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Abstract—The reconfigurable intelligent surface is a promising
technology for the manipulation and control of wireless electro-
magnetic signals. In particular, it has the potential to provide
significant performance improvements for wireless networks.
However, to do so, a proper reconfiguration of the reflection
coefficients of unit cells is required, which often leads to complex
and expensive devices. To amortize the cost, one may share the
system resources among multiple transmitters and receivers. In
this paper, we propose an efficient reconfiguration technique
providing control over multiple beams independently. Compared
to time-consuming optimization techniques, the proposed strategy
utilizes an analytical method to configure the surface for multi-
beam radiation. This method is easy to implement, effective and
efficient since it only requires phase reconfiguration. We analyze
the performance for indoor and outdoor scenarios, given the
broadcast mode of operation. The aforesaid scenarios encompass
some of the most challenging scenarios that wireless networks
encounter. We show that our proposed technique provisions
sufficient improvements in the observed channel capacity when
the receivers are close to the surface in the indoor office
environment scenario. Further, we report a considerable increase
in the system throughput given the outdoor environment.

Index Terms—RIS, Metasurface, Beyond 5G, 6G, Relay

I. INTRODUCTION

W IRELESS data rates have been increasing exponen-
tially and continue to double every 18 months [1].

To keep up with such an explosion in data rate require-
ments, technologies that can provide faster, sustainable, and
safer communications are essential. Further, congestion of the
overcrowded Electromagnetic (EM) spectrum limits the ever-
increasing demand for faster data rates [2]. This has moti-
vated the migration of wireless networks toward utilization of
carrier waves with higher frequencies. The millimeter Wave
(mmWave) spectrum can offer larger bandwidth and higher
bit rates [24]. However, mmWaves are compounded by certain
well-known issues. High propagation losses and refraction [3]
combined with the challenge of high power transmitters [4],
severely restrict the communication range of mmWave based
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networks. So, any object can block the Line of Sight (LoS)
and this renders Non-Line of Sight (NLoS) communication as
a very challenging proposition.

Thus, in order to achieve intelligent, sustainable, and vir-
tual LoS communication links, wireless networks have been
gradually shifting towards the software-defined paradigm in
which all the elements of the network can be controlled via
programming. The wireless channel, however, has traditionally
remained a non-maneuverable quantity. With the advent of
the Reconfigurable Intelligent Surface (RIS) [5], also referred
to as Large Intelligent Surface (LIS) [6], there has been a
fundamental shift towards handling wireless channels, wherein
they can now be controlled within the design loop of wireless
networks. The explosion of RIS has been in many works that
propose to apply it in wireless network [7]–[10] which is a
clear testament to the potential impact of the RIS concept.

One possible way to realize the RIS paradigm is grounded
on the powerful EM control delivered by the Metasurface (MS)
concept. MSs are thin layer structures composed of a matrix of
sub-wavelength resonators known as unit cells. These building
blocks allow to manipulate the effective permittivity ε and
permeability µ of the medium [11]–[13]. With this feature,
EM characteristics of the reflected wave can be engineered.
Such control has been the object of several studies proposing
novel absorbers [14], [15], retro-reflectors [16], optical mixers
[17], focusing [18] and nonlinear devices [19].

Recent works have proven that the behavior of MSs can
be tuned during and after deployment. This is achieved by
introducing tunable or switchable electronic components [20]
within the MS and adding appropriate means of control to
achieve (re)programmability. Furthermore, there have been
proposals to embed intelligence [21] within the MS to make
it self-adaptive [22], inter-connectable [23] or multiband [24].

The overall functionality is derived from the aggregated
response of all unit cells, which are tuned individually. Con-
cretely, to realize a particular function (e.g., beam steering),
very specific amplitude and phase profiles need to be applied
to the impinging wave [25], [26]. The transition from static
to intelligent programmable MSs indeed promises diverse
applications in telecommunication. However, to do so RISs
need to:

• Integrate tuning and control elements on a per-cell basis
• Include electronic circuits to implement intelligence

within the device
• Modify the reflected wavefront with subwavelength EM

interaction
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Fig. 1. A macro cell base station is in the far field of the location of the
users. Since reconfigurable intelligent surfaces are passive devices (in terms
of radiation transmission), we are allowed to deploy them in a close range
of the users. In addition, multi-beam forming is engineered to serve multiple
mobile users.

