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ABSTRACT Lens antenna arrays can significantly reduce the number of radio frequency (RF) chains and
provide a cost-effective beamforming approach to millimeter-wave massive multiple-input multiple-output
(MIMO) systems. However, the presence of curved fronts has imposed practical challenges in fabrication and
system integration as the antennas have to be deployed on the lens focal curve or face. To this end, we analyze
the massive MIMO system with an all-planar RF lens antenna array whose lens is made of metamaterials
and the antennas are distributed on a two-dimensional (2D) plane. In terms of this structure, we then propose
a power-profile based antenna selection method. Specifically, by considering the coupling among antenna
elements and that between the RF-lens and the antenna array, the analyses regard the lens and antennas as
an entity using a full-wave model. Antennas are selected according to the angle of arrivals (AoAs) of signals
transmitted by users and the lens response to the incident wave from an arbitrary direction on antennas.
Simulations are provided for verifying the system performance and to show: i) Specific gain responses on
each element of the base station antenna array for user terminals distributed at different locations; and ii) The
all-planar lens antenna array supports a spectrum efficiency upto 170.7 bps/Hz for a 25 GHz MIMO system

with 50 user terminals and a signal-to-noise ratio (SNR) of 10 dB.

INDEX TERMS Antenna array, antenna selection, millimeter wave communication, MIMO, RF-lens.

I. INTRODUCTION

The fifth generation (5G) mobile communication system has
developed rapidly over the past few years, and today dozens
of countries have launched commercial 5G services [1]. Com-
pared with previous systems, the application of 5G calls for a
massive access, ultra-low latency and large capacity service.
Out of these considerations, the 5G mobile communication
system introduces technologies like millimeter-wave com-
munication, large-scale antenna deployment, heterogeneous
network fusion, and et al. to comprehensively upgrade the
network performance [2]-[5].
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Benefiting from abundant continuously available spec-
trum resources, the millimeter-wave (mmWave) frequency
band is easy to meet the requirements of the ultra-high
communication rate and bandwidth of 5G communication
systems. However, mmWave signals generally suffer from
more significant path loss than lower frequency bands.
To maintain sufficient link gains, a large number of anten-
nas are typically required at the base station for highly
directional communications, and corresponding beamform-
ing techniques have been widely explored and applied in
mmWave systems [6]-[13]. Combining analog beamforming
with digital precoding, the hybrid beamforming technology
has become the contemporary mainstream method [10]-[13].
In this scheme, signals captured by the antenna array are
processed to radio frequency (RF) chains through an analog
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processing network composed of RF components like phase
shifters and amplifiers. As each antenna usually requires
one dedicated RF chain, mmWave massive multiple-input
multiple-output (MIMO) is in practice difficult to deploy
due to unaffordable hardware cost and energy consumption
from RF components [14], [15]. To mitigate these issues,
the beamspace MIMO has been recently proposed to sig-
nificantly reduce the number of RF chains by employing a
lens antenna array, which integrates a lens with an antenna
array as the feeding structure [16]. Converting a divergent
wavefront from an antenna element into a plane wave and
vice versa, the lens antenna array transforms the conven-
tional spatial channel to the beamspace channel. As each
beam corresponds to one RF chain in beamspace MIMO, this
structure captures the channel sparsity at mmWave frequen-
cies and significantly reduce the required RF chains [17].
Researches have demonstrated the advantages of high gain
and a narrow beamwidth of this structure and its superior
performance on energy efficiency [16]-[18]. Based on the
lens antenna systems, subsequent work has explored the beam
selection schemes [19], [20], beamspace channel estima-
tion techniques [21], [22], link budget estimation [23], and
etc. Their performance on MIMO non-orthogonal multiple
access (NOMA) systems [24], [25], wireless local area net-
work (WLAN), and wireless personal area network (WPAN)
communication systems [26], [27] has also been evaluated.
To evaluate the system performance of the RF-lens
equipped antenna array, the energy focusing profile for dif-
ferent angle of arrivals (AoAs) on different antenna elements
caused by the lens is the key. Therefore, various methods
have been used to model the lens response. In [16], [17],
[24], [28], by ignoring the side lobes, the lens was approxi-
mately modelled as a spatial discrete Fourier transform (DFT)
matrix, and each beamspace signal was mapped onto a cor-
responding orthogonal beam. To further improve the model
accuracy of the lens antenna, in [26], the energy focusing
or beam collimation was derived analytically based on the
electromagnetic ray propagation phase delay and construc-
tive superposition principles, and the work demonstrated that
the array response follows a ‘“‘sin” function in terms of
the AoA and the antenna locations. Afterwards, the work
was extended to a full-dimensional lens antenna array where
the feeding antenna elements locate at the focal surface of
the lens [27]. The aforementioned work derived the lens
model by treating its thickness negligible, while in practice,
the thickness of a lens can be comparable to the antenna
operating frequency [29]. Taking an electromagnetic lens
model into consideration, the electric field distributions of
the lens model under different incident waves were simulated
in an electromagnetic simulation tool, and the main beam
and two adjacent side lobes were considered in the system
analyses [18]. In [30], the beam propagation method (BPM)
was used to estimate the power profile of a dielectric RF lens.
Although quite efficient in terms of calculation, the BPM is
based on the Fourier optics and applies only to an electrically
large homogenous dielectric lens. Moreover, prior studies
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have not taken the coupling between the lens and antennas
into consideration. For the complete and rigorous study of
the RF-lens equipped antenna array, the antenna elements
and lens components should be studied simultaneously in a
unified model.

