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Abstract - Millimeter-wave (mmWave) communications is a key enabler towards realizing enhanced Mobile Broadband
(eMBB) as a key promise of 5G and beyond, due to the abundance of bandwidth available at mmWave bands. An mmWave
coverage map consists of blind spots due to shadowing and fading especially in dense urban environments. Beam-forming
employing massive MIMO is primarily used to address high attenuation in the mmWave channel. Due to their ability in ma-
nipulating the impinging electromagnetic waves in an energy-efficient fashion, Reconfigurable Intelligent Surfaces (RISs) are
considered a great match to complement the massive MIMO systems in realizing the beam-forming task and therefore effec-
tively filling in the mmWave coverage gap. In this paper, we propose a novel RIS architecture, namely RIS-UPA where
the RIS elements are arranged in a Uniform Planar Array (UPA). We show how RIS-UPA can be used in an RIS-aided MIMO
system to fill the coverage gap in mmWave by forming beams of a custom footprint, with optimized main lobe gain,
minimum leakage, and fairly sharp edges. Further, we propose a configuration for RIS-UPA that can support multiple
two-way communication pairs, simultaneously. We theoretically obtain closed-form low-complexity solutions for our
design and validate our theoretical findings by extensive numerical experiments.
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1. INTRODUCTION

The next generation of wireless communication systems
aims to address the ever-increasing demand for high
throughput, low latency, better quality of service, and
ubiquitous coverage. The abundance of bandwidth avail-
able at the mmWave frequency range, i.e., [20, 100] GHz, is
considered as a key enabler towards the realization of the
promises of next generation wireless communication sys-
tems. However, communication in mmWave suffers from
high path-loss and poor scattering and diffraction. There-
fore, mmWave signals are vulnerable to blockages, espe-
cially in urban areas. In fact, since the channel in mmWave
is mostly line-of-sight (LoS), i.e., a strong LoS path and
very few and much weaker secondary components, the
mmWave coverage map includes blind spots as a result
of shadowing and blockage. Beam-forming employing
massive MIMO is primarily used to address the high at-
tenuation in the mmWave channel. In addition to beam-
forming, relaying can potentially be designed to generate
constructive superposition and enhance the received sig-
nals at the receiving nodes. Equipping MIMO communica-
tion systems by Reconfigurable Intelligent Surfaces (RISs)
may extend the capacity of mmWave by covering the blind
spots and providing diversity reception at the receiving
nodes.

RIS [1][2][3] is denoted as a potential enabling technol-
ogy for realizing 6G-and-beyond [4][5] due to its great

potential for manipulating the impinging electromagnetic
waves and artificially shaping the wireless propagation
environment in a cost-effective and energy-efficient man-
ner. The wireless propagation environment in current
communication systems is considered to be uncontrol-
lable and stochastic, and therefore, the existing wireless
system design technologies and principles (e.g.,, mmWave
communication systems, massive MIMO, etc.) are
traditionally developed on a reactive basis to adapt to
this stochastic behavior. An RIS typically consists of a
large number of low-cost and passive reflecting
elements arranged in planar artificial metasurfaces.
Each RIS cell is capable of manipulating the phase and
possibly the amplitude of incident electromagnetic waves
in response to real-time external signals provided by a
smart controller. The programmability of the RIS enables
them to flexibly modulate RF signals without the need to
use any mixers, analog phase-shifters, analog-to-digital/
digital-to-analog converter, etc. [6][7]. This not only
drives the RIS hardware cost and energy
consumption down, but also allows for the design of
RF  chain-free  wireless transceivers [8][9].
Therefore, either as active transceivers or passive
reflectors, RIS may be a promising solution to
revolutionize the design of the physical layer in
next-generation  wireless communication systems.
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1.1 Related work

RISs have attracted a lot of attention both from industry
and academia, over the past several years. The efforts
towards realizing the prospects of achieving RIS-aided
wireless communications initially started with theoreti-
cal developments based on mathematical models. More
recently, real-world trials with prototyping and field ex-
periments have been pursued more seriously than be-
fore in the literature. Several funding agencies have heav-
ily invested in theoretical development, designing, proto-
typing, and testing the intelligent metamaterial surfaces.
Since 2012, the National Science Foundation (NSF) in the
US, and the European Commission, Horizon 2020, have
spent millions of dollars in projects tackling different as-
pects of the reflective metasurfaces and integrating the
RIS with next generation networks [10].

With respect to experimental trials, extensive efforts have
been made. The Japanese network operator NTT DoCoMo
in collaboration with its partners has repeated a few suc-
cessful trials over the past couple of years, demonstrat-
ing how their designed transparent dynamic metasur-
face can improve the power of the radio signal at 28 GHz
[11]. In [12], the authors have proposed a prototype for
RIS-enabled wireless communications with an RIS con-
sisting of 1100 elements operating at 5.8 GHz. They
show their passive reflect-array design provides signif-
icant gain improvement in point-to-point wireless com-
munications through indoor and outdoor field trials. An-
other prototype is proposed in [13] for modulating the
incident waves based on single-carrier Quadrature Phase
Shift Keying (QPSK) to design RIS-based transceivers
achieving a 2.048 Mbps data rate for video-streaming.
The prototype in [8] achieves an RIS-based RF-chain free
transceiver.

RISs are promising to be deployed in a wide range of com-
munications scenarios, such as high throughput MIMO
communications [9][14], ad-hoc networks, e.g., UAV com-
munications [15][16], physical layer security [17], etc. In
radar, deployment of RISs with judicious design of phase
shifts has shown improvement in estimation of the radar
cross-section [18] and moving target [19]. Apart from
the work focusing on theoretical performance analysis
of RIS-enabled systems [20][21], considerable amount of
work has been dedicated to optimizing such an integra-
tion, mostly focusing on the phase optimization of RIS
elements [22][23][24] to achieve various goals such as
maximum received signal strength, maximum spectral ef-
ficiency, etc. For more information on the challenges and
opportunities associated with RIS, we refer the interested
readers to [25][26] and the references therein.