Such complexity can often lead to uneconomical designs
and fabrication processes, which is an obstacle towards com-
mercializing the applications within 5G networks, such as for
Vehicle-to-everything communications [27], [28]. One way to
justify the costs for utilizing RISs in use-cases as pervasive
as V2X (which is a form of multi-receiver communication
via a single transmitter) is to optimize their operation. To this
end, we note that MSs can actually perform multiple functions
concurrently [29], so one design can serve several purposes.
Consequently, multi-receiver communication scenarios present
a very compelling use case.

In a multi-receiver communication scenario, the broad-
cast station should adequately radiate EM waves toward the
location of the receivers. A wide beam radiation pattern
can provide such a requirement. However, a wide beam is
detrimental as it radiates energy over a huge space. This
strategy is not feasible for mmWave spectrum due to the
high propagation losses and blocking effects. The proper
solution is to engineer the radiation pattern with respect to the
location of the receivers. Hence, independent control on the
multiple beams is required. Figure 1 shows an urban scenario
in which the environment is equipped with RIS to provide
communication services for multiple receivers.

One way to engineer a multi-beam radiation pattern is to
control both amplitude and phase (amp/phs) reflection of the
unit cells [30]. The amp/phase configuration of a RIS can
be derived by calculating the inverse Fourier transform of
any required reflected wavefront [31], but since amplitude
reconfiguration increase the overall loss, this is not an efficient
approach. Another solution is to switch between the users in
the time domain, i.e., time division multiplexing (TDM). How-
ever, satisfying the 5G key performance indicators (KPIs) for
latency renders the TDM approach inefficient. Additionally,
dividing MS area i.e., space division multiplexing (SDM), to
engineer the wavefront for multiple beam objective requires a
very large MS. We provide further discussions on the state-
of-the-art schemes in Section II.

We build this paper based on previous works [32], [33]
and we extend it by taking cognizance of all of the above
challenges and requirements towards adapting RISs for multi-

receiver communication environments, we introduce an analyt-
ical model to aggregate multi-receiver reconfiguration. Unlike
previous methods that require amplitude reflection control as
well as phase reflection control of the unit cells [34], our pro-
posed strategy requires phase reflection reconfiguration only.
With this approach the MS realizes multiple-beam radiation
pattern with independent control of the beams. Based on
realistic system parameters, we then evaluate the performance
of the proposed framework by analyzing the throughput for
indoor and outdoor scenarios. Given the channel is rank one,
this link only supports single data stream to all the users (i.e.,
broadcast mode). Note that, the broadcast scenario also entails
the multicast scenario, which can be utilized by the radio
source to communicate with multiple receivers at the same
time. We compare our results to the baseline system and show
that by taking advantage of the RISs, a considerable increase
in the overall system throughput can be experienced.

The organization of the paper is as follows: In Section
II, we review the latest works in multi-user communications.
Section III describes proposed technique to reconfigure the
MS for multi-beam radiation pattern. Section IV describes the
indoor, outdoor, and broadcast scenarios on which we evaluate
our system. In Section IV-D the system model is introduced.
Section V presents the performance evaluation and Section VI
concludes the paper.

II. BACKGROUND

A. Time division multiplexing

TDM allocates the communication link to multiple receivers
in separate time slots [35]. Time is divided into several recur-
rent blocks of fixed length, one for each user. In terms of MS,
TDM refers to time domain reconfiguration which provides
a shared communication link that switches between users.
In theory, this technique can provide adaptive multi-channel
communication by space-time shared aperture [36] with great
performance. However, this is not a trivial mechanism, and
realizing a TDM MS comes with a major challenge. In 5G, the
corresponding end-to-end latency as low as 1 ms needs to be
met with reliability as high as 99.99% [37]. Tracking a moving
receiver requires reconfiguration of the MS to sustain the
communication link and the reconfiguration speed affects the
latency. This might not be a serious problem in point-to-point
scenarios but in the multi-receiver case, the reconfiguration
cycle is multiplied by the number of receivers. A TDM MS
switches the link between the receivers in the time domain
and the reconfiguration speed of the MS will have to be
extremely fast to rearrange the link with an acceptable delay.
The reconfiguration delay is the time it takes to reprogram the
MS to serve the specific receiver group (see Fig 2).