In addition, common lenses are built using dielectric mate-
rial with curved front or rear surfaces [31], [32], which always
make them bulky and difficult to be integrated into modern
compact systems. Recent years, planar lens made of inho-
mogeneous materials or metamaterials [33]-[35] have been
developed to improve the integration density or compactness
of the communication system. Last but not the least, the lens
response arrays were derived with the feeding antenna array
located at the focal curve or the focal face, while this curved
deployment is difficult for practical fabrication and system
integration. Planar feed antenna structures such as microstrip
patch antenna array for microwave band and substrate inte-
grated waveguide (SIW) slot array for millimeter-wave band
are easy to fabricate and to integrate with other planar circuits
in a coplanar way.

In this paper, we first design an all-planar lens antenna
array for practical antenna integration and deployment.
Specifically, metamaterials are employed to construct a pla-
nar RF-lens, and its feeding antenna array is arranged in
a two-dimensional (2D) plane. To obtain an accurate chan-
nel model for mmWave massive MIMO systems with the
designed lens antenna array, we first employ a full-wave
numerical model to obtain the power received by each
antenna for the incident wave with an arbitrary direction. In
this way, the mutual electromagnetic coupling among antenna
elements and between the antenna array and RF lens are
considered. Besides, incident waves with both vertical and
horizontal polarizations are analyzed and combined for a
complete study. Next, to evaluate the system performance
of the all-planar lens antenna array, we consider a typical
mmWave massive MIMO system, where the base station
employs the metamaterial-based all-planar lens antenna array
to simultaneously serve multiple single-antenna users. The
channel matrix is determined according to the aforemen-
tioned analysis model, and a corresponding antenna selection
procedure based on the array power profile is subsequently
proposed and applied. Interference among antennas is elim-
inated at the digital processing stage. Simulation results are
finally provided to validate the effectiveness of the proposed
lens antenna array analysis and operation schemes.

The rest of this paper is organized as follows. Section II
presents the system architecture, and with the extra gain intro-
duced by the RF lens, the channel model is clarified as well.
Next, power profiles of all antenna elements with various
directions of incident waves are calculated by combining the
lens and 2D antenna array in an entity in Section III. In
Section IV, a novel antenna selection scheme is proposed
based on the power profile obtained before, and the system
performance of the all-planar RF lens antenna array is simu-
lated and discussed with different user distributions and noise
levels. Finally, the conclusion is drawn in Section V.
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FIGURE 1. System architecture of a mmWave massive MIMO with the proposed metamaterial-based planar lens antenna

array.