In this paper, we present an RIS-aided architecture to fa-
cilitate two-way communications. Most of the prior art
in RIS-aided two-way communications, focuses on single-
beam communications [27][28]. However, in this pa-
per we propose the idea of RIS-aided multi-beamforming.
The idea of RIS-aided multi-beamforming, i. e, beam-
forming with multiple disjoint lobes, was first introduced

in [29], where the authors aimed at covering the mmWave
blind spots by designing sharp beams covering various
ranges of solid angle. The codebook design problem for
such beam-forming was addressed in [30]. In [31], the
authors employ dual beam-forming for short range target
monitoring.

1.2 Main contributions

In this paper, we consider a communication scenario be-
tween a transmitter, e.g., the Base Station (BS), and ter-
restrial end users through a passive RIS that reflects the
received signal from the transmitter towards the users.
Hence, the users that are otherwise in blind spots of net-
work coverage become capable of communicating with
the base station through the RIS that is serving as a pas-
sive reflector (passive relay) maintaining communication
links between the BS and the users. Given the geospa-
tial variance among the locations of the end users served
by the same wireless system, the RIS may have to si-
multaneously accommodate users that lie in different an-
gular intervals that are widely separated with a satis-
factory Quality of Service (QoS). In what we refer to as
multi-beamforming, we particularly address the design of
beams consisting of multiple disjoint lobes in order to
cover different blind spots using sharp, high gain, and ef-
fective beam patterns. In the following, we summarize the
main contributions of this paper:

¢ [RIS-UPA to UPA Transformation] We present sim-
ple yet important properties of RIS with UPA struc-
ture (RIS-UPA) when used as a beam-former in Sec-
tion 3. As a consequence, we present a transfor-
mation between the beam-former design problem in
UPA and RIS-UPA which allows us to directly borrow
the design for UPA beam-forming and by the means
of a transformation use it for RIS-UPA beam-forming.

¢ [Multi-beamforming] We present a new beam-
forming design technique termed as multi-
beamforming aiming to design beams with multiple
disjoint lobes. The multi-beamforming design inher-
ently depends on the solid angle (say {2; in Fig. 1) at
which the incident wave activates the RIS elements.
The proposed beam-forming design easily adapts to
changes in 2; and we provide a visualization as to
how the beam would change in response to change in
Q.

e [Custom footprint] The proposed method has the
flexibility to design a beam with a custom footprint.
The beam footprint may be defined as the cross-
section of the beam lobes with the sphere (say at
beam gains within the half-power (3dB) point and
maximum gain).

¢ [Compound beams] We design the parameters of
the RIS to achieve multiple disjoint beams covering
various ranges of a solid angle. The designed beams
are fairly sharp, have almost uniform gain in the de-
sired Angular Coverage Interval (ACI), and have neg-
ligible power transmitted outside the ACI.
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¢ [Complexity] Thanks to the derived analytical
closed form solutions for the multi-beamforming
design, the proposed solution bears very low com-
putational complexity even for an RIS with massive
array sizes.

e [Multilink] We also provide RIS beam-forming de-
sign in multilink scenarios where different pairs of
transmitters and receivers are communicating si-
multaneously with the help of the same RIS. More-
over, we establish a connection between multilink
beam-forming and multi-beamforming.

e [Evaluation] Through numerical evaluation we
show that by using a passive RIS, multi-beamforming
can simultaneously cover multiple ACIs. Moreover,
multi-beamforming provides tens of dB power boost
w.r.t. the single-beam RIS design.

1.3 Notations

Throughout this paper, C, R, and Z denote the set of com-
plex, real, and integer numbers, respectively, CN m, o

denotes the circular symmetric complex normal distribu-
tion with mean m and variance 02, [a, b] is the closed in-
terval between a and b, [m] is the set of m positive
integers less than or equal to m, [(m, n)] is the set of all
m X n integer pairs with the first element less than m and
the second element less than n, 1, is the a x b all ones
matrix, Iy is the N x N identity matrix, 1) is the
indicator function, || - || is the 2-norm, || - || is the
infinity-norm, | - | may denote cardinality if applied to a
set and 1-norm if applied to a vector, ® is the Hadamard
product, ® is the Kronecker product, the operator
diag{.} when applied to a square matrix takes the vector
of its diagonal elements, and when applied to a vector of
elements, forms a diagonal matrix of that vector, AH, and
A, denote conjugate transpose, and (a, b)"" entry of A
respectively. We have summarized the list of variables
and parameters frequently used in the paper in Table 1.

1.4 Organization

The remainder of the paper is organized as follows. Sec-
tion 2 develops the system model by describing the chan-
nel model and the RIS configuration. In Section 3 we
present a few fundamental properties of the gain pro-
vided by the RIS-aided system that are central to our de-
sign in the subsequent sections. In Section 4 we describe
the multi-pair two-way communications problem and il-
lustrate how it can be posed as a MIMO beam-forming
problem. Then we present the corresponding problem
formulation. In Section 5 we propose our approach for
solving the RIS-enabled multi-pair two-way communica-
tions problem resulting in a closed-form expression for
the con iguration of the RIS. Section 6 presents the
evaluation results for our numerical experiments
verifying the effectiveness of our solution, and inally,
we conclude in Section 7.