SL = N × (UGD +R) (1)

where SL is the length of the subframe, UGD is the user
group delay, N is the number of users and R is the reconfigura-
tion speed. As an example, consider that the maximum length
of a single subframe for the 5G New Radio (NR) is 1 ms [38].
Further, let us assume that we have N = 10 groups of users,
wherein each group, a user is served in a given subframe.
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Fig. 2. Time division multiplexing, switches the beam between the users in
time domain. The latency of the link is restricted by the reconfiguration speed
and user delay.

Hence, it is essential that the MS reconfiguration is completed
in a time that is on the scale of a few microseconds, which is
a real challenge. This seems unrealistic for beyond 5G or 6G
networks KPIs.

B. Space division multiplexing

A simple strategy to meet the 5G criteria is to communicate
with all the receivers concurrently. So, instead of multiplexing
in the time domain, we can partition the area of the MS
and assign per user segments. This segmentation process is
equivalent to dividing the original MS into tiles each may serve
a single reflection [39], which inevitably follow by lowering
the directivity. So, enlarging the MS is essential to maintain the
Quality of Service (QoS) for multi-receiver scenarios. Figure 3
illustrates an electromagnetic simulation performed with CST
Microwave Studio [40], in which the allocation of the MS area
amongst two beams reduces the directivity.

C. Amplitude and phase reconfiguration

Independent amp/phs control of the unit cells has been
proposed for multi-beam steering [30]. However, amplitude
reconfiguration not only applies losses in the reflection power
but also requires sophisticated unit cell design and tuning
mechanism to accurately control the amplitude and phase re-
flection simultaneously [41]. To radiate a pattern with multiple
beams at several pairs of reflection angles (i.e., (θr1, φr1),
(θr2, φr2)) single beam coding has to be modified. According
to the desired direction of beams, one can calculate the relative
phase profiles individually. Then, the principle of superposition
allows to encapsulate the individual phase profiles [30], [42],
[43]

AeΨ(θr,φr) = eΦ1(θr1,φr1) + eΦ2(θr2,φr2) (2)

Even though the original profiles only have phases and the
amplitude of these terms are unity, the out come of their
summation has a matrix of amplitudes (A). In general, a
summation form of arbitrary multi-beamforming results in

K∑
k=1

ejΦmn(θrk,φrk) = Γmne
jΨmn (3)

where Φmn(θrk, φrk) is the phase gradient of mn unit cell for
the kth-beam aiming (θrk, φrk). The result of this summation

is a term with both phase profile Ψmn and amplitude profile
Γmn. This means we can engineer a multi-beam radiation
pattern by controlling the simultaneous amp/phs response of
the unit cells.

Fig. 3. Normalized E-field distribution in logarithmic scale (dB) with main
beam radiation at (a) θr = φr = π/4 and (b) θr = π/4, φr = π/2
as single-user metasurfaces. Two main beam radiation, requires dividing the
area of the MS Row-wise (c) and Column-wise (d) to target both users.

D. Optimization techniques

While optimization methods can help us determine the
best configuration for certain radiation patterns, they require
extensive computing power and time. Since the number of
possibilities of MS configuration is huge, finding the opti-
mized reconfiguration is not trivial. To exemplify the numbers,
consider a grid of 10 × 10 unit cells. Next, as suggested in
[44], we set Ns = 4 states to code (i.e., setting specific phase
and amplitude profiles) the MS. Consequently, the overall
configuration possibilities will be 410×10 and optimizing a
large number of elements imposes a significant challenge.
Nevertheless, instead of a full search over the entire design
space, one can partition the unit cells into tiles, and optimize
each tile in an offline design stage. In this case, only the
element of the codebook is selected for online operations [39].
Despite suggesting efficient algorithms based on e.g. convex
optimization solvers to reduce the overhead of optimization
and complexity of codebooks [45], the number of possibilities
is still a fundamental issue. Therefore, we discard the inves-
tigation of this method. In Table I, a qualitative comparison
between different methods is made to give an overview on the
advantages and disadvantages of each strategy.