Notation: Bold uppercase letters denote matrices and bold
lowercase letters denote vectors. a;; is the (i, H™ entry of A
and i entry of a;. |[|A]| denotes the Frobeius norm, A lis
the inverse, AT is the transpose, and A” is the Hermitian
transpose of A, respectively. Iy is the unitary matrix with
dimension N.

Il. SYSTEM MODEL

We consider the uplink scenario of a mmWave massive
MIMO communication system. As shown in Fig. 1, K mobile
user terminals equipped with single antenna send indepen-
dent messages to the base station. The planar lens antenna
array equipped at the base station composes of a M -element
antenna array and a metamaterial-composed RF-lens, and
its perspective view is illustrated in Fig. 2. User terminals
transmit their signals at distinct beamspace channels to avoid
the intra-beam interference, and the baseband equalization is
applied at the digital processing stage to control the inter-
ference among users. Thus, the signal received by the base
station can be expressed as

y = FHs + n, @))

where s = [p;1S1, pr2s2, . . - ,pthK]T is the K x 1 transmitted
signals vector. py is the transmission power for each user, and
Elss*] = Ix. H = [h1, hp, ..., hg] is the M x K channel
matrix containing the path loss and the power gain at the base
station. F denotes the equalization filter at the base station
with a dimension of K x M . n is the Gaussian noise presented
at the kth antenna, i.e. n ~ N0, ajzl).

Under the far-field condition, we can assume the transmit-
ted signal from the kth user arrives at the base station antenna
array via Ly paths,l = 1,2, ..., Ly by the AoA o (6ki, drr)-
The channel coefficients 4,,; between the kth user and the
mth antenna element of the base station equipped with a RF
lens can be written as [18]:

Ly
~/ Bk . 2 Kl
Pk = ﬁ ;«/gklaﬁ exp | j¥u +JTA’" , (@
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FIGURE 2. Perspective view of the metamaterial-based planar lens
antenna array.

where j = /—1 is the imaginary unit and g is the large-scale
fading coefficient including the effects of path-loss and shad-
owing. gy is the power gain of the /th path for user k such
that (1/Lg) ZILL 1 Elgu] = 1, Yk; Y1y denotes the phase shift
introduced by the Ith path, and ¢y for I = 1,2,..., L
are independently and identically distributed (i.i.d) random
variables with uniform distribution over [0, 2]. aj; repre-
sents the effect of AoA-dependent energy gain and phase
delay introduced by the RF lens. It corresponds to the focused
energy captured by the mth antenna element for the incident
plane wave from the kth user through the /th path, and if the
lens is absent, i.e. all a equal to 1, E [ ||| = B, Ym.
The antenna array of the proposed lens antenna array is
assumed to be a 2D planar array with M = L,L, elements
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in total. Distance between the antenna plane and the RF lens
is Dy, and it is determined by the focal length of the lens. For
electromagnetic isolation and compactness, antennas have a
equal distance of d ~ A /2 and 1 is the free-space wavelength
at the center frequency. As shown in Fig. 2, the planar array
locates on the z = 0 plane, and the normal unit vector pointing
to the lens is z-axis direction. Thence,position of the mth
antenna (X, y,) is then given by

3 = —(Ly = 1)d/2+ [(m — D)/Lyd,

ym = —(Ly—1d/2+ mod (m—1,Ly)d

m=LG—-1D+p,j=12,...Ly;p=1,2,..., L.
3

The propagation distance difference of the mth element
compared to the element at (0, 0) is Af,f and is given by

A’,‘é = Xy COS O COS Py + Yy SIN Oy COS Py 4)