RIS

Transmitter Receiver

Fig. 1 - System model

2. SYSTEM MODEL
2.1 Channel model

Consider a communication system consisting of a multi-
antenna BS with M; antenna elements as a transmitter
and a multi-antenna receiver with A/, antenna elements.
The MIMO system is aided by a multi-element RIS consist-
ing of M elements arranged in an M} x M, grid in the
form of a UPA as shown in Fig. 1, where M}, and M, are
the number of elements in the horizontal and vertical di-

rections, respectively. The received signal y € CMras a
function of the transmitted signal x € C*+ can be written
as,

y = (H,©H,)x +2 (1)

where z is the noise vector, where each element of z is
drawn from a complex Gaussian distribution CA (0, 02),
H, ¢ CM*M: and H, € CMr-*M are the channel ma-
trices between each party and the RIS. We assume that
the RIS consists of elements for which both the phase 6,,
and the gain ,, (in form of the attenuation of the re-
flected signal) of each element, say m, may be controlled
and ® € CM*M g a diagonal matrix where the element
(m, m) denotes the coefficient 3,/ of the m*" element
of the RIS. Assuming a LoS channel model both between
the transmitter and the RIS and between the RIS and the
receiver and using the directivity vectors at the transmit-
ter, the RIS, and the receiver, the effective channel matri-
ces can be written as,

H, = aMr(QT)praJ\H{(QQ) (2)
H; = an (1) peady, () (3)

© International Telecommunication Union, 2023 89



ITU Journal on Future and Evolving Technologies, Volume 4, Issue 1, March 2023

Table 1 - Frequently-used parameters and variables

Variables Description

(] The decision variables representing the coefficients of RIS elements manipulating the impinging electromagnetic waves
A The decision variables representing the overall impact of the RIS when excited from an incident solid AoA of 2,

c The normalized version of ), or equivalently, the normalized beam-forming vector corresponding to a Uniform Planar Array (UPA) of antennas
g Equal-gain vector that has to be optimally chosen when deciding the optimal configuration c.

T'(9,0,0) The gain of an RIS configured by © at AoD 2 when excited from an incident angle ;.
G(&,¢, ) The beam-forming gain of a UPA of antennas configured by A at AoD ) = [¢, (]
n The design parameter embedded in g determining the quality of the beams formed by the multi-beamforming approach.
Parameters Description
H; The effective channel matrix from the transmitter to the RIS
H, The effective channel matrix from the RIS to the receiver
an () The array response vector of an array of A/ antennas or an RIS consisting of M elements at the solid angle 2

Pt The gain of the Line-of-Sight (LoS) path from the transmitter to the RIS

Dr The gain of the Line-of-Sight (LoS) path from the RIS to the receiver

Q The Angle of Departure (AoD) from the transmitter towards the RIS

Q. The Angle of Arrival (AoA) from the RIS at the receiver

921 The Angle of Arrival (AoA) from the transmitter at the RIS

Qo The Angle of Departure (AoD) from the RIS towards the receiver

7(Q) The operator 7 maps the solid angle Q = [¢, 0] to ¢ = [¢,{] = 7(Q)
das () The directivity vector of an array of antennas at direction v

B The total angular range under study in the {2 domain

BY The total angular range under study in the ¢» domain

D, The n-th receive zone in the n-th communication pair

An The minimal index set of the particles covering the n-th receive zone D,

i The area covered by the (p, ¢)-th particle in the ¢-domain

€,q The vector with a 1 in the (p, ¢)-th entry out of [(Q,, Q)] ones and zero everywhere else

where ay/(Q) is the array response vector of an RIS with
elements in a UPA structure (RIS-UPA), €2; and 25 are the
solid Angles of Departure (AoD) of the transmitted beams
from the transmitter and the RIS and 2; and €2, are the
solid Angles of Arrival (AoA) of the received beams at the
RIS and the receiver, respectively.

The gains of the LoS paths from the transmitter to the RIS
and from the RIS to the receiver are denoted by p; and p,.,
respectively. Note that an arbitrary solid angle €2 specifies
a pair of elevation and azimuth angles (¢, 6). Therefore, in
the above definitions we set Q, = (¢4, 0.], a € {1,2,¢,7}.
Further, assuming no pairing between the RIS elements,
©® will be a diagonal matrix specified as

© = diag{[B1e’", ..., Bare??™]} 4

where j3; € [0, 1] and 6; € [0, 27]. Using equations (1)-(3),
the contribution of the RIS to the channel matrix when ex-
cited from incident angle (2; for a receiver at a given solid
angle solid angle € is given by

[(21,0,0) = ajf ()@an () = ap (DA (5)

where we define A = @a (), A € CM.

2.2 RIS model

Consider an RIS consisting of M, x Mj, antenna elements
forming a UPA structure that is placed at the z-z plane,
where M = M,M; and the z-axis corresponds to the
horizon. Let d,, and d, denote the distance between
the antenna elements in the z and z axis, respectively.
Throughout this paper, we assume that the transmitter
and the receiver are within the far field of the RIS. As op-
posed to the near-field regime, the diversity gain distri-
bution in the far field does not depend on the distance

between the transmitter and the RIS[32]. RIS-enabled
communications in the near field requires a thoroughly
different design. For an example of such a specification,
please refer to [33]. The array response vector of an
RIS-UPA can be found in a similar way to that of a UPA.
Ata solid angle 2 = [¢, 6], we have

. . T
an(Q) = 1,6727”9“,...,ejoﬂmrM*l} ecM (6

where we define ro = [cos ¢ cos 8, cos ¢ sin 6, sin ¢], and
Iy = (mpdsz,0,m,d.) to respectively denote the direc-
tion corresponding to the solid angle €2, and the location
of the m-th RIS element corresponding to the antenna
placed at the position (m,, my,) with m = m, M, + my,.
Further, we define a transformation of variables as fol-
lows. For a solid angle Q = [¢, 6], define ¢ = [€, (]

2md, 2nd,,

3 sing, (= 3

Introducing the new variables into equation (6), it is
straightforward to write,

ay(Q) =dy (V) =duy, () @dar, (Q)eCY (8

where dj; denotes the directivity vector of the RIS, and
the directivity vectors dys,, a € {v, h} are defined as fol-
lows.

