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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‑efϔicient fashion, Reconϔigurable Intelligent Surfaces (RISs) are 
considered a great match to complement the massive MIMO systems in realizing the beam‑forming task and therefore effec‑ 
tively ϔilling 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 ϔill 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 conϔiguration 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 ϔindings by extensive numerical experiments.

Keywords – Blind‑spot coverage, multi‑beamforming, reconϐigurable intelligent surface, RIS‑aided MIMO, uniform planar array
1. INTRODUCTIONThe 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 Reconϐigurable 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 artiϐicially shaping the wireless propagation environment in a cost‑effective and energy‑efϐicient 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 reϐlecting elements arranged in planar artiϐicial 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 ϐlexibly 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 reϐlectors, RIS may be a promising solution to revolutionize the design of the physical layer in next‑generation wireless communication systems.



1.1 Related workRISs 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 ϐield 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 reϐlective 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 reϐlect‑array design provides signif‑ icant gain improvement in point‑to‑point wireless com‑ munications through indoor and outdoor ϐield 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‑ ϐiciency, 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 ϐirst introduced

in [29], where the authors aimed at covering the mmWaveblind spots by designing sharp beams covering variousranges of solid angle. The codebook design problem forsuch beam‑forming was addressed in [30]. In [31], theauthors employ dual beam‑forming for short range targetmonitoring.1.2 Main contributionsIn 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 reϐlects thereceived signal from the transmitter towards the users.Hence, the users that are otherwise in blind spots of net‑work coverage become capable of communicating withthe base station through the RIS that is serving as a pas‑sive reϐlector (passive relay) maintaining communicationlinks between the BS and the users. Given the geospa‑tial variance among the locations of the end users servedby 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 ofbeams consisting of multiple disjoint lobes in order tocover different blind spots using sharp, high gain, and ef‑fective beam patterns. In the following, we summarize themain 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 inUPA and RIS‑UPA which allows us to directly borrowthe design for UPA beam‑forming and by the meansof 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 multipledisjoint lobes. The multi‑beamforming design inher‑ ently depends on the solid angle (say Ω1 in Fig. 1) atwhich the incident wave activates the RIS elements.The proposed beam‑forming design easily adapts tochanges in Ω1 and we provide a visualization as tohow the beam would change in response to change in
Ω1.• [Custom footprint] The proposed method has theϐlexibility to design a beam with a custom footprint.The beam footprint may be deϐined as the cross‑ section of the beam lobes with the sphere (say atbeam gains within the half‑power (3dB) point andmaximum gain).• [Compound beams] We design the parameters ofthe RIS to achieve multiple disjoint beams coveringvarious ranges of a solid angle. The designed beamsare 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 analyticalclosed form solutions for the multi‑beamformingdesign, the proposed solution bears very low com‑ putational complexity even for an RIS with massivearray sizes.• [Multilink] We also provide RIS beam‑forming de‑ sign in multilink scenarios where different pairs oftransmitters and receivers are communicating si‑ multaneously with the help of the same RIS. More‑ over, we establish a connection between multilinkbeam‑forming and multi‑beamforming.• [Evaluation] Through numerical evaluation weshow that by using a passive RIS, multi‑beamformingcan simultaneously cover multiple ACIs. Moreover,multi‑beamforming provides tens of dB power boostw.r.t. the single‑beam RIS design.
1.3 NotationsThroughout this paper, C, R, and Z denote the set

(

of com‑
) plex, real, and integer numbers, respectively, CN m, σ2 denotes the circular symmetric complex normal distribu‑ tion with mean m and variance σ2, [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×n integer pairs with the ϐirst element less than m and the second element less than n, 1a,b is the a × b all ones matrix, IN is the N × N identity matrix, 1[a,b) is the indicator function, ∥ · ∥ is the 2‑norm, ∥ · ∥∞ is the inϐinity‑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 
Aa,b denote conjugate transpose, and (a, b)th entry of A respectively. We have summarized the list of variables and parameters frequently used in the paper in Table 1.1.4 OrganizationThe remainder of the paper is organized as follows. Sec‑ tion 2 develops the system model by describing the chan‑ nel model and the RIS conϐiguration. 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.

Fig. 1 – System model

2. SYSTEM MODEL2.1 Channel modelConsider a communication system consisting of a multi‑ antenna BS with Mt antenna elements as a transmitter and a multi‑antenna receiver with Mr antenna elements. The MIMO system is aided by a multi‑element RIS consist‑ ing of M elements arranged in an Mh × Mv grid in the form of a UPA as shown in Fig. 1, where Mh and Mv are the number of elements in the horizontal and vertical di‑rections, respectively. The received signal y ∈ CMr as a function of the transmitted signal x ∈ CMt can be written as,
y = (HrΘHt)x+ z (1)

where z is the noise vector, where each element of z isdrawn from a complex Gaussian distribution CN
(

0, σ2
n

),
Ht ∈ C

M×Mt and Hr ∈ C
Mr×M are the channel ma‑trices between each party and the RIS. We assume thatthe RIS consists of elements for which both the phase θmand the gain βm (in form of the attenuation of the re‑ϐlected signal) of each element, saym, may be controlledandΘ ∈ C

M×M is a diagonal matrix where the element
(m,m) denotes the coefϐicient βmejθm of themth elementof the RIS. Assuming a LoS channel model both betweenthe transmitter and the RIS and between the RIS and thereceiver and using the directivity vectors at the transmit‑ter, the RIS, and the receiver, the effective channel matri‑ces can be written as,

Hr = aMr
(Ωr)ρraHM (Ω2) (2)

Ht = aM (Ω1)ρtaHMt
(Ωt) (3)
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Table 1 – Frequently‑used parameters and variables
Variables Description

Θ The decision variables representing the coefϐicients of RIS elements manipulating the impinging electromagnetic waves
λ The decision variables representing the overall impact of the RIS when excited from an incident solid AoA ofΩ1

c The normalized version of λ, 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 conϐiguration c.