III. PHASE-ONLY METASURFACE CODING FOR
ANOMALOUS REFLECTION IN MULTIPLE DIRECTIONS

In this section, we review the basics for single beam steering
then we modify it for multi-beamforming. For anomalous
reflection, MS manipulates the reflected toward arbitrary di-
rection. To this end, the reflection phase of each unit cell has
to be controlled.
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TABLE I
QUALITATIVE COMPARISON BETWEEN DIFFERENT STRATEGIES FOR

MULTI-BEAM FORMING

SDM TDM amp/phs phase
only

Requirement large MS fast recon-
figuration

unit
cell full
control

low
profile

Side lobe
level

high lowest low moderate

Directivity moderate highest moderate high
latency low moderate low lowest
Power moderate high moderate low

A. Single beam/direction

Consider an impenetrable boundary interface under illumi-
nation of an incident plane wave. The incident wave vector ki
with elevation angle θi and azimuth angle ϕi can be written
as

ki = kixx̂+ kiy ŷ + kiz ẑ (4)

where kix, kiy, kiz are the wave vector coordinates

kix = ki sin θi cos θi = k0n0 sin θi cos θi
kiy = ki sin θi sin θi = k0n0 sin θi sin θi
kiz = ki cos θi = k0n0 cos θi

(5)

The same formulae can be derived for the reflected wave vector
kr with the elevation angle θr and azimuth angle ϕr.

krx = krnr sin θr cos θr = k0n0 sin θr cos θr
kry = krnr sin θr sin θr = k0n0 sin θr sin θr
krz = krnr cos θr = k0n0 cos θr

(6)

k0 and n0 are the wavenumber and refractive index of free
space. In general, the direction of the reflected beam can
be engineered by an appropriate linear phase profile [25].
Assuming that the MS imposes the phase profile Φ(x, y), we
assign the virtual wave vector kΦ = ∇Φ = ∂xΦ x̂ + ∂yΦ ŷ
(∂x and ∂y denote partial derivatives). Applying the boundary
conditions of the tangential components of the electromagnetic
fields, the momentum conservation law for wave vectors can
be expressed as [26]

kix + kΦx = krx
kiy + kΦy = kry

(7)

from Equation 5, 6 and 7 we have

k0 sin θi cos θi + ∂xΦ = k0 sin θr cosϕr,
k0 sin θi sinϕi + ∂yΦ = k0 sin θr sinϕr,

(8)

where ∂xΦ and ∂yΦ describe the imposed phase profiles in
the x and y directions, respectively, and the subscripts i and
r denote incident and reflected waves, respectively. Reflection
position in the far-field is implied with pairs of angle variable
θr and φr in a spherical coordinate system. Thus, the required
phase profile for mn-th unit cell reads [44]

Φmn(θr, φr) =
2πDu(m cosϕr sin θr + n sinϕr sin θr)

λ0
(9)

where Du is the length of a square unit cell, λ0 is the
wavelength in free space, and m and n are the indexes of the
mn-th unit cell. According to the number of unit cell states Ns

and the phase gradient profile, we applied adaptive mapping
such that the nearest available state registered to the unit cell.
Using phase gradient described in Equation (9), we can encode
the MS to reflect the beam toward an arbitrary reflection angle
(θr, φr).

Assuming small unit cell size (Du < λ/2), surface current
distribution on each unit cell is approximately uniform. Based
on Huygens principle, we can assume each unit cell is a
point source. The total scattering field can be regarded as the
superposition of the scattering wave from each unit cell [46]

E(θ, φ) =

N∑
n=1

M∑
m=1

cosθejk0ζmnejΨmn (10)

where ζmn(θ, ϕ) is the relative phase shift of the unit cells
with respect to the radiation pattern coordinates, given by

ζmn(θ, ϕ) = Du sin θ[(m− 1
2 ) cosϕ+ (n− 1

2 ) sinϕ] (11)