&= siné cos ¢ (7)

. . T
dy, (6) = {1,615 : ..ea(MU—ns} c oMo
. . T
dy, (¢) = {1’634 . ..eJ(Mh—1)<:| c CMn (9

where ¢, = &, and 5, = (. Finally, let B be the angular
range for €2 under our interest defined as follows,

B=[-¢"0¢") x [-6°,6°) (10)
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Accordingly, let B¥ be the angular range under interest in
the (&, ¢) domain given by

B = [=€%,6%) x [, ¢7) (a1

In this paper, we set d,. 3 , OB 7rand 08 = 5
hence ¢ € [— W\Qf, w\g) and ¢ € [—7r, 7r). To formalize
the variable transformation introduced in (7), we define

the transformation operator 7 : B — BY as 7([¢,0]) =

[, ¢-

3. GENERAL PROPERTIES OF RIS AS BEAM-
FORMER

For a RIS-UPA excited by an emission from solid angle €25,
we can write for the reference gain at any direction 2,

I0(21,0,9Q)] = [af; () Oan ()]
M-—1
Z 0,, mefj(mru5+mh0ej(mv€1+mh41)

m=0
M-1

= | G el r@O=T()m

m=0

(12)

where we define m = [m,,m;]7. In the following we
present three fundamental facts together with their in-
terpretation, that are useful for our subsequent develop-
ments in the next sections. The proofs for all these facts
is straightforward and can be achieved by basic calculus.
First of all, from the identity,

IT(, diag{az; (21)0},9)| = [T(0,0,Q)|  (13)
we note that the gain of a UPA with beam-forming matrix
© atany solid angle €2 is equal to that of a RIS-UPA excited
from an AOA Q; with parameter matrix diag(d%% (11)0)).
Second, for any solid angle 9, with 7(£23) = 15, it holds
that,

IT(Q1,0,0)| = |T(Q1,diag{al] (Q:)0}, )| (14

where 7(Q') = 7(2) — 7(Q2). The last identity implies
that for two RIS-UPAs with parameter matrices © and
diag{d} (1)2)©} that are excited from the same AoA €y,
the gain patterns are just a rotation of each other such
that the gain at direction {2 for the first one is equal to the
gain at the direction of )’ for the second one, where '
is as denoted above. The same holds for a UPA by setting
Q; = 0., i.e, the gain pattern of two UPAs with parameters
© and diag{d!} (12)©} are related by a rotation of each
other such that the gain at direction 2 for the first one is
equal to the gain at the direction of 2’ for the second one.
Finally, it is straightforward to show,

I0(Q1,0,9)] = [[(2,0,Q")| (15)

where 7(Q") = 7(Q) + 7(Q2) — 7(Q4). By virtue of
the last identity, we note that for two RIS-UPAs with the
same parameters O that are excited from two different

Gain
‘ I I
| |

D11 Dy Dip
Fig. 2 - RIS-enabled two-way communications

AoA Q7 and 2, the gain patterns are just a rotation of
each other such that the gain at direction (2 for the first
one is equal to the gain at the direction of Q" for the sec-
ond one, where Q" is obtained as above. As we will see
in Section 4.2, we use this property to transform a Multi-
Transmitter Multi-Receiver (MTMR) communication sys-
tem to a Single-Transmitter Multi-Receiver (STMR) sys-
tem. Consequently, it will enable us to design a single RIS
to accommodate communications between multiple dis-
joint pairs, possibly with large angular separations.

Please note that if a user is located at the solid angle (2
with respect to the RIS, then the AoA of the incident wave
at the RIS when the user is transmitting is defined as 2 =
[¢,60]. However, due to the change in the direction of the
beam, the reflected beam from an RIS towards the user is
directed at angle Q" = [—¢, 0 +7]. Hence, from (7) and by
the definition of the operator 7, we have 7(Q") = —7(2).
From (12), for an RIS which is excited from an incident
angle with AoA of @y = [¢1,61] reflects the signal with

AoD of Qs = [¢2, 02], we have
T'(4,0,03)] = [[(22,0,0Q7)] (16)
where Qf = [—¢1, 61 + 7] and Q3 = [—¢2, 02 + 7]. which

means that the RIS has the same gain at the AoD of Qf
when it is excited from the incident angle with AoA of 25.
This is trivially equivalent to the channel reciprocity prop-
erty which indicates the possibility of two-way communi-
cations between each pair.

4. PROBLEM FORMULATION

In this section, we show how RIS can be used to simultane-
ously facilitate two-way communications between multi-
ple pairs. We will first present the description of the prob-
lem and explain our approach. We then proceed with the
formulation of the problem and propose our solution.
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4.1 Problem description

We study the RIS design problem for RIS-enabled two-
way communications where multiple communications
pairs are involved. Each pair realizes a MIMO system con-
sisting of a multi-antenna transmitter (e.g. multi-antenna
BS), and a possibly multi-antenna receiver (e.g. multi-
antenna mobile user). We assume there is no LoS channel
between the pairs and the mmWave channel is assisted by
an RIS with elements that are arranged according to a UPA
structure.

Formally, we consider N communications pairs specified
by (©,,Dy,), n = 1,..., N. The n-th transmitter is emit-
ting at the RIS with an AoA of (2, and the n-th receiver
may reside within the receive zone D,,, i.e., D,, represents
the range of AoDs from the RIS that may cover the n-th re-
ceiver. For the n-th receive zone, we denote each contin-
uous range of such AoDs by an Angular Coverage Interval
(ACI). We note that each receive zone may comprise of one
or more ACIs. Fig. 2 depicts an example of such a setup for
N = 2 pairs, where receive zone D, = Dy ; U D; 2 con-
sists of two AClIs. As far as the n-th communications pair is
concerned, the ideal RIS must be configured in such a way
that when excited from solid angle §2,, it covers the receive
zone D,, uniformly, with high and sharp gains, while leav-
ing minimal gain leakage to other intervals. In RIS-aided
MTMR two-way communications, we aim to design the
RIS such that all pairs are satisfied simultaneously with
a high QoS. The simplest instance of the above problem is
when N = 1, i.e. when there is only one pair. We denote
this instance by STMR.