Γ (Ω1,Θ,Ω) The gain of an RIS conϐigured byΘ at AoD Ωwhen excited from an incident angle Ω1.
G(ξ, ζ,λ) The beam‑forming gain of a UPA of antennas conϐigured by λ at AoD ψ = [ξ, ζ]

η The design parameter embedded in g determining the quality of the beams formed by the multi‑beamforming approach.Parameters Description
Ht The effective channel matrix from the transmitter to the RIS
Hr The effective channel matrix from the RIS to the receiver

aM (Ω) The array response vector of an array ofM antennas or an RIS consisting ofM elements at the solid angle Ω
ρt The gain of the Line‑of‑Sight (LoS) path from the transmitter to the RIS
ρr The gain of the Line‑of‑Sight (LoS) path from the RIS to the receiver
Ωt The Angle of Departure (AoD) from the transmitter towards the RIS
Ωr The Angle of Arrival (AoA) from the RIS at the receiver
Ω1 The Angle of Arrival (AoA) from the transmitter at the RIS
Ω2 The Angle of Departure (AoD) from the RIS towards the receiver
τ(Ω) The operator τ maps the solid angle Ω = [ϕ, θ] to ψ = [ξ, ζ] = τ(Ω)
dM (ψ) The directivity vector of an array of antennas at direction ψ

B The total angular range under study in the Ω domain
Bψ The total angular range under study in the ψ domain
Dn The n‑th receive zone in the n‑th communication pair
An The minimal index set of the particles covering the n‑th receive zoneDn
Bψp,q The area covered by the (p, q)‑th particle in the ψ‑domain
ep,q The vector with a 1 in the (p, q)‑th entry out of [(Qv, Qh)] ones and zero everywhere else

where aM (Ω) is the array response vector of an RIS withelements in a UPA structure (RIS‑UPA),Ωt andΩ2 are thesolid Angles of Departure (AoD) of the transmitted beamsfrom the transmitter and the RIS and Ω1 and Ωr are thesolid Angles of Arrival (AoA) of the received beams at theRIS and the receiver, respectively.The gains of the LoS paths from the transmitter to the RISand from the RIS to the receiver are denoted by ρt and ρr ,respectively. Note that an arbitrary solid angleΩ speciϐiesa pair of elevation and azimuth angles (ϕ, θ). Therefore, inthe above deϐinitions we setΩa = [ϕa, θa], a ∈ {1, 2, t, r}.Further, assuming no pairing between the RIS elements,
Θwill be a diagonal matrix speciϐied as

Θ = diag{[β1ejθ1 , . . . , βMejθM ]} (4)

between the transmitter and the RIS[32]. RIS‑enabled communications in the near ϐield requires a thoroughly different design. For an example of such a speciϐication, please refer to [33]. The array response vector of an RIS‑UPA can be found in a similar way to that of a UPA. At a solid angle Ω = [φ, θ], we have
aM (Ω) =

[

1, ej
2π
λ
rΩr1 , . . . , ej

2π
λ
rΩrM−1

]T

∈ C
M (6)where we deϐine rΩ = [cosϕ cos θ, cosϕ sin θ, sinϕ], and

rm = (mhdx, 0,mvdz) to respectively denote the direc‑tion corresponding to the solid angle Ω, and the locationof the m‑th RIS element corresponding to the antennaplaced at the position (mv,mh)withm = mvMh +mh.Further, we deϐine a transformation of variables as fol‑lows. For a solid angle Ω = [ϕ, θ], deϐine ψ = [ξ, ζ]

ξ =
2πdz
λ

sinϕ, ζ =
2πdx
λ

sin θ cosϕ (7)Introducing the new variables into equation (6), it isstraightforward to write,
aM (Ω) = dM (ψ) = dMv

(ξ)⊗ dMh
(ζ) ∈ C

M (8)where dM denotes the directivity vector of the RIS, andthe directivity vectors dMa
, a ∈ {v, h} are deϐined as fol‑lows.

dMv
(ξ) =

[

1, ejξ · · · ej(Mv−1)ξ
]T

∈ C
Mv

dMh
(ζ) =

[

1, ejζ · · · ej(Mh−1)ζ
]T

∈ C
Mh (9)where ψv = ξ, and ψh = ζ . Finally, let B be the angularrange for Ω under our interest deϐined as follows,

B =
[

−ϕB, ϕB)× [

−θB, θB) (10)
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=

where βi ∈ [0, 1] and θi ∈ [0, 2π]. Using equations (1)‑(3),the contribution of the RIS to the channelmatrixwhen ex‑cited from incident angleΩ1 for a receiver at a given solidangle solid angle Ω is given by
Γ(Ω1,Θ,Ω) = aH

M
(Ω)ΘaM (Ω1) = aH

M
(Ω)λ (5)where we deϐine λ = ΘaM (Ω1), λ ∈ C

M .2.2 RIS modelConsider an RIS consisting ofMv ×Mh antenna elementsforming a UPA structure that is placed at the x‑z plane,where M
.

