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ABSTRACT

Millimeter-wave (30-300 GHz) and Terahertz-band commu-
nications (0.3-10 THz) are envisioned as key wireless tech-
nologies to satisfy the demand for Terabit-per-second (Tbps)
links in the 5G and beyond eras. The very large available
bandwidth in this ultra-broadband frequency range comes at
the cost of a very high propagation loss, which combined with
the low power of mm-wave and THz-band transceivers limits
the communication distance and data-rates. In this paper, the
concept of intelligent communication environments enabled
by Ultra-Massive MIMO platforms is proposed to increase
the communication distance and data-rates at mm-wave and
THz-band frequencies. An end-to-end physical model is de-
veloped by taking into account the capabilities of novel intel-
ligent plasmonic antenna arrays which can operate in trans-
mission, reception, reflection and waveguiding, as well as the
peculiarities of the mm-wave and THz-band multi-path chan-
nel. Based on the developed model, extensive quantitative re-
sults for different scenarios are provided to illustrate the per-
formance improvements in terms of both achievable distance
and data-rate in Ultra-Massive MIMO environments.

Index Terms— Ultra-Massive MIMO, Millimeter wave,
Terahertz-band communications, Plasmonics

1. INTRODUCTION

In recent decades, a dramatic revolution in wireless commu-
nication networks has been witnessed. Among others, ap-
proximately 20.4 billion wireless devices are expected to be
connected by 2020 due to the rise of the Internet of Things
paradigm. In parallel to the growth of the number of wire-
less devices, services, and applications, there has been an in-
creasing demand for higher speed wireless communications.
To meet this demand, new spectral bands and advanced com-
munication techniques are needed. The research in millime-
ter wave (mm-wave, 30-300 GHz) and Terahertz (THz) fre-
quencies (300 GHz — 10 THz) has attracted great attention in
recent years owing to their intrinsically abundant spectrum
resources, ranging from 10 GHz in the mm-wave band to
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several windows each with a few hundred GHz consecutive
spectrum in the THz band. If properly utilized, such massive
spectral resources can lead to drastic improvements in terms
of individual user data-rate and multi-user throughput.

Nevertheless, the major challenge at mm-wave and THz-
band frequencies is the limited communication distance be-
cause of the remarkably high path loss inherent to small
wavelengths and the limited transmission power of mm-wave
and THz-band transceivers [1]. To overcome this problem,
high-gain directional antenna systems are needed. Besides,
reconfigurable antenna arrays can be utilized to implement
MIMO and Massive MIMO communication systems. When
increasing the communication frequency, antennas become
smaller and, thus, a higher number of antennas can be inte-
grated within the same footprint. However, simply increasing
the number of antennas is not sufficient to overcome the
much higher path loss as we move towards the THz band and
to meet the demands and expectations of beyond 5G systems.

In this paper, we propose the concept of intelligent com-
munication environments enabled by Ultra-Massive MIMO
(UM MIMO) platforms as a way to increase the communi-
cation distance and data-rates at mm-wave and THz-band fre-
quencies. The UM MIMO platforms consist of reconfigurable
plasmonic antenna arrays both at the transmitting and receiv-
ing nodes, operating as plasmonic transmit-receive arrays,
and in the transmission environment, in the form of plas-
monic reflect-arrays and able to operate in different modes,
including transmission, reception, reflection, and waveguid-
ing. Plasmonic antennas leverage the physics of Surface Plas-
mon Polariton (SPP) waves to efficiently radiate at the target
resonant frequency while being much smaller than the cor-
responding wavelength [2]. This particular property allows
them to be integrated in very dense arrays, beyond traditional
antenna arrays, and enables the precise radiation and propa-
gation control of EM waves with sub-wavelength resolution.

Comparing to prior works, in [3], we introduced for the
first time the concept of UM MIMO at the transmitter and the
receiver. In [4, 5], the use of programmable metasurfaces or
HyperSurfaces was proposed as a way to engineer the prop-
agation of electromagnetic signals in the channel, with more
control than with traditional programmable reflect-arrays [6].
Here, this is the first work in which full-wave control with
plasmonic arrays at the transmitter, through the channel, and
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Fig. 1: A conceptual design of intelligent environments and the plasmonic antenna (reflect) array.

at the receiver is proposed. We analytically model and numer-
ically estimate the performance of intelligent communication
environments (Fig. 1) based on UM MIMO systems at the
transmitter, the receiver and deployed through the communi-
cation channel in a synergistic operation manner to overcome
the main challenge at mm-wave and THz frequencies.