Further, we note that (i) the boundaries of the ACIs are de-
termined based on the potential locations of the receivers,
and, (ii) we wish to consider the ACIs of minimal size to
avoid sacrificing the gain. Therefore, the footprint of the
receive zones on spherical coordinates may become of ar-
bitrary shape. This may introduce additional complexity
into the RIS design problem. To resolve this issue, let us
uniformly divide B into Q = @Q,Q; subregions, where
Q. and @y, determine the division resolution in the ver-
tical and horizontal directions, respectively. We denote
each such subregion by a particle B;/’, o thatis specified as,

By, =vixvi, pelQlaclQ]  (17)
where v? = [¢P71 ¢€P], and v] = [(771, (Y] defining,
== +pby, ¢*=-C+qb (18)

with §, = QQ%, and 6, = i?% Further, define for all
(p, q) pairs the notation ¢, , = 0,0,. We wish to cover
each receive zone D,, in the RIS-enabled MTMR problem
with the smallest set of particles, i.e., D,, ~ U(p,q)EAn B;f’,q,
with A,, being the smallest set of index pairs (p, ¢) that
beams B!, collectively cover D,,. The union of BY , is in
fact approximating the shape of the desired receive zone
D,,, where the resolution of the approximation is set by
the pair (Q,, Qr). By using larger values of Q,, and Qp,
one can opt for finer particles and boost the quality of the

approximation at the expense of solving a larger optimiza-
tion problem. Explicitly, we have

Ap =argming 55, « | Bp)q}|A|, n € [N]. (19)

(p,a)€A

Further define A = UiLl A,,.. Next, we will show how
every instance of MTMR can be cast as an STMR prob-
lem. Then we pose the two-way communications problem
in the STMR case, as a composite beam-forming problem
under the UPA antenna structure. We then propose a low-
complexity closed-form for the optimal solution to the last
problem.

4.2 Transformation between MTMR and
STMR

Consider N communications pairs (Q,,D,), n =
1,..., N, where €, is the AoA of the n-th transmitter to
the RIS-UPA plane, and D,, denotes the n-th receive zone.
For an arbitrary RIS-UPA configuration ©, and for any
communications pair, by equation (15), we get

IT(Q,,0,Q) =|0(Q,0,Q)], Yne[N]. (20
where 7(Q) = 7(Q) + 7(Q;) — 7(2,). This would mean
under the -domain that if © is optimized to cover the an-
gular interval D,,, when excited from an AoA of (2,,, same
configuration when excited from an AoA of 2; will cover
the angular interval D,, that is a shifted version of D,),
by 7(Q21) — 7(2,). Therefore, instead of solving the RIS-
enabled MTMR two-way communications problem under
transmission pairs (€2,,, D,,), n € [N], we propose to solve
an RIS-enabled STMR two-way communications problem
with the transmission pair (Q;, D), where D = [J\_, D,.
Let ©" be the optimal configuration of the RIS-UPA de-
rived for solving the STMR problem. Then a straightfor-
ward use of equation (15) in the reverse order for each n,
will verify that ® = O isthe optimal RIS-UPA configura-
tion for the MTMR case. An example of the above transfor-
mation is illustrated for N = 2 in Fig. 3. Fig 3(a) depicts
the receive zones D, n = 1,2, over the 1-domain. Each
receive zone only consists of one ACI and the particle res-
olution is set to (Q,, Qr) = (24, 24). Using equation (15),
the receive zone D, will get shifted by 7(21) — 7(22) to
form D). Fig. 3(b) depicts this transition. As the result
of this transformation Fig. 3(c) plots the corresponding
STMR receive zone D = D; U D) that is comprised of two
AClIs.

4.3 Relationship between RIS-UPA and UPA-
antenna beam-forming

RIS-UPA refers to an RIS with UPA structure while UPA-
antenna refers to a regular multi-element antenna array
where the elements are arranged in the same UPA struc-
ture. In this section, we clarify the relation between the
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Fig. 3 - Transforming two-way MTMR to STMR communications

beam-forming gain of an RIS-UPA and its UPA-antenna
counterpart.

We start by explicitly writing A in equation (5) in terms of
its elements as follows

A= [\oo,- (21)

where \,,,, n, corresponds to the elementlocated at posi-
tion (m,, my) in the UPA grid. Using the expressions (6)-
(9), for an RIS-UPA that is excited from an incident angle
)1, we have

A0 Mp—1> AL05 - - s AMy—1,Mp—1)

—j(6 —my€1—m
/\mu,mh _ Bmv,mhe J(Omoy,my, 3 nC1)

e—j(emv,mh _T(Ql)m). (22)
We note that A depends on the AoA of the incident beams
at the RIS, i.e., €01, as well as the RIS parameters ©. Using
equations (5) and (8), we can restate the reference gain
of the RIS in direction v = [¢, (] by explicitly defining
G (£,¢, A) as follows

- Bmv,mh

G =@ ©od, @A @3

On the other hand, the gain of UPA-antenna and the feed
coefficients c is given by

2

G (€6 0) = |(du, (©) @ du, () ¢

that has a clear similarity.