B. Multiple beams/directions with energy conservation law

Here, we propose a solution to discard the need for am-
plitude configuration. By considering the energy conservation
law, in a closed system, the total energy from the impinging
waves should be equal to the energy carried by the scattered
beams. So, in the limit of lossless and fully reflective unit
cell design only the phase of the reflected wave is shifted.
Then, there must be an optimal reconfiguration profile with
phase-only control by which we can engineer the desired
multi-beamforming. Mathematically, by applying the right
coefficients to the individual phase profile responsible for the
singular beamforming, Equation (2) become

1eΨ(θr,φr) = a1e
Φ1(θr1,φr1) + a2e

Φ2(θr2,φr2) (12)

and equation (3) become

K∑
k=1

amnke
jΦmn(θrk,φrk) = 1ejΨmn (13)

This equation does not have a unique answer. Depending on
the prioritization of the beams one can think of different
configurations. Nevertheless, the simplest solution to satisfy
Equation (13) is to assume all of the beam amplitude are
identical amnk = amn; k ∈ [1,K]. Then we can define
this coefficient as the absolute value of the phase gradient
summations.

amn =
1

|
∑K
k=1 e

jΦmn(θrk,φrk)|
(14)

from Equation ((13)) and ((3)), Equation ((10)) reads

E(θ, φ) =

N∑
n=1

M∑
m=1

cosθejk0ζmnamn

K∑
k=1

ejΦmn(θrk,φrk) (15)

Now by using Equation ((9)) and ((15)), we can implement
a multi-beam radiation pattern. By selecting Du = λ/3, we
can ensure that the phase gradient is mapped on the MS with
acceptable resolution [44]. In order to integrate the coding
strategy, we used permittivity alternation to mimic the phase-
shifting elements. We select a thickness of the dielectric slab as
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Fig. 4. Normalized E-field distribution in logarithmic scale (dB) radiating
with two beams at θr = φr = π/4 and θr = π/4, φr = π/2 (a) with
respective phase gradient (b).

l = λ0/6 where λ0 = c/f and f = 28GHz. Since this would
be a homogeneous layout, the reflection phase from each unit
cell can be analytically calculated as e−2jkl. By imposing
4 different dielectric constants εr = [1, 3.1, 6.28, 10.62], we
coded the unit cells with 4 phase reflections as [0, π/2, π,
3π/2] and unity amplitude.

Figure 4 (a,b), shows the radiation pattern and relative
phase gradient of a square MS with size of Dm = 8λ0. The
wavelength is λ0 ≈ 10mm then MS size is 80 × 80mm and
if the distance between the UEs and the MS is more than
1.5 meters, we can assume UEs are in the far-field zone. The
obtained radiation pattern is improved compared to the spatial
subdivision technique (Figure 3 (c,d)).

Since the dimension of the MS is fixed, the generation of
more beams decreases the directivity. The size of the MS Dm,
should be selected with respect to the number of beams. To
provide complex radiation patterns with more beams, we need
to impose the phase gradient with finer resolution. One way is
using smaller unit cells which involves fabrication complexity
and sophisticated configuration means. A proper strategy is to
improve the mapping sequence by increasing the number of
states (Ns). We checked the influence of Ns in the case of
4 beams in Figure 5 such that (b) shows the phase gradient
with 4 different colors representing Ns = 4, (d) shows the
phase gradient with 8 different colors representing Ns = 8
and (a,c) are the respective radiation patterns. Apparently, in
the bottom sub-figure (c) the Specular reflection at the normal
direction (θ = 0) is 5 dB weaker than the top sub-figure (a)
which improves the efficiency of the system and decreases the
back-scattering toward the transmitter.

Figure 6 compares the directivity of amp/phs and phase only
reconfiguration with the same reference value of radiation in-
tensity. Although amp/phase control yields very precise wave-
fronts, this does not mean that the obtained radiation power is
high at the UE. The reason is amplitude configuration absorbs
incident wave power at the unit cell level. So, the overall
reflected power from the metasurface is weaker compared to
phase only configuration. The difference of directivity between
the two grows stronger as the number of UEs increases. In the
following section, we build a system model and evaluate this
difference in terms of channel capacity.

Fig. 5. Normalized E-field distribution in logarithmic scale (dB) radiating
with 4 beams at arbitrary positions with 4 and 8 states (a,c) and respective
phase gradient with 4 and 8 number of states (b,d).
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Fig. 6. Comparison of directivity vs number of users with phase only and
amp/phs reconfiguration.