2. DESIGN OF UM MIMO PLATFORMS-BASED
INTELLIGENT ENVIRONMENTS

UM MIMO platforms enable the creation of intelligent com-
munication environments in both indoor and outdoor scenar-
ios. With the derivations readily extendable to the outdoor
case, here we focus our analysis in the indoor case. The intel-
ligent environments consist of two major parts: the plasmonic
transmit-receive arrays at the nodes and the plasmonic reflec-
tarray systems in the propagation environment. Plasmonic re-
flectarrays can be embedded or applied to surfaces of indoor
objects (e.g., walls and ceilings) like adhesive foil papers with
low energy cost and allow signal transmissions through re-
flections on the plasmonic layer (i.e., the top layer) or waveg-
uiding on the waveguiding layer (i.e., the bottom layer). The
control layer (i.e., implemented in the middle layer) estimates
the channel, coordinates with the transmitting and receiving
arrays at the nodes, and assigns the operation modes to indi-
vidual or groups of plasmonic units. The UM MIMO plat-
forms are powered by batteries in mobile transceivers and AC
power supply for wall-covering reflectarrays.

2.1. Plasmonic Transmit—-Receive Arrays

The physics of plasmonics can be utilized to enable antenna
arrays with much denser elements and go beyond the con-
ventional \/2 sampling of space towards more precise space
and frequency beamforming. On that basis, we have demon-
strated that, at THz frequencies, graphene can be used to build
nano-transceivers and nano-antennas with maximum dimen-
sion A/20, allowing them to be densely integrated in very
small footprints (1024 elements in less than 1 mm?), as shown
in Fig. 1 [2, 7]. However, graphene does not perform well at
mm-wave bands. Instead, we consider to incorporate meta-
surfaces into the plasmonic transmit-receive arrays. Metasur-
faces, the 2D representation of metamaterials which are a type

of engineered material designed to exhibit EM properties not
commonly found in nature, have been well studied from the
perspective of material science and technology [8]. The un-
derstanding of the benefits of utilizing them in transmission
and reception from the communication perspective is missing
and motivates this work.

2.2. Plasmonic Reflectarray System in the Intelligent En-
vironments

The plasmonic reflectarrays can be deployed freely in the 3D
environment, with a size ranging from 1 mm? to 100 mm?
depending on the operating frequency (mm-wave/THz band)
equipped with hundreds or thousands of plasmonic antenna
elements. Owing to the sub-wavelength size of their ele-
ments, the plasmonic reflectarrays are able to reflect signals in
non-conventional ways, which include controlled reflections
in non-specular directions as well as reflections with polariza-
tion conversion [9], as illustrated in Fig. 2. These operations
can be achieved by properly tuning the reflection coefficient
I" of the meta-atoms. To be more specific, suppose a pair of
incident and reflected signal has the following wave vectors,

Ein — (Ea;.’f? + Eyg) ei(—wz/C-’rwt)7 (1)
Eref _ Fb (Exi' 4 Eyg) ei(wz/c+wt)’ (2)

where w is the angular frequency. The reflection coefficient
T can be written as T' = E™f/BEir = Ttei(2wz/c) — [bei®
where I'? is the reflection coefficient at the boundary of two
materials. We can further express the phase component of the
reflection coefficient as a function between the angles of in-
cidence and reflection, e‘® = ¢i(sinfin—sin oref)‘“/"’z, M;—iz) =
wz/c(sin B;, —sin b0 ). Hence by controlling the phase com-
ponent, the reflection signals can be tuned to a desired direc-
tion.