Similar to the case of one-dimensional linear array [18],
the angle parameters 0y and ¢y are characterized by the
AoA of line of sight (LoS) angle 6, ¢r with two random
offset ¥y, gi if we take multipath effect into consideration,
which are independently distributed according to a center
power azimuth spectrum (PAS) with zero means and angular
spread (standard deviation ) oy and o, [36]. In the extreme
case where both oy and o, equals to zero, it corresponds to
the line of sight environment. Two commonly used empirical
model for the observed PAS are the Laplacian [36] and the
Gaussian [37] distributions. With small angular spreads oy
and o, for each user k, we apply the approximation as follow:

ay, =~ ay'. %)
As a result, the channel model (2) can be simplified as:

L
hone = %aﬁ" Y Verexp (jwkz +127”A’;,5) NG!
=1
where aj'represents the complex addition gain captured by
the mth antenna element for incident wave at direction
Ok, Pr)-

Define vector hy = [hig, hok, - - ., by )T as the channel
vector of mth attenna, the the covariance matrix is Ry =
E [hk hf ] R,, is a positive semidefinite matrix with diagonal
entries equal to By |ax |2. The channel matrix of the RF-lens
massive MIMO system vares for different AoAs of the user.
Therefore, an accurate estimation of these lens-introduced
power is critical for base station to achieve optimal commu-
nication capacity and quality.

Ill. RF LENS RESPONSE

As mentioned above, the existing models for the RF lens
response estimation are either oversimplified or with limited
applicability. In this work, we consider obtaining the energy
focusing profile of the RF lens in a unified model, i.e. the
full-wave model derived from the Maxwell equation. With the
fast development of the computational electromagnetics t and

VOLUME 9, 2021

computation hardware, the system performance evaluation
involving large-scale antenna array can now be efficiently
realized by using hybrid-methods [38] or full-wave methods
enhanced by fast solvers and parallel computing [39].

From the Friis transmission equation, the power received
by the base station antenna is determined by the power P,
delivered by the user antenna and the effective area of the
base station antenna A/’ in the AoA, i.e.

52
P = A Ok, dr)Pr = G (O, P —Pr. @)

where 6; and ¢ is the AoA of the kth user and G!" is the
receive antenna gain of m—th antenna. Due to the presence
of RF lens in front of the antenna array, the gain pattern for
each antenna is different. In the previous studies, these gain
patterns are evaluated by using two steps. First, evaluate the
gain pattern for the same antenna array without the lens and
the energy focusing property of the lens, individually. The
total gain is then obtained by multiplying these two factors.

In this work, we consider the antenna array and lens an
entity. Referring to Fig. 2, all antennas at the base station are
in the receiving mode and the antenna port is loaded with an
impedance Z;, when it is connected with the RF front through
a matching circuit. Assuming the impedance Z;, equals to the
antenna input impedance, which results in no matching loss
and the received power for the mth antenna is

1
Pl = 3%V - 1), ®)

where V is the voltage drop between two port ends and [
the current passing through the port, and they are related
by V = ZI. By varying the incident angle for different
users and carrying out the simulation as shown in Fig. 2, the
receiving power P7'(0k, ¢y ) of all antennas m = 1,2, ..., M
can be determined by (8) simultaneously.

Assuming the metallic antenna is a perfectly electrical con-
ductor, wherefore only electric currents exist on its surface.
The electric field integral equation derived from the Maxwell
equation is

ENP + Z0LJn) =0, €S, ©)

where J,, is the electric current density of the mth antenna
surface S,, and Zy is the free-space wave impedance. The
imposed electric field E,," on this mth antenna body con-
tains three components: the electric field radiated by the rest
antenna elements, the electric field radiated by the lens, and
the incident field from the user on this antenna body.