This means that to design the RIS-UPA for the STMR
problem with receive zone D we can use the multi-
beamforming design framework to cover the ACIs in-
cluded in D for the UPA-antenna [29]. In particular,
an RIS-UPA with parameters A and a UPA-antenna with
beam-forming parameters c have the same beam-forming
gain pattern if UPA structures are the same and A = c.
Hence, an RIS-UPA which is excited from the solid angle
Q1 has the same beam-forming gain as its UPA-antenna
counterpart if ® = diag{c? ® al}(Q1)}. In the follow-
ing, we address the design of beam-forming coefficients

24

of ¢ for an antenna with UPA structure which can then be
used to design a RIS-UPA.

For any normalized beam-forming vector c, it is straight-
forward to show that

[ [ Ge.¢ o dedc = (2m? (25)

that can be interpreted as the power conservation law
[34]. Please note that the dependence between variables
¢ and ¢ can be resolved using the approximation in [35].
The power conservation law (25) allows us to define an
optimization problem for the UPA multi-beamforming de-
sign in terms of a normalized gain pattern where the total
gain is divided by (27)2.

In the next section, we define the multi-beamforming de-
sign problem as the core of designing our proposed RIS
structure.

4.4 Multi-beamforming design problem
formulation

We wish to design beam-formers that provide high, sharp,
and constant gain within the desired ACIs and zero gain
everywhere else. We have then for the ideal gain corre-
sponding to such beam-former c that,

/ /B ) G%%eal(f,c“)dsdc:i / /D e
- ¥ / /B  tdedC = D Gpat = (21)°

(p,q)€A (p,q)€A
where §, , = 0,,0;, denotes the area of the (p, ¢)-th beam

(26)

in the (¢, ¢) domain. Therefore, we can derive t = )
It holds that,

G%eal (§7C) _ (27)2

- 1p (€,
A, . p (&)
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Using the beam-former ¢ we wish to mimic the deal gain
in equation (27). Therefore, we formulate the following
optimization problem,

¢if' — argmin / [le8 €0 - Ge.c.oldeic (28

¢ llell=1

By partitioning the range of (¢, ¢) into predefined inter-
vals and then uniformly sampling with the rate (L., L)
per interval along both axis, we can rewrite the optimiza-
tion problem as follows,

opt

Cp = argming ¢,
Qv
[GE™ (€,¢) — G (£,¢,0)] dgdC
»y/A )

Qv Qh Ly Lp, 5 5}]

= Lh"g{nﬁmzz Z Z L:le

r=1s=11,=11,=1

G(Sr,lv><s,lh7c)| (29)

‘Gigeal (é-T:llﬂchh,) -
where,

Oy o 6
fr,lvzfr_l_klviv Cslh:C 1+l -

I. , "L, (30)

We can rewrite equation (29) as,

opt
C = arg min
D cllell=1 Lin.Ly—00 L Ly

|GE —G(c)| (31)

where,

-G (ng,Lu ) CQh,Lh ) c)]T
(32)

G(c) =0p,4 (G (€1,1,C1,1,€)

and,

Gigeal (fQu Lo CQh«,Lh )] '
(33)

Gldeal _5p,q [Gilgeal (51,17 Cl,l) T

Unfortunately, the optimization problem in (31) does not
admit an optimal closed-form solution as is, due to the ab-
solute values of the complex numbers existing in the for-
mulation. However, note that,

i (2m)?
GH? = Z 6P,QW (€p,g ®1L1)
(p q)EA P

> epg®1, (34)

(p,g)€A

with e, , € Z? being the standard basis vector for the
(p, ¢)-th axis among (Q,,, Q) pairs. Now, note that1; ; =
g © g* for any equal gain g € CL where L = L;L,.
An equal-gain vector g € CF* is a vector where all ele-
ments have equal absolute values (in this case, equal to

1). Therefore, we can write:

; 27)2 N
Gp™ = Z (|A)| (€pq® (8O 8"))
(p.g)eA

= (QZJ Z (€pq ©8)©

(p,g)€A

(€pg ® g)"

2m
= Z \/ﬁ (epq ©8)

(p,g)€A

(35

27
© Z \/ﬁ (epq ©8)

(p,g)€A

Also, it is straightforward to write,
G(c) = (D"c) ® (D"c)” (36)

where, D = 1/5,6,(DX ® D7), and for a € {v, h}, and
b € [Q,] we have,

D, = [Da,l, Ce. aDa,QaJ c CMaxLaQa (37)

where,

D,y = [dar, (§p1),- -
Dh,b == [df\/[h, (Cb,l) s Ty

Comparing the expressions (31), (35), and (36), one can
show that the optimal choice of ¢p in (28) is the solution
to the following optimization problem for proper choices

of g, 4

dy, (&.2,)] € CMoxte (38)
dug, (Cpr,)] € CYr¥Er (39)

Problem 1. Given equal-gain vectors g,, € CL, for
(p,q) € Afind vector cp € CM such that

2

cp = argmin lim Z (€p,q @ Bp,g) — D¢

s
cllel=t Lol 2y VA
(40)

However, we now need to find the optimal choices of g, ,
that minimize the objective in (31). Using (35) and (36),
we have the following optimization problem.

Problem 2. Find equal-gain vectors g}, , € C%, (p,q) € A
such that

* . .
<8pq ~(pg)ecA= argmin
<8p.a>(p.q)€A

2m

mabs Z EP q ® gp q) (41)

(p,q)€A

abs(DH cp) —

where abs(.) denotes the element-wise absolute value of a
vector.