The polarization conversion can be achieved by alter-
ing the reflection coefficients along two orthogonal direc-
tions in anisotropic meta-atoms [10], where the wave vec-
tor of reflected wave is expressed as Eref = (T.E.z +
T, E,9)e’ @/t One step further, the absorption of in-
cident EM waves can be maximized in metasurfaces with
proper size and thickness selections of the meta-atoms. Ac-

cording to conservation of energy, the absorptivity 5 can be
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Fig. 2: Conceptual design of a plasmonic reflectarray able to unconventionally manipulate EM waves, including (a) specular reflection; (b)
controlled reflection; (c) reflection with converted polarization; (d) absorption; and (e) signal waveguiding.

maximized when the reflectivity R is minimized, where we
Pr—1

3
have f=1—R=1-— i M= \/HrEr,argming =
{R|p, = €.}, where u, and ¢, are the relative permittivity
and permeability of the meta-atoms, respectively. Finally,
the waveguiding function can be achieved by absorbing the
incident energy and then pass along to adjacent meta-atoms
through the waveguide layer as shown in Fig. 2.

3. END-TO-END SYSTEM CHARACTERIZATION
AND PERFORMANCE EVALUATION

The realization of UM MIMO communications requires the
development of accurate channel models able to capture the
impact of both the plasmonic arrays as well as the behavior of
a very large number of parallel waves propagating in space.
In this section we explore these characteristics.

3.1. 3D End-to-end Channel Model

While we have studied the UM MIMO platforms in modes
of transmission and reception [11], we herein extend the 3D
end-to-end channel model to other aforementioned operation
modes. Following a similar methodology, we can write the
reflection coefficient introduced by the reflectarray at the fre-

quency f as
—1M-1

Z ZRmn(ﬂ g glmom), w"””)

n=0 m=0

x exp (7o [z sin (6) cos () 3)

+ Ymn sin (et) sin (th)] -+ jw(m,n)) )

where M, N are the number of cells in the x-axis and y-axis
of the integrated transmit—receive arrays which include both
the UM MIMO array at the transceivers and the reflectarrays
in the propagation environment. R,,,, denotes the magnitude
of the reflection coefficient of the (m,n)'" cell of the inte-
grated array, which depends on the plasmonic element prop-
erties as well as the angle of departure in the elevation and
azimuth planes, denoted by (6, ¢+ ). In addition, kg = 27 f /c
is the wavenumber with ¢ being the speed of light, and x,,,,
and ¥,,,,, represent the geometric location of the (m, n)*™® cell.
Moreover, A phase shift ¢)("") is introduced between the in-
cident and the reflected field from the (m, n)*™" integrated ar-
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ray cell, to allow the phase of the reflected field to be uniform
in a plane normal to the direction of the beam.

In the propagation channel, a very large number of waves
(or paths) is emitted from the transmitter with plasmonic ar-
rays and will interact with the propagation environment until
reaching the receiver. Existing channel modeling approaches
normally treat the environments as passive channels, which
equalization has to be performed at the receiver to combat
the inter-symbol interference (ISI). However, with the utiliza-
tion of the UM MIMO platforms, the plasmonic reflectarrays
can manipulate the paths in the environments to enhance sig-
nal transmissions and diminish the effect of ISI. Based on the
types of interaction, we characterize the channel as follows,

S
h(t) :aLoS(S(t - TLOS)]]-LOS + Z aabs(s(t - Tabs)
s=1
I J o
3 (et 11 g<w>) )
w
Z 2 gm(t = Tuvg) @

in which «(.) denotes the amplitude of paths in different
types, including line-of-sight (LoS), absorption (abs), reflec-
tion (ref), and waveguiding (wvg). 7(. is the time of the inter-
action between path and environment, 1r,g is the presence
indicator function of the LoS path, 7 and j denote the indices
of reflection paths and segment in each path, g(w ) is the loss
induced by the m-th meta-atom upon wave impinging for the
j-th path segment in the i-th path. The waveguided path only
experiences one loss from the impinging meta-atom, then the
path can be losslessly transmitted to the destination through
the inter-connection among meta-atoms.

3.2. Optimization in Resource Allocation

Based on the above multipath channel model, the subsequent
step is finding the desirable resource allocation strategies en-
abled by the UM MIMO platforms in transmission, reception,
reflection, and waveguiding. This can be formulated as an
optimization problem aimed at finding the optimal transmit

power, Pt(k), the number of antennas in the UM MIMO sys-

k)

tems in transmission and reception, N(E , and the number of

antennas in the reflectarrays, M. S(k), for the k" receiver in the
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(a) Contour plot of average received power in
the baseline case (no UM MIMO platforms).