MvMh and the z‑axis corresponds to thehorizon. Let dz , and dx denote the distance between the antenna elements in the z and x axis, respectively. Throughout this paper, we assume that the transmitter and the receiver are within the far ϐield of the RIS. As op‑ posed to the near‑ϐield regime, the diversity gain distri‑ bution in the far ϐield does not depend on the distance 
90



Accordingly, let Bψ be the angular range under interest inthe (ξ, ζ) domain given by
Bψ =

[

−ξB, ξB)× [

−ζB, ζB) (11)In this paper, we set dx = dz = λ
2 , ϕB = π

4 , and θB = π
2 ,hence ξ ∈ [−π

√
2
2 , π

√
2
2 ), and ζ ∈ [−π, π). To formalizethe variable transformation introduced in (7), we deϐinethe transformation operator τ : B −→ Bψ as τ([ϕ, θ]) =

[ξ, ζ].
3. GENERAL PROPERTIES OF RIS AS BEAM‑

FORMERFor a RIS‑UPA excited by an emission from solid angleΩ1,we can write for the reference gain at any directionΩ,
|Γ(Ω1,Θ,Ω)| = |aHM (Ω)ΘaM (Ω1)|

=

∣

∣

∣

∣

∣

M−1
∑

m=0

θm,me
−j(mvξ+mhζ)ej(mvξ1+mhζ1)

∣

∣

∣

∣

∣

=

∣

∣

∣

∣

∣

M−1
∑

m=0

θm,me
j(τ(Ω1)−τ(Ω))m

∣

∣

∣

∣

∣

(12)

where we deϐine m = [mv,mh]
T . In the following wepresent 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 factsis straightforward and can be achieved by basic calculus.First of all, from the identity,

|Γ(Ω1, diag{aHM (Ω1)Θ},Ω)| = |Γ(0,Θ,Ω)| (13)we note that the gain of a UPA with beam‑forming matrix
Θ at any solid angleΩ is equal to that of a RIS‑UPA excitedfrom an AOAΩ1 with parameter matrix diag(dHM (ψ1)Θ)).Second, for any solid angle Ω2, with τ(Ω2) = ψ2, it holdsthat,

|Γ(Ω1,Θ,Ω)| = |Γ(Ω1, diag{aHM (Ω2)Θ},Ω′)| (14)where τ(Ω′) = τ(Ω) − τ(Ω2). The last identity impliesthat for two RIS‑UPAs with parameter matrices Θ anddiag{dHM (ψ2)Θ} that are excited from the same AoA Ω1,the gain patterns are just a rotation of each other suchthat the gain at directionΩ for the ϐirst one is equal to thegain at the direction of Ω′ for the second one, where Ω′is as denoted above. The same holds for a UPA by setting
Ω1 = 0., i.e., the gain pattern of twoUPAswith parameters
Θ and diag{dHM (ψ2)Θ} are related by a rotation of eachother such that the gain at direction Ω for the ϐirst one isequal to the gain at the direction ofΩ′ for the second one.Finally, it is straightforward to show,

|Γ(Ω1,Θ,Ω)| = |Γ(Ω2,Θ,Ω
′′

)| (15)where τ(Ω′′) = τ(Ω) + τ(Ω2) − τ(Ω1). By virtue ofthe last identity, we note that for two RIS‑UPAs with thesame parameters Θ that are excited from two different

Fig. 2 – RIS‑enabled two‑way communicationsAoA Ω1 and Ω2 the gain patterns are just a rotation ofeach other such that the gain at direction Ω for the ϐirstone is equal to the gain at the direction of Ω′′ for the sec‑ond one, where Ω′′ is obtained as above. As we will seein 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 RISto accommodate communications between multiple dis‑joint pairs, possibly with large angular separations.Please note that if a user is located at the solid angle Ωwith respect to the RIS, then the AoA of the incident waveat the RIS when the user is transmitting is deϐined asΩ =
[ϕ, θ]. However, due to the change in the direction of thebeam, the reϐlected beam from an RIS towards the user isdirected at angleΩr = [−ϕ, θ+π]. Hence, from (7) and bythe deϐinition of the operator τ , we have τ(Ωr) = −τ(Ω).From (12), for an RIS which is excited from an incidentangle with AoA of Ω1 = [ϕ1, θ1] reϐlects the signal withAoD of Ω2 = [ϕ2, θ2], we have

|Γ(Ω1,Θ,Ω
r
2)| = |Γ(Ω2,Θ,Ω

r
1)| (16)