IV. SIMULATION SETUP

To illustrate the efficacy of our MS coding, we analyze its
performance in the standard indoor and outdoor environments,
as defined by 3rd Generation Partnership Project (3GPP) [47],
and compare it with the current wireless network scenarios.
The goal of this analysis is to compare the performance
of the proposed MS reconfiguration methodology as against
the amp-phs reconfiguration method. Subsequently, in this
section we first present the scenarios that will be evaluated,
following which in Section IV-D we detail the system model
utilized. Note that, while multiple research efforts [48]–[52]
do not consider realistic MS operational characteristics such as
directivity, we perform analysis by utilizing practical MS per-
formance parameters. These parameters have been determined
using the technique described in Section III.
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A. Indoor Office Environment
The scenario corresponding to indoor office environments

is presented in Fig. 7. Characteristically, in such scenarios,
the base stations (BSs) are low-powered transmitters, such as
those for WiFi, etc, as compared to the cellular Access Points
(APs). Moreover, the transmission path to the receivers can
be blocked completely by obstacles (e.g., walls). Additionally,
due to the density of obstacles, the propagation environ-
ment will be significantly impacted by multipath issues. The
aforesaid impairments are further exacerbated for mmWave
frequencies [53], [54].

Hence, in Fig. 7, the user equipment (UE) has the direct
LoS path from an small cell base station (SCBS) blocked by
an obstacle. The SCBS-to-MS link has a LoS path. In addition,
the MS-to-UE link has a directed beam. We point out that,
it is the MS which provides a bridge (LoS path) to the AP
towards the UE, thus circumventing the complete blockage by
the obstacle in between.

Blocked

Path

Metasurface

Wall

Users

Small Cell 

Base Station

LOS

Path

Directed

Beams

Fig. 7. Indoor office environment propagation scenario. The small cell base
station is blocked by an obstacle and the metasurface provisions a line of
sight path for it towards all the users.

B. Urban Micro Environment
The Urban Micro (UMi) environment, as shown in Fig.

8, consists of multiple BSs, i.e., the macrocells (MCBS) as
well as the SCBSs, serving the users. In 5G and beyond
scenarios, SCBSs are deployed to enhance the throughput, and
hence, they will mostly operate upon the mmWave frequencies
[53], [54]. On the other hand, MCBSs, or the anchor cells,
will provide a more reliable connection to the users, thus
maintaining coverage as well as supporting various dynamic
scenarios [55], [56].

Consequently, while the SCBS will be blocked by the
myriad obstacles present in a dense urban environment, such as
that shown in Fig. 8, MCBSs will still have NLoS path towards
the users. Additionally, the SCBS has a LoS path through the
MS to the users, similar to the indoor environment in Section
IV-A.

C. Broadcast
As part of the analysis, in this work, for both the indoor

and UMi scenarios, the broadcast mode of communications is
evaluated. The broadcast (as well as multicast) mode enables
the network to communicate the same information to multiple
users at the same time. An important example of such an
application is the video streaming service.

Blocked

Path

LOS

Path

Metasurface

Urban 

Structure Users
Small Cell 

Base Station

Directed

Beams

NLOS

PathMacro Cell Base 

Station

Fig. 8. Urban macro environment propagation scenario, wherein the macro
cell base satiation has a none line of sight path to the users due to an urban
structure. However, the small cell base station is completely blocked by this
urban structure. The metasurface provisions a line of sight path for the small
cell base station to all the users.

D. System Model

Given the scenarios, we now discuss the system model
for our evaluation. Firstly, we state that for both the indoor
office environment and UMi scenarios, the BS and SCBS,
respectively, communicate with the user through a LoS path
facilitated by the MS. Hence, the channel model for the
aforesaid data path is represented as:

ysc =
√
GBMGMU (gT

MUΘhBM)xsc + ηsc (16)

where ysc and xsc are the received and transmitted signals,
respectively, and ηsc denotes the additive white Gaussian
noise with zero mean and variance (average noise power) σ2

sc.
Furthermore, hBM and gMU are the SCBS-to-MS and MS-
to-UE channel coefficient vectors, respectively. Additionally,
Θ is the phase shift matrix that is formed by diagonalization
of the vector of phase shifts applied at each element of the
MS on the received signal from the BS 1. Finally, GBM is the
transmit gain for the SCBS-to-MS path, i.e., SCBS transmit
gain, and GMU is the transmit gain for the MS-to-UE path,
i.e, MS transmit gain. This can be obtained by computing the
product of the directivity values in figure 6 and the antenna
efficiency (c.f. Table II).