M
Ex*= ) ZCLA)+E+EX. (10)
i=1,i#m
In (9) and (10), the integrodifferential operator £ derived
from the Maxwell equations is

£(X) = —jko / {X 4 kizwv : X)} Gr. )dr’. (1)
S 0
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G(r,1’) is the free-space Green’s function and kg is the
free-space wavenumber. Using the equivalence principle,
the radiation field from the inhomogeneous or metamaterial
lens can be represented by the equivalent surface electric and
magnetic current density J; and My,

B — 7202(J0) + K(My), (12)
H — L vy + kL), (13)
Zy

where the integrodifferential operator X is defined as
KX) = — f X x VG(r, r')d7’. (14)
N

On the lens surface, the surface current density J; and My,
are related to the electric field E; and magnetic field H on
the boundary by the condition

M
Jo=nxHy=nx (Z KJ) +H%2rcls +Hlens> ,
m=1

(15a)

M
M, = E; xii= (Z ZoLIm) + Eigys + El> x A,
m=1

(15b)

in which 7 is the surface norm of the RF lens. Apparently,
the field on the lens surface is the sum of fields radiated by all
antennas and that from the kth user. Using the equivalent prin-
ciple as mentioned above, the internal electric E inside the RF
lens is equivalent to the following variational formulation

F(E):%/V[ML(VXE)-(VXE)

—kge,E-E]dv + jkoZo / (Es x Hy) - 7dS,  (16)
N

where V is the volume of the RF lens and ¢, and p, is the rel-
ative permittivity and permeability of the lens, respectively.
Due to the complex geometry or material constitutions of a
RF lens, the minimum value of (16) can be solved by using
the finite element method. As the electric and magnetic fields
on the lens surface are already given in (15), combining (15)
and (16), and taking the variational principle, the equation for
the internal field inside the RF lens is

Kn Kis O E; 0
Ks; Kss B Es: =1{0;¢, 17
0 P Q0 Hg b

where Ej represents unknowns for the internal electric field,
and E; and H; are the unknowns for the electric and mag-
netic field on the lens surface. The block matrices Kj;,
Kis, Ksi, Kss and B are the sparse matrices produced by
using the finite element method (FEM). Matrices P and Q
are obtained by discretizing the integrodifferential operators
in (15a) and (15b) using the method of moment (MoM),
respectively. The right-hand side vector b is related to the field
imposed on the RF lens, which includes the field radiated by
all antenna bodies and the incident field from the user.
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Organize all the unknown surface currents, the final equa-
tion system is

L Lo o Lim | T _Einc
Ly Lo Loy Jo —Ej°

: : — D .(18)
Lur Lyz2 - Lum | | Iu —Ey°
L1 Lo - Lm JL —Ejpns
| Kot K2 - Kwn | | ML —H

Dividing the antenna and lens surface into triangular
meshes and discretizing the unknown currents with basis
functions, the above equation can be discretized using MoM.
Then, the current passing through all antenna ports and the
corresponding voltage drop can be extracted from the current
distribution on the antenna surface, and the received power
for each antenna element can be calculated by using (8).

1
dh =D op= 0
09 | #=35" 4= 0
- #=15" 4= 316
08 ‘ d | i =30 o= TAE
5 i || & Iﬁ =30 ¢=247.5
& 0 1 ]L ! I 1238 o = 28.1
::_D B | il |l|' [ =35 g= 50.6°
= Bl ‘ g | =35 $=230.6
. o I TV .
205 o & =35 o= 2419
= 04 i i
E !
03
0.2

Antenna index

(a)

| W

I | | | | | | R
=350 = 241.9°
20 a0 60 ag 100 120
Antenna index

(b)

FIGURE 3. Normalized received power distribution on the proposed lens
antenna array for vertically polarized plane waves with different AoAs:
(a) received power curves; (b) power image where the intensity is
represented by colored pixels.

The simulated power profiles for the total 121 antennas
with different incident angles and polarizations are shown
in Fig. 3 and Fig. 4. From these results, it is obvious that
antenna elements have different gains to the incident plane
wave with a particular AoA. Moreover, the received power
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FIGURE 4. Normalized received power distribution on the proposed lens
antenna array for horizontally polarized plane waves with different AoAs:
(a) received power curves; (b) power image where the intensity is
represented by colored pixels.

profile of the antenna elements varies for different polariza-
tions, and thus the polarization should be taken into consid-
eration when modelling a metamaterial-based lens antenna
array. Last but not the least, for any incident angle, despite
the polarization, peak of the received power appears at one
antenna element, while unlike the DFT model, powers dis-
tributed at the rest antennas are not ignorable. As the DFT
model is no longer valid for the proposed planar lens antenna
array, the matching strategy between its antenna elements and
users requires a reconsideration for efficient mmWave MIMO
systems.