where Ωr1 = [−ϕ1, θ1 + π] and Ω2 = [−ϕ2, θ2 + π]. whichmeans that the RIS has the same gain at the AoD of Ωr1when it is excited from the incident angle with AoA ofΩr2.This is trivially equivalent to the channel reciprocity prop‑erty which indicates the possibility of two‑way communi‑cations between each pair.
4. PROBLEM FORMULATIONIn this section,we showhowRIS canbeused to simultane‑ously facilitate two‑way communications between multi‑ple pairs. Wewill ϐirst present the description of the prob‑lem and explain our approach. We then proceed with theformulation of the problem and propose our solution.
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4.1 Problem descriptionWe study the RIS design problem for RIS‑enabled two‑way communications where multiple communicationspairs are involved. Each pair realizes aMIMO system con‑sisting of a multi‑antenna transmitter (e.g. multi‑antennaBS), and a possibly multi‑antenna receiver (e.g. multi‑antennamobile user). We assume there is no LoS channelbetween the pairs and themmWave channel is assisted byanRISwith elements that are arranged according to aUPAstructure.Formally, we considerN communications pairs speciϐiedby (Ωn,Dn), n = 1, . . . , N . The n‑th transmitter is emit‑ting at the RIS with an AoA of Ωn, and the n‑th receivermay reside within the receive zoneDn, i.e.,Dn representsthe range of AoDs from the RIS thatmay cover then‑th re‑ceiver. For the n‑th receive zone, we denote each contin‑uous range of such AoDs by an Angular Coverage Interval(ACI).Wenote that each receive zonemay comprise of oneormore ACIs. Fig. 2 depicts an example of such a setup for
N = 2 pairs, where receive zone D1 = D1,1 ∪ D1,2 con‑sists of twoACIs. As far as then‑th communicationspair isconcerned, the ideal RISmust be conϐigured in such awaythatwhen excited fromsolid angleΩn it covers the receivezoneDn uniformly, with high and sharp gains, while leav‑ing minimal gain leakage to other intervals. In RIS‑aidedMTMR two‑way communications, we aim to design theRIS such that all pairs are satisϐied simultaneously witha high QoS. The simplest instance of the above problem iswhen N = 1, i.e. when there is only one pair. We denotethis instance by STMR.Further, wenote that (i) the boundaries of theACIs are de‑terminedbasedon thepotential locations of the receivers,and, (ii) we wish to consider the ACIs of minimal size toavoid sacriϐicing the gain. Therefore, the footprint of thereceive zones on spherical coordinatesmay become of ar‑bitrary shape. This may introduce additional complexityinto the RIS design problem. To resolve this issue, let usuniformly divide Bψ into Q = QvQh subregions, where
Qv and Qh determine the division resolution in the ver‑tical and horizontal directions, respectively. We denoteeach such subregion by a particle Bψp,q that is speciϐied as,

Bψp,q = νpv × ν
q
h, p ∈ [Qv], q ∈ [Qh] (17)where νpv = [ξp−1, ξp], and νqh = [ζq−1, ζq] deϐining,

ξp = −ξB + pδv, ζq = −ζB + qδh (18)with δv = 2ξB
Qv

, and δh = 2ζB
Qh

. Further, deϐine for all
(p, q) pairs the notation δp,q = δvδh. We wish to covereach receive zone Dn in the RIS‑enabled MTMR problemwith the smallest set of particles, i.e.,Dn ∼

⋃

(p,q)∈An
Bψp,q ,with An being the smallest set of index pairs (p, q) thatbeams Bψp,q collectively cover Dn. The union of Bψp,q is infact approximating the shape of the desired receive zone

Dn, where the resolution of the approximation is set bythe pair (Qv, Qh). By using larger values of Qv , and Qh,one can opt for ϐiner particles and boost the quality of the

approximationat the expenseof solving a larger optimiza‑tion problem. Explicitly, we have
An = argmin{Â|Dn⊆

∪

(p,q)∈A

Bp,q}
|Â|, n ∈ [N ]. (19)

Further deϐine A =
⋃N
n=1 An. Next, we will show howevery instance of MTMR can be cast as an STMR prob‑lem. Thenwepose the two‑way communicationsproblemin the STMR case, as a composite beam‑forming problemunder the UPA antenna structure. We then propose a low‑complexity closed‑form for theoptimal solution to the lastproblem.4.2 Transformation between MTMR andSTMRConsider N communications pairs (Ωn,Dn), n =

1, . . . , N , where Ωn is the AoA of the n‑th transmitter tothe RIS‑UPA plane, andDn denotes the n‑th receive zone.For an arbitrary RIS‑UPA conϐiguration Θ̂, and for anycommunications pair, by equation (15), we get
|Γ(Ωn, Θ̂,Ω)| = |Γ(Ω1, Θ̂, Ω̃)|, ∀n ∈ [N ]. (20)where τ(Ω̃) = τ(Ω) + τ(Ω1) − τ(Ωn). This would meanunder theψ‑domain that if Θ̂ is optimized to cover the an‑gular interval Dn, when excited from an AoA of Ωn, sameconϐiguration when excited from an AoA of Ω1 will coverthe angular interval D̃n that is a shifted version of Dn,by τ(Ω1) − τ(Ωn). Therefore, instead of solving the RIS‑enabledMTMR two‑way communications problem undertransmission pairs (Ωn,Dn),n ∈ [N ], we propose to solvean RIS‑enabled STMR two‑way communications problemwith the transmission pair (Ω1, D̃), where D̃ =