In the next section we continue with the solution of
problems 1 and 2.
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5. PROPOSED MULTI-BEAMFORMING
DESIGN SOLUTION

Note that the solution to Problem 1 is the limit of the se-
quence of solutions to a least-square optimization prob-
lem as L goes to infinity. For each L we find that,

(L) _
Cp’ = E ﬁl
(p,q)€A ‘

)~ 'D (€pg @ 8p.q) (42)

C%L) = Z o(Dy,p @ Drg)8p.q (43)
(p,q)€A
_ 27/ 04, 0n _ 2 . .
where ¢ = 7LQ6U6h\/W = 7LQ\/W' noting that it
holds that,
H = §,0,(D, @Dy) (DX @ D) =6,0,LQ = r (44)

Even though Problem 1 admits a nice analytical closed
form solution, doing so for the Problem 2 is not a trivial
task, especially due to the fact that the objective function
is not convex. However, the convexification of the objec-
tive problem in the form of

k
< 8pq ~(pa)EA

27
. H
= argmin (D"¢p — — Z
<8p.a>(p.a)€A \/W (p,q)eA

Z €9 © 8pg

(p,q)€A

€p,q ® 8p,q

= argmin ||(kD"D —1.q)

<8p,q>(p,q)EA

(45)

leads to an effective solution for the original problem. In-
deed, it can be verified by solving the optimization prob-
lem (45) numerically that the solution admits the form
(46) in the following conjecture.

Conjecture 3. The minimizer of (45) is in the form of

T
altr g lln=b } (pg) €A
(46)

G- [1

for some 1, ni, where a, = €(22), a € {v,h}.

Except for some special cases, we have not been able to
analytically prove this conjecture in its entirety. In the fol-
lowing, we use the the analytical form (46) for g; , for the
rest of our derivations. This solution would not be the op-
timal solution for the original problem (41). However, it
provides a near-optimal solution with added benefits of
allowing us to (i) find the limit of the solution as L goes
to infinity, and (ii) express the beam-forming vectors in
closed form, as it will be revealed in the following dis-
cussion. An analytical closed form solution for cp can be

found as follows. It holds that,

(Lv,Lp)

= ¥ (Y

(p,q)€A \(lv,ln)=(1,1)

= 2

TGp.qly.1nAar, (Epiiys Carlr,)

(P.9)eA
(LvaLh) jI_LIW‘U*LA/Ih*I T
E OGq,pilu,ln |Lye e € P otetn
(Lo tn)=(1,1)
(47)
where pp'o " = (my&p, + mny, ). We can then write

th

for the (m,, my,)""* component of the beam-former cp,

Cp.gmy,my, = 1M
L b LnLy—oo L Ly,

(Lh7L‘U)

)OS

(pvq)eA (lhylv):(lvl)

My —1,Mjp,—1

Ip,q,lu 1n € IHipaituty (48)

Using equation (30), we can rewrite (48) as,

2m . mump m,+musv
PN b SR Ly
Cp,g;my,my = 0 e han L,l,lgloo E e’
l,=1

Ly,
”h+ h by,
(Lh L}lLanoo Z e ) (49)

to get,

CD,m,,mp

1 1
— Z Q—Wejx;:ﬂ?;ﬁl/ ejfvmda:/ eI g
aea 9 ’ ’
2 my,m Evt
— Z lej(cp 1qh1+ Eh)sznc(gﬂ-)sznc(gh) [50)
(p,g)€A

with va Mh = (mvgp + thq)' and §, = daMq + Na,
fora € {v h}. Now that the closed-form expression for
cp, and therefore, X is known, for an RIS that is excited
from the solid angle €2, the RIS parameters at the antenna
placed atlocation (m,,, m;) can be easily computed. More
precisely, we get,

Bmu mp |CD My, mh‘ (51)
nLU,mh fCD Moy, Mp + mvfl + thl (52]

The solution given by (51) and (52) is optimized to find a
beam-forming pattern which is the closest to the desired
normalized beam pattern. However, in practice the norm
of ¢ depends on the power P that can be inserted by am-
plifiers (active elements), say ||c|| < P. Hence for an RIS-
UPA with active elements the gains 3,,, m, is scaled by
V/P. Also, the solution given by (51) and (52) may be fur-
ther tailored for the case that the RIS elements are
passive.
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Fig. 4 - RIS-UPA beam patterns for multi-beamforming settings

If the gain control for the passive RIS elements is still pos-
sible, the absolute value of the gain for each element may
not exceed 1 (a value less than 1 corresponds to an atten-
uation). In order to maximize the power reflected by the
RIS, we scale the gains 3,,, m, so that their maximum is
equal to one, i.e, B, my = |€D.my.my|/|€l|co- Finally, in
the case that gain control (attenuation) at the RIS with
passive elements is not feasible, we have 5., , = 1.
In the next section, we evaluate the effectiveness of our
RIS beam-forming design approach by means of
numerical experiments.

6. PERFORMANCE EVALUATION

In this section, we evaluate the performance of our multi-
beam design framework.

6.1 Multibeam design

First, we consider a dual-beam design which comprises
of two lobes with centers at directions (—87 /32, —57/32)
and (77/32,7/32) for the pairs of the solid angle (¢, 6)
with the beamwidth equal to 7/16. We divide both the v,
and the 1, range uniformly into @)}, = 16, and Q, = 16
regions resulting in @ = 256 equally-shaped units in
(1w, 1r,) domain. We cover each desired beam with the
smallest number of the designed units to provide uni-
form gain at the desired angular regions. Figures 4(a)-
(c) depict the beam pattern of the dual beam obtained
through our design where all angles are measured in ra-
dians. Fig. 4(a) shows the heat map corresponding to
the gain of the reflected beam from the RIS for the de-
signed dual-beam. The gains are computed in dB. It can
be seen that the designed beam-former generates two dis-
joint beams with an almost uniform gain over the desired
ACIs. Itis also observed that the beams sharply drop outside
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the desired ACIs and effectively suppress the gain angle ¢, for two values of ¢. € {—87/32, 7n/32} located
everywhere outside the ACL In order to quantify the inside the two lobes of the designed dual beam in
suppression and the leakage out of the desired ACI we Fig. 4(b). Similarly, Fig. 4(c) shows the cross-section of

; . . ' . the beam pattern at a fixed azimuth angle 6, for two
depict the cross-section of the gain pattern at a fixed elevation p gi¢ e
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values of 6. € {—57/32, w/32)}. Both Fig. 4(b) and Fig. 4(c)
confirm the sharpness of both lobes of the designed dual-

beam and can be used to find the beamwidth of each lobes
at an arbitrary fraction from its maximum values, e.g., the
3dB beamwidth or 10dB beamwidth. Indeed, there is a

negligible difference between 3dB and 10dB beamwidth

which clarifies the sharpness of the beams. From Fig. 4(b)

and Fig. 4(c), it is also observed that the gain within the
AClis almost uniform. Nonetheless, we should emphasize

the fact that the shape of the lobes of the beam that are
centered at different solid angles may suffer from slight
deformation as seen by Fig. 4(a). This phenomenon wors-

ens as the corresponding lobes of the beams get too close

to the plane of the RIS.