IV. ANTENNA SELECTION AND SYSTEM EVALUATION

A. POWER PROFILE-BASED ANTENNA SELECTION

In this section, with power distributions obtained from the
proposed analysis model, an antenna selection scheme is
developed to evaluate the achievable system performance of
the designed metamaterial-based planar lens antenna array.
To better demonstrate the power distribution, normalized total
power profiles on the 11 x 11 antenna array for the vertical
incident wave, and two oblique waves are given in Fig. 5.
In this figure, the 2D planar antenna location information is
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also demonstrated for completeness. To optimize the system
efficiency, selected antennas should produce the highest over-
all capacity to a corresponding set of users. In this subsection,
a one-to-one matching scheme between users and antenna
elements is established based on the signal AoAs and the
power profile of the lens antenna array.

According to the system model given in (1), the signal-to-
interference-plus-noise-ratio (SINR) of the kth user is

fihy
ZzK=1,i¢k fih; + fif o2 ’

in which f} is the kth row of the equalization filter matrix F.

As the signal transmitted by one user generates responses
on multiple antenna elements after passing through the
RF-lens, the inter-beam interferences among users cannot
be ignored. In this work, we adopt the zero-forcing (ZF)
equalizer to suppress these interferences. Thus, the digital
processing module in Fig. 1 can be represented in matrix as

F = (H'H)~'HY. (20)

Yk = (19)

Substituting (20) into (19), the SINR of kth user can be
simplified to
1

= 21
£ £l o2 @D

Vi

The achievable rate at the kth user is
Ri =log, (1 + ) - (22)

As a result, we have the capacity of all K users in the MIMO
system as

K
Rsum = ZRk- (23)
k=1

From (21)-(23), the total capacity of the MIMO system can
be calculated from diagonal elements of matrix FF. This
conclusion indicates that for a given group of users and chan-
nel conditions, instead of being affected by the one-to-one
correspondence between users and antenna elements, the total
channel capacity only relates to the set of selected antennas.

In order to maximize the spectrum efficiency, the exhaus-
tive algorithm is a possible method. It computes channel
capacities for all possible combinations of antenna sub-
sets, and choose the subset that leads to the highest effi-
ciency. However, for massive MIMO systems, such an
approach can be computationally prohibitive because of the

(1}?) possible combinations. Therefore, inspired from the
work presented in [40], we propose a decremental max-
imum capacity (DMC) antenna selection approach to the
metamaterial-based all-planar lens antenna array mmWave
MIMO system. According to the power profile obtained from
the full-wave simulation analyses with polarization consid-
ered, the antenna selection scheme selects K antennas out
of M by deleting those contributing the least to the sys-
tem capacity one by one. As summarized in Algorithm 1,
the presented procedure consists of (M — K) loops. In the
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FIGURE 5. Normalized received power distribution of all antenna elements in the case of normal incidence (a) 6 = 35°, ¢ =241.9°, (b) 6 = 0°, ¢ = 0°,

and (c) 6 = 30°, ¢ = 78.8°.

Algorithm 1 Power Profile-Based Decremental Maximum
Capacity Antenna Selection
Input: H
Qutput: H
A=H"
forj=1—- M —K do
fork=1—->M—j+ 1do
C, = (AW Aty
Dy = diag{Cy}
Ri = Y1 loga(1 + s3p5)
end for
8; = argmax{Ry}

J
D={51,80, - .5}

gnd for
é = [Am,:]m(;éD
H=A

ith loop, channel capacities corresponding to the (M — i+ 1)
antenna deletion strategies are calculated, and the antenna
whose elimination causes the minimum capacity reduction
is removed. Thus, (M — K)(M — K + 1)/2 calculations are
required in this algorithm to achieve a near-optimal antenna
selection. In this algorithm, D is the antenna subset removed
in the antenna selection algorithm.