⋃N
n=1 Dn.Let Θ̃∗ be the optimal conϐiguration 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 thatΘ = Θ̃

∗ is the optimal RIS‑UPA conϐigura‑tion for theMTMRcase. An example of the above transfor‑mation is illustrated for N = 2 in Fig. 3. Fig 3(a) depictsthe receive zones Dn, n = 1, 2, over the ψ‑domain. Eachreceive zone only consists of one ACI and the particle res‑olution is set to (Qv, Qh) = (24, 24). Using equation (15),the receive zone D2 will get shifted by τ(Ω1) − τ(Ω2) toform D′
2. Fig. 3(b) depicts this transition. As the resultof this transformation Fig. 3(c) plots the correspondingSTMR receive zone D̃ = D1 ∪D′

2 that is comprised of twoACIs.4.3 Relationship between RIS‑UPA and UPA‑antenna beam‑formingRIS‑UPA refers to an RIS with UPA structure while UPA‑antenna refers to a regular multi‑element antenna arraywhere the elements are arranged in the same UPA struc‑ture. In this section, we clarify the relation between the
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(a) MTMR (b) Transformation of MTMR to STMR (c) STMR

Fig. 3 – Transforming two‑way MTMR to STMR communications
beam‑forming gain of an RIS‑UPA and its UPA‑antennacounterpart.We start by explicitly writingλ in equation (5) in terms ofits elements as follows

λ = [λ0,0, . . . , λ0,Mh−1, λ1,0, . . . , λMv−1,Mh−1] (21)whereλmv,mh corresponds to the element located at posi‑tion (mv,mh) in the UPA grid. Using the expressions (6)‑
(9), for an RIS‑UPA that is excited from an incident angle
Ω1, we have

λmv,mh = βmv,mhe
−j(θmv,mh−mvξ1−mhζ1)

= βmv,mhe
−j(θmv,mh−τ(Ω1)m). (22)We note thatλ depends on the AoA of the incident beamsat the RIS, i.e., Ω1, as well as the RIS parametersΘ. Usingequations (5) and (8), we can restate the reference gainof the RIS in direction ψ = [ξ, ζ] by explicitly deϐining

G (ξ, ζ,λ) as follows
G (ξ, ζ,λ) =

∣

∣

∣
(dMv

(ξ)⊗ dMh
(ζ))

H
λ

∣

∣

∣

2

. (23)On the other hand, the gain of UPA‑antenna and the feedcoefϐicients c is given by
G (ξ, ζ, c) =

∣

∣

∣(dMv
(ξ)⊗ dMh

(ζ))
H c

∣

∣

∣

2

(24)that has a clear similarity.This means that to design the RIS‑UPA for the STMRproblem 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 λ and a UPA‑antenna withbeam‑forming parameters c have the same beam‑forminggain pattern if UPA structures are the same and λ = c.Hence, an RIS‑UPA which is excited from the solid angle
Ω1 has the same beam‑forming gain as its UPA‑antennacounterpart if Θ = diag{cT ⊙ aHM (Ω1)}. In the follow‑ing, we address the design of beam‑forming coefϐicients

of c for an antenna with UPA structure which can then beused to design a RIS‑UPA.For any normalized beam‑forming vector c, it is straight‑forward to show that
∫ π

−π

∫ π

−π

G (ξ, ζ, c) dξdζ = (2π)2 (25)

that can be interpreted as the power conservation law [34]. Please note that the dependence between variables 
ξ and ζ can be resolved using the approximation in [35]. The power conservation law (25) allows us to deϐine an optimization problem for the UPA multi‑beamforming de‑ sign in terms of a normalized gain pattern where the total gain is divided by (2π)2.In the next section, we deϐine the multi‑beamforming de‑ sign problem as the core of designing our proposed RIS structure.4.4 Multi‑beamforming design problem formulationWewish to design beam‑formers that provide high, sharp,and constant gain within the desired ACIs and zero gaineverywhere else. We have then for the ideal gain corre‑sponding to such beam‑former c that,

∫∫

Bψ
Gideal

D (ξ, ζ)dξdζ =
k

∑

i=1

∫∫

Di

tdξdζ

=
∑

(p,q)∈A

∫∫

Bψp,q

tdξdζ =
∑

(p,q)∈A

δp,qt = (2π)2 (26)

where δp,q = δvδh denotes the area of the (p, q)‑th beamin the (ξ, ζ) domain. Therefore, we can derive t = (2π)2

|A|δp,q
.It holds that,

Gideal
D (ξ, ζ) =

(2π)2

|A|δp,q
1D (ξ, ζ) (27)
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Using the beam‑former c we wish to mimic the deal gainin equation (27). Therefore, we formulate the followingoptimization problem,
coptD = argmin

c,∥c∥=1

∫∫

Bψ

∣

∣Gideal
D (ξ, ζ)−G (ξ, ζ, c)

∣

∣ dξdζ (28)

By partitioning the range of (ξ, ζ) into predeϐined inter‑vals and then uniformly sampling with the rate (Lv, Lh)per interval along both axis, we can rewrite the optimiza‑tion problem as follows,
coptD = argminc,∥c∥=1

Qv
∑

r=1

Qh
∑

s=1

∫∫

Bψr,s

∣

∣Gideal
D (ξ, ζ)−G (ξ, ζ, c)