(b) Contour plot of average received power
with UM MIMO platforms.
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Fig. 3: Improvement in communication distance and system throughput under the deployment of UM MIMO platforms.

mm-wave and THz-band network with a total of K users. The
objectives are to maximize the sum of product of the transmis-
sion distance dj, and the overall throughput I'y, as follows:

Given: T, R, y™, 2{M)T, Pt Nt M (5)

o cr

Find: P, Ny (%) (6)

maXde,maXZFk @)

Subject to: Z Pt(k) < P/t Z Nék) <N, ()

Objective:

e (PO NG MB) =T, o)
> ME) < M, fork € K. (10)

In this optimization problem, T and R denote the 3D coor-
dinates of the transmitter and the k" receiver. The resources
include the transmit power, number of antennas in the UM
MIMO, and number of elements in the reflectarrays upper-
bounded by Pf°t, Nt and M°", respectively. Moreover,
the data rate, depending on the receiver’s location, transmit
power, number of allocated antennas in the integrated UM
MIMO platform, needs to satisfy the threshold Féﬁ).

3.3. Performance Evaluation

Based on the resource allocation optimization scheme, we
can evaluate the performance of the UM MIMO platforms
analytically in an end-to-end channel, the following metrics
are taken into account: the achievable distance with satis-
fying signal-to-noise-ratio (SNR) and the maximum system
throughput. We start by considering a channel with the as-
sumption of favorable propagation [12] between a BS with
UM MIMO system with N, antenna and plasmonic reflec-
tarray with the number of antennas M for a user where the
channel coefficient can be expressed as . ;m = Gn,m+/0n,
where g, ,, denotes the small-scale fading coefficient as-
sumed to be i.i.d. random variables with zero mean and unit
variance for the pair of n-th antenna at BS and m-th antenna
element in the plasmonic reflectarray and «,, is the large-
scale fading coefficient taking the magnitude of Eq. (4). The
channel transfer matrix seen by the user can be expressed as

hi1 hn1
H= < Lo ) = GA'2, with an

hl,m hn,WL

gi,1 gn,1
Gz( Do ),A:diag(al,---,an). (12)

gi,m *° GGn,m

In a downlink channel, the received signal vector y can be
expressed as a function of transmitted signal vector x, down-
link channel matrix H, and complex Gaussian noise with
zero-mean and unit-variance CN as y = /P.Hx + CN.
Based on the assumption that the given resource optimiza-
tion, the UM MIMO platforms have perfect knowledge of the
channel, the achievable system throughput is

C = Blog, det(I + P, H”"H) = Blog,(1 + P.MN),
(13)

which is upper-bounded by the size of the antenna arrays
in the plasmonic transmit-receive arrays and the plasmonic
reflectarrays, when the number of users are fewer in the same
environment. Therefore, interference is asymptotically zero
in this case. Fig. 3 shows the distance enhancement and
achievable data rates with different sizes in UM MIMO plat-
forms at a center frequency f. = 300 GHz with a bandwidth
of 50 GHz. The comparison between the average received
power in an “L’-shaped indoor corridor depicted in Fig. 3(a)
and Fig. 3(b) shows that the UM MIMO platforms can help
to extend the coverage by around 40 dB. By utilizing a size
of N, = 1024 x 1024 plasmonic transmit-receive arrays
and with various numbers of units M, in our optimization
function Eq. (6) (ranging from 50 to 1200) of plasmonic re-
flectarrays in the environment, the sum data-rate achievable
in that environment with UM MIMO platforms can reach the
Tbps level, as shown in Fig. 3(c).

4. CONCLUSION

In this paper, UM MIMO platforms consisting of plasmonic
antenna arrays, enabled by graphene and metasurfaces and
utilized in transmission, reception, reflection and waveguid-
ing, have been proposed. An end-to-end analytical physical
model has been developed and exploited to highlight the
significant enhancement in both transmission distance and
achievable data-rate. Our future work includes leveraging the
UM MIMO platforms with artificial intelligence potentials to
further optimize the system performance.
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