6.2 Comparison of multibeam and single
beam

In order to compare the performance of our multi beam
design to a single-beam design, we consider a beam with
a single lobe which is capable of covering the same two
regions as in the dual-beam design. Fig. 4(d) shows the
heat map corresponding to the gain of the reflected beam
from an RIS for the corresponding single beam that is op-
timized based on our design. As was the case for multi-
beam, this figure also shows that for a single beam our de-
sign generates an almost uniform and fairly sharp beam.
However, comparing Fig. 4(a) and Fig. 4(d), we observe
that in the desired ACI the multi-beamforming procedure
enhances the gain by about 20 dB over the beams with
an optimized single lobe. The reason for this difference
is that according to the power conservation axiom, with a
constant input power level, the narrower each beam is the
higher will be the reference gain over the area it covers.
In fact, if we target two disjoint ACIs with a single beam,
the beam must be wide enough to cover both areas. This
will result in dissipating the power in angles that are not
intended. However, the muti-beam design allows for gen-
erating two disjoint beams, each being narrow enough to
only cover the intended ACI. Therefore, the power will not
be wasted in undesired directions.

6.3 Two-way multi-link communications

We consider two links. The first link is between the trans-

mitter located as Q = (=27, 37) and a receiver that is in
the ACI D; = [-0.36,0] x [-0.56, 0] and the second link

is between the transmitter located as {2, = (35, ) and a
receiver thatis in the ACI D; = [—0.18,0.18] x [0.26, 0.86].
Each of the receive zones D; and D is comprised of 4 par-
ticlesinan @, x Qp = 8 x 8 grid. Fig. 5(a) depicts the an-
gular location of the two transmitters and the ACI for the
receivers. In order to design a beam-former that covers
D; when transmitting from angular position 2; and cov-
ers Dy when transmitting from angular position 25, we
first find a composite beam with a unified incident angle,
say ;. This means that we find the ACI D5 when the RIS
array is excited by a beam at incident angle €2; which is

equivalent to the ACI Dy where the same array is excited
from the incident angle . The transformed ACI D} is de-
picted in Fig 5(a). The heat map of the designed beams is
depicted in figures 5(b)-(d) where the RIS is excited from
angles 1, )5, and €4, respectively. Figures 5(b)-(c) illus-
trate that when the RIS is excited from an incident angle
Q1 and €, the corresponding ACI D; and D;, are respec-
tively covered by the designed beam as illustrated in the
respective figures, however, in either case another angu-
lar region is also covered by the beam which is not neces-
sary and could be considered as possible wastage of the
power. We note that this happens due to the fact that the
unwanted ACI when the RIS is excited from the incident
angle €, is indeed generating the desired ACI when the
RIS is excited from the incident angle €25. Finally, we con-
sider §24 to be an angular point in the ACI D5, e.g., we take
)4 to be the center of the ACI Ds. Fig. 5(d) shows that if
the RIS is excited from an incident angle €24, e.g., when a
user in ACI D;, is replying, then it will be received by the
corresponding transmitter which is located at angular po-
sition 2. In figures 5(b)-(d) the windows show the posi-
tioning of the grids that lie on the particles covering the
corresponding desired AClIs.

6.4 Beams with arbitrary shape (footprint)

Here, we illustrate the possibility of designing a beam
with an arbitrary pattern, or more precisely, arbitrary
footprint. We aim to design a beam which is covering the
receive zone D that is specified as follows.

p_ ] —RC+B) << -L(C+3) HfFE<C<F
—TVIn ¢ < =3Y2m ifr<¢<™

(53)

We consider two possible quantization levels of the beam
footprint with resolution @, = @, = 12and @}, = Q, =
24. Fig. 6(a) and Fig. 6(b) illustrate the heat map of the
designed beam. The finer the resolution the better the ap-
proximation of the shape of the beam. Fig. 6(c) provides
the quantitative comparison between these two resolu-
tions; it shows the higher resolution increases the over-
all beam-forming gain, lowers the leakage and generates
smoother gain.

7. CONCLUSIONS

An RIS can be incorporated into mmWave communica-
tions to fill the coverage gaps in the blind spots of the
mmWave system. We proposed a novel approach for de-
signing RISs, namely RIS-UPA, where the RIS elements are
arranged according to a UPA structure. We proposed a
configuration for the elements of an RIS-UPA that enables
the coverage of multiple disjoint angular intervals simul-
taneously. On this ground, we showed that an RIS-UPA as-
sisted MIMO system can support multiple two-way com-
munication pairs simultaneously.

We established that the RIS-aided multiple-pair scenario
can be transformed to a single-pair scenario and then by
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appealing to the similarities of RIS-UPA and UPA beam-
forming we argued that we can borrow the principles
of UPA multi-beamforming design to obtain closed-form
low-complexity solutions for the RIS design problem.
Both our theoretical results and numerical experiments
demonstrate that our RIS configuration can form beams of
custom footprints and will result in sharp, high, and stable
gains within the desired ACIs regardless of their spatial
locations, while effectively suppressing all the undesired
out-of-band components.
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