∣

∣ dξdζ

= lim
Lh,Lv→∞

Qv
∑

r=1

Qh
∑

s=1

Lv
∑

lv=1

Lh
∑

lh=1

δvδh

LhLv
∣

∣Gideal
D (ξr,lv , ζs,lh)−G (ξr,lv , ζs,lh , c)

∣

∣ (29)where,
ξr,lv = ξr−1 + lv

δv

Lv
, ζs,lh = ζs−1 + lh

δh

Lh
(30)

We can rewrite equation (29) as,
coptD = arg min

c,∥c∥=1
lim

Lh,Lv→∞

1

LhLv

∣

∣GidealD − G(c)
∣

∣ (31)

where,
G(c) =δp,q [G (ξ1,1, ζ1,1, c) · · ·G (ξQv,Lv , ζQh,Lh , c)]

T

(32)and,
GidealD =δp,q

[

Gideal
D (ξ1,1, ζ1,1) · · ·Gideal

D (ξQv,Lv , ζQh,Lh)
]T

(33)Unfortunately, the optimization problem in (31) does notadmit 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,
GidealD =

∑

(p,q)∈A

δp,q
(2π)2

|A|δp,q
(ep,q ⊗ 1L,1)

=
(2π)2

|A|
∑

(p,q)∈A

ep,q ⊗ 1L,1 (34)

with ep,q ∈ Z
Q being the standard basis vector for the

(p, q)‑th axis among (Qv, Qh)pairs. Now, note that1L,1 =
g ⊙ g∗ for any equal gain g ∈ C

L where L = LhLv .An equal‑gain vector g ∈ C
L is a vector where all ele‑ments have equal absolute values (in this case, equal to

1). Therefore, we can write:
GidealD =

∑

(p,q)∈A

(2π)2

|A| (ep,q ⊗ (g⊙ g∗))

=
(2π)2

|A|
∑

(p,q)∈A

(ep,q ⊗ g)⊙ (ep,q ⊗ g)∗

=





∑

(p,q)∈A

2π
√

|A|
(ep,q ⊗ g)





⊙





∑

(p,q)∈A

2π
√

|A|
(ep,q ⊗ g)





∗

(35)

Also, it is straightforward to write,
G(c) =

(

DHc
)

⊙
(

DHc
)∗ (36)where, DH =

√
δvδh(DHv ⊗ DHh ), and for a ∈ {v, h}, and

b ∈ [Qa]we have,
Da = [Da,1, · · · ,Da,Qa ] ∈ C

Ma×LaQa (37)where,
Dv,b = [dMv

(ξb,1) , · · · ,dMv
(ξb,Lv )] ∈ C

Mv×Lv (38)
Dh,b = [dMh

(ζb,1) , · · · ,dMh
(ζb,Lh)] ∈ C

Mh×Lh (39)Comparing the expressions (31), (35), and (36), one canshow that the optimal choice of cD in (28) is the solutionto the following optimization problem for proper choicesof gp,q .
Problem 1. Given equal‑gain vectors gp,q ∈ C

L, for
(p, q) ∈ A ϔind vector cD ∈ C

M such that

cD = argmin
c,∥c∥=1

lim
L→∞

∥

∥

∥

∥

∥

∥

∑

(p,q)∈A

2π
√

|A|
(ep,q ⊗ gp,q)− DHc

∥

∥

∥

∥

∥

∥

2

(40)

However, we now need to ϐind the optimal choices of gp,qthat minimize the objective in (31). Using (35) and (36),we have the following optimization problem.
Problem 2. Find equal‑gain vectors g∗p,q ∈ C

L, (p, q) ∈ A
such that

< g∗p,q >(p,q)∈A= argmin
<gp,q>(p,q)∈A

∥

∥

∥

∥

∥

∥

abs(DHcD)−
2π

√

|A|
abs(

∑

(p,q)∈A

ep,q ⊗ gp,q)

∥

∥

∥

∥

∥

∥

2

(41)

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 SOLUTIONNote 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 inϐinity. For each Lwe ϐind that,
c(L)
D =

∑

(p,q)∈A

2π
√

|A|
(DDH)−1D (ep,q ⊗ gp,q) (42)

c(L)
D =

∑

(p,q)∈A
σ(Dv,p ⊗ Dh,q)gp,q (43)

where σ = 2π
√
δvδh

LQδvδh
√

|A|
= 2π

LQ
√

δvδh|A|
, noting that itholds that,

DDH = δvδh(Dv ⊗ Dh)(DH
v ⊗ DH

h ) = δvδhLQ
.
= κ (44)Even though Problem 1 admits a nice analytical closedform solution, doing so for the Problem 2 is not a trivialtask, especially due to the fact that the objective functionis not convex. However, the convexiϐication of the objec‑tive problem in the form of

< g∗p,q >(p,q)∈A

= argmin
<gp,q>(p,q)∈A

∥

∥

∥

∥

∥

∥

DHcD − 2π
√

|A|
∑

(p,q)∈A
ep,q ⊗ gp,q

∥

∥

∥

∥

∥

∥

2

= argmin
<gp,q>(p,q)∈A

∥

∥

∥

∥

∥

∥

(

κDHD− ILQ

)

