevation direction to present a conceptual development of the
proposed system. However, the angle spread in the elevation
should be considered in practical communication systems, and
thus, improved spatial resolution along the elevation angle is
needed to reduce spatial correlation and mitigate interference.
The improved elevation spatial resolution can be achieved by
stacking more metasurfaces and using each subset backed by
a single RF chain.

Also, it is worth noting that individual metamaterial radia-
tors in each metasurface can be loaded with low-power-driven
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tuning elements—such as diodes [6], [22], or liquid crys-
tals—to realize dynamically reconfigurable radiation pat-
terns. The tunable metamaterial radiators will thus allow
optimization of the performance of the proposed system by
allowing multi-user beamforming capabilities. For instance,
each dynamic metasurface can generate and steer a beam
toward each user, thereby establishing separate wireless chan-
nels for the users. Also, the reconfigurable patterns of the
dynamic metasurfaces can be used for interference mitiga-
tion by altering the patterns to locate a null at the direc-
tion of interference signal, which is a useful capability for
small cell networks (e.g., femto cells). The analysis and
optimization of such systems remain essential steps for future
work.

IV. CONCLUSION

In this letter, we have proposed an uplink massive MIMO
system using an array of rectangular waveguide-fed metasur-
faces operating at 3.5 GHz generating multiple beams. In the
proposed system, the spatial properties of sub-6 GHz band
MIMO channels, as well as the structural advantages of the
metasurface antennas, are exploited to further reduce the RF
complexity of the MIMO system. We also demonstrated the
design of the metasurfaces using the holographic beamforming
technique and the coupled dipole method. Using the designed
antenna, we showed that a MIMO system using the metasur-
face antennas can offer a sum capacity approaching that of
the Rayleigh channel. As the metasurface antennas are effi-
cient, low-cost, and low-profile, the proposed massive MIMO
system using the metasurfaces can find applications in vari-
ous sub-6 GHz wireless networks requiring a large antenna
system. The advantageous fraits of the proposed systems
can also find its utility in high frequency (e.g., mm-wave
bands) or small cell networks under strict energy and cost
constraints.
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