B. SIMULATION RESULTS
In this subsection, we provide simulation results to verify the
system performance of the proposed all-planar lens antenna
array-equipped massive MIMO system. The RF-lens antenna
array composed of a flat metamaterial lens and an antenna
array with 11 x 11 elements. The antenna power profile is
obtained at a operation frequency of 25 GHz. To evaluate
the system performance of the proposed all-planar RF lens
antenna array, the gain of the lens is calculated from the ratio
between received powers of antennas with a lens (Pyyithiens)
and those of antennas without the lens (Ppjens) as follow

G = Pyithiens i (24)

Prolens

40482

TABLE 1. Average channel capacity (in bps/Hz) for different user
numbers and channel SNRs.

Users
SNR 10 20 30 40 50 60
-10 dB 0.067 0.044 0.031 0.026 0.017 0.012
0dB 2.487 1.964 1.395 1.291 1.062 0.838
10 dB 5.495 4540 3.872 3.448 3.021 3.012
20 dB 8.775 7.754 6.82 6.008 6.01 5.440
30dB 12.065 11.06 10.74 9.567 8.492 8.11

where Pyipiens and Pyopens are obtained by applying hori-
zontally and vertically polarized plane waves to the antenna
system. Fig. 6 presents gains of the lens to incident waves
from several representative AoAs.

In the simulation, users distribute over the angular spread
of the antenna array with 0° < 6 < 35° and 0° < ¢ < 360°,
and their incident power is 1W. For all the users, we con-
sider one LoS path and two non-line-of-sight (NLoS) paths.
Normally, the power transmitted along the NLoS path is an
order of magnitude less than the power transmitted along the
LoS path. Afterwards, channel capacities with the antenna
selection scheme introduced in Section IV-A and the lens
model analyzed in Section III are simulated and discussed
under different scenarios.

Fig. 7 shows the spectrum efficiency against the channel
signal-to-noise ratio (SNR) when the system serves different
numbers of users simultaneously. In order to avoid the influ-
ence introduced from the randomness of the user distribution,
the simulation for each number of users working together is
repeated for 100 times. It is obvious that the channel capacity
is higher at a better SNR for all user numbers. Moreover,
when the number of users simultaneously served by the base
station increases, the overall system spectrum efficiency also
improves. However, more users indicates higher interference
power response on the selected antenna for each user. Thence,
when the channel SNR is 10 dB, the average channel capacity
of each user declines gently from 5.50 bps/Hz for a system
with 10 users to 3.01 bps/Hz for that with 60 users due to the
stronger interference. A detailed average spectrum efficiency
is summarized in Table 1.
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FIGURE 6. Gains of the metamaterial-based planar lens antenna array
for incident waves from different AoAs: (a) 2D gain curves; (b) gain image
where the intensity is represented by colored pixels.
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FIGURE 7. Total channel capacity against channel SNR for different user
numbers.

V. CONCLUSION

In this paper, we proposed a power profile-based antenna
selection strategy for MIMO systems with an all-planar
RF-lens antenna array. For practical applications and deploy-
ment, the RF-lens antenna consisted of a flat lens made of

VOLUME 9, 2021

metamaterials and feeding antenna elements arranged in a
2D plane. By considering the lens and all antenna elements
as an entity, the incident field from any user on one antenna
body, the electric field radiated by the lens, and the electric
field radiated by the rest antenna elements have all been
included when characterizing the base station antenna. Then,
the received powers of all antennas were derived for incident
waves with different angles of arrivals, based on which a
decrease maximum capacity antenna selection strategy was
achieved. Finally, we analyzed and discussed the MIMO
system performance of an all-planar RF lens antenna array
operating at 25 GHz with 121 elements.
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