∑

(p,q)∈A
ep,q ⊗ gp,q

∥

∥

∥

∥

∥

∥

2

(45)leads to an effective solution for the original problem. In‑deed, it can be veriϐied 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

g∗p,q =
[

1 αvαh · · · α
(Lv−1)
v α

(Lh−1)
h

]T

, (p, q) ∈ A

(46)

for some ηv , ηh where αa = ej(
ηa
La

), 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∗p,q 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 beneϐits of allowing us to (i) ϐind the limit of the solution as L goes to inϐinity, 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 cD can be 

found as follows. It holds that,
cD(L) =

∑

(p,q)∈A





(Lv,Lh)
∑

(lv,lh)=(1,1)

σgp,q,lv,lhdMt
(ξp,lv , ζq,lh)





=
∑

(p,q)∈A




(Lv,Lh)
∑

(lv,lh)=(1,1)

σgq,p,lv,lh

[

1, · · · , ejµ
Mv−1,Mh−1

p,q,lv,lh

]T




(47)whereµmv,mh

p,q,lv,lh
= (mvξp,lv +mhζq,lh). We can thenwritefor the (mv,mh)
th component of the beam‑former cD ,

cp,q,mv,mh
= lim

Lh,Lv→∞

1

LhLv

∑

(p,q)∈A

(Lh,Lv)
∑

(lh,lv)=(1,1)

gp,q,lv,lhe
jµ

Mv−1,Mh−1

p,q,lv,lh (48)

Using equation (30), we can rewrite (48) as,
cp,q,mv,mh

=
2π

Q
ejχ

mv,mh
p−1,q−1

(

1

Lv

lim
Lv→∞

Lv
∑

lv=1

ej
ηv+mvδv

Lv
lv

)

(

1

Lh

lim
Lh→∞

Lh
∑

lh=1

e
j
ηh+mhδh

Lh
lh

)

(49)

to get,
cD,mv,mh

=
∑

(p,q)∈A

2π

Q
ejχ

mv,mh
p−1,q−1

∫ 1

0

ejξvxdx

∫ 1

0

ejξhxdx

=
∑

(p,q)∈A

2π

Q
ej(ζ

mv,mh
p−1,q−1+

ξv+ξh
2 )sinc(

ξv

2π
)sinc(

ξh

2π
) (50)

with χmv,mh
p,q = (mvξ

p +mhζ
q), and ξa = δama + ηa,for a ∈ {v, h}. Now that the closed‑form expression for

cD , and therefore, λ is known, for an RIS that is excitedfrom the solid angleΩ1, theRIS parameters at the antennaplaced at location (mv,mh) can be easily computed. Moreprecisely, we get,
βmv,mh

= |cD,mv,mh
| (51)

θmv,mh
= cD,mv,mh

+mvξ1 +mhζ1 (52)The solution given by (51) and (52) is optimized to ϐind abeam‑forming pattern which is the closest to the desirednormalized beam pattern. However, in practice the normof c depends on the power P that can be inserted by am‑pliϐiers (active elements), say ∥c∥ ≤ P . Hence for an RIS‑UPA with active elements the gains βmv,mh
is scaled by√

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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(a) Dual-beam 3D UPA pattern (b) UPA pattern cut at ϕc

(c) UPA pattern cut at θc (d) 3D UPA pattern

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 reϐlected by the RIS, we scale the gains βmv,mh so that their maximum is equal to one, i.e., βmv,mh = |cD,mv,mh |/∥c∥∞. Finally, in the case that gain control (attenuation) at the RIS withpassive elements is not feasible, we have βmv,mh = 1. In the next section, we evaluate the effectiveness of our RIS beam‑forming design approach by means of numerical experiments.
6. PERFORMANCE EVALUATIONIn this section, we evaluate the performance of our multi‑ beam design framework.

6.1 Multibeam designFirst, we consider a dual‑beam design which comprises of two lobes with centers at directions (−8π/32, −5π/32) and (7π/32, π/32) for the pairs of the solid angle (ϕ, θ) with the beamwidth equal to π/16. We divide both the ψh, and the ψv range uniformly into Qh = 16, and Qv = 16 regions resulting in Q = 256 equally‑shaped units in 
(ψv, ψh) 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 obtainedthrough our design where all angles are measured in ra‑ dians. Fig. 4(a) shows the heat map corresponding tothe gain of the reϐlected beam from the RIS for the de‑ signed dual‑beam. The gains are computed in dB. It canbe seen that the designed beam‑former generates two dis‑ joint beams with an almost uniform gain over the desiredACIs. It is also observed that the beams sharply drop outside
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(a) Receive angular intervals (b) RIS pattern at incident angle Ω1

(c) RIS pattern at incident angle Ω2 (d) RIS pattern at incident angle Ω4

Fig. 5 – RIS‑UPA beam patterns for MTMR settings

(a) (Qh, Qv) = (12, 12) (b) (Qh, Qv) = (24, 24) (c) Beam pattern statistics

Fig. 6 – Effect of resolution on the beam quality
the desired ACIs and effectively suppress the gain everywhere outside the ACI. In order to quantify the suppression and the leakage out of the desired ACI we depict the cross‑section of the gain pattern at a ϐixed elevation

angle φc for two values of φc ∈ {−8π/32, 7π/32} located inside the two lobes of the designed dual beam in Fig. 4(b). Similarly, Fig. 4(c) shows the cross‑section of the beam pattern at a ϐixed azimuth angle θc  for two 
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beamIn order to compare the performance of our multi beamdesign to a single‑beam design, we consider a beam witha single lobe which is capable of covering the same tworegions as in the dual‑beam design. Fig. 4(d) shows theheat map corresponding to the gain of the reϐlected beamfrom an RIS for the corresponding single beam that is op‑timized based on our design. As was the case for multi‑beam, this ϐigure also shows that for a single beamour de‑sign generates an almost uniform and fairly sharp beam.However, comparing Fig. 4(a) and Fig. 4(d), we observethat in the desired ACI the multi‑beamforming procedureenhances the gain by about 20 dB over the beams withan optimized single lobe. The reason for this differenceis that according to the power conservation axiom, with aconstant input power level, the narrower each beam is thehigher 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. Thiswill result in dissipating the power in angles that are notintended. However, the muti‑beam design allows for gen‑erating two disjoint beams, each being narrow enough toonly cover the intendedACI. Therefore, the powerwill notbe wasted in undesired directions.6.3 Two‑way multi‑link communicationsWe consider two links. The ϐirst link is between the trans‑mitter located as Ω1 = (−3π

32
, 3π

16
) and a receiver that is inthe ACI D1 = [−0.36, 0] × [−0.56, 0] and the second linkis between the transmitter located as Ω2 = ( π

32
, π

8
) and areceiver that is in the ACID1 = [−0.18, 0.18]×[0.26, 0.86].Each of the receive zonesD1 andD2 is comprised of 4 par‑ticles in anQv ×Qh = 8× 8 grid. Fig. 5(a) depicts the an‑gular location of the two transmitters and the ACI for thereceivers. In order to design a beam‑former that covers

D1 when transmitting from angular position Ω1 and cov‑ers D2 when transmitting from angular position Ω2, weϐirst ϐind a composite beam with a uniϐied incident angle,say Ω1. This means that we ϐind the ACID′

2
when the RISarray is excited by a beam at incident angle Ω1 which is

equivalent to the ACI D2 where the same array is excitedfrom the incident angleΩ2. The transformedACID′

2
is de‑picted in Fig 5(a). The heat map of the designed beams isdepicted in ϐigures 5(b)‑(d) where the RIS is excited fromanglesΩ1,Ω2, andΩ4, respectively. Figures 5(b)‑(c) illus‑trate that when the RIS is excited from an incident angle

Ω1 and Ω2, the corresponding ACI D1 and D2 are respec‑tively covered by the designed beam as illustrated in therespective ϐigures, however, in either case another angu‑lar region is also covered by the beamwhich is not neces‑sary and could be considered as possible wastage of thepower. We note that this happens due to the fact that theunwanted ACI when the RIS is excited from the incidentangle Ω1 is indeed generating the desired ACI when theRIS is excited from the incident angle Ω2. Finally, we con‑siderΩ4 to be an angular point in the ACID2, e.g., we take
Ω4 to be the center of the ACI D2. Fig. 5(d) shows that ifthe RIS is excited from an incident angle Ω4, e.g., when auser in ACI D2 is replying, then it will be received by thecorresponding transmitterwhich is located at angular po‑sitionΩ2. In ϐigures 5(b)‑(d) the windows show the posi‑tioning of the grids that lie on the particles covering thecorresponding desired ACIs.6.4 Beams with arbitrary shape (footprint)Here, we illustrate the possibility of designing a beamwith an arbitrary pattern, or more precisely, arbitraryfootprint. We aim to design a beam which is covering thereceive zoneD that is speciϐied as follows.
D =

{

−
√

2

2
(ζ + 11

6
) < ξ < −

√

2

2
(ζ + 3

2
) if −5π

6
≤ ζ ≤ −π

3

−7
√

2π

24
< ξ < −3

√

2π

24
if −π

3
< ζ ≤ π

3

(53)We consider two possible quantization levels of the beamfootprint with resolutionQh = Qv = 12 andQh = Qv =
24. Fig. 6(a) and Fig. 6(b) illustrate the heat map of thedesigned beam. The ϐiner the resolution the better the ap‑proximation of the shape of the beam. Fig. 6(c) providesthe quantitative comparison between these two resolu‑tions; it shows the higher resolution increases the over‑all beam‑forming gain, lowers the leakage and generatessmoother gain.
7. CONCLUSIONSAn RIS can be incorporated into mmWave communica‑tions to ϐill the coverage gaps in the blind spots of themmWave system. We proposed a novel approach for de‑signing RISs, namely RIS‑UPA,where the RIS elements arearranged according to a UPA structure. We proposed aconϐiguration for the elements of an RIS‑UPA that enablesthe 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 scenariocan be transformed to a single‑pair scenario and then by

© International Telecommunication Union, 2023

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

values of θc ∈ {−5π/32, π/32)}. Both Fig. 4(b) and Fig. 4(c) conϐirm the sharpness of both lobes of the designed dual‑ beam and can be used to ϐind 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 clariϐies the sharpness of the beams. From Fig. 4(b) and Fig. 4(c), it is also observed that the gain within the ACI is 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
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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 conϐiguration 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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