Next, the channel model for the MCBS to UE path in the
UMi scenario (see Section IV-B) is defined as:

ymc =
√
Gmchmcxmc + ηmc (17)

where ymc and xmc are the received signal at UE from
MCBS and transmitted signal from MCBS to UE, respectively.
The channel coefficients for the MCBS to UE channel is
represented by hmc, with the additive white Gaussian noise
represented as ηmc which has zero mean and variance (average
noise power) σ2

mc. Further, Gmc is the MCBS transmit gain.

1In this paper, we primarily focus on the beamforming/beam-steering
application towards multi-user environment, which is of significant importance
for beyond 5G networks
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From Eqs. (16) and (17), the overall received SNR at UE for
the indoor scenario is determined as:

∆InH =
||ysc||2

σ2
sc

(18)

whereas the received SNR at the UE for the UMi scenario is
expressed as:

∆UMi =

{ ||ysc||2
σ2
sc

SNR at UE from SCBS,
||ymc||2
σ2
mc

SNR at UE from MCBS
(19)

Next, the maximum achievable throughput for the users in
both the indoor and UMi scenarios can be defined by the
Shannon-Hartley theorem as follows:

R = B log2(1 + SNR) (20)

where, R is the maximum achievable throughput for a
user, B is the allocated bandwidth by a base station
(BS/SCBS/MCBS), and SNR is the Signal-to-noise ratio at
the receiver from a given base station. Hence, from Eqs. (18),
(19) and (20), the maximum throughput for a user in the Indoor
environment, i.e., Rinh, is given as:

Rinh = Binh log2(1 +
||ysc||2

σ2
sc

) (21)

where Binh is the bandwidth allocated to the user by the BS.
On the other hand, the maximum achievable throughput for
the UMi scenario, as shown in Fig. 8, is:

RUMi = Bsc log2(1 +
||ysc||2

σ2
sc

) +Bmc log2(1 +
||ymc||2

σ2
mc

)

(22)

where, RUMi is the achievable throughput, and Bsc and Bmc
are the allotted bandwidths to the user from the SCBS and
MCBS, respectively.

However, to compute the received signal powers, i.e.,
||ysc||2 and ||ymc||2 in Eqs. (21) and (22), we evaluate the
pathloss from the SCBS and MCBS to the UE. Subsequently,
we utilize the the link budget formula in Equation ((23)) to
compute the received signal power as follows,

Pr = Pt +Gt +Gr − PL− Lo (23)

where Pr is the received power, Pt is the transmitted power,
Gr is the gain at the receiver antenna, Gt is the gain at the
transmit antenna (GBM , GMU and Gmc), PL is the scenario
dependent path loss and Lo are the other losses incurred at
the transmitter and receiver feed, and other mismatches, etc.
Note that, in this work we ignore the other losses Lo for the
sake of simplicity. In addition, we define the pathloss models
2, based on the CI and 3GPP models [47], [53], [55], [57], as
follows:

PLUMi = 20 log10(
4πf

c
) + 10n log10(d3D) (24)

PLinh−LOS = 32.4 + 20 log10(f) + 17.3 log10(d3D) (25)

PLinh−NLoS = max(PLinh−LoS , PL
′
inh−NLoS) (26)

2In this work, we assume that there is no shadow fading. Hence, in eqs.
(17)-(20) we do not introduce the shadow fading parameter.

PL′inh−NLoS = 38.3 log10(d3D) + 17.30 + 24.9 log10(f)
(27)

where, PLUMi, PLinh−LoS , PLinh−NLoS , and
PL′inh−NLoS are the pathloss for the UMi scenario
(for both LoS and NLoS setups), indoor office LoS scenario
and the NLoS scenarios, respectively. In addition, c is the
speed of light, f is the central frequency of operation and
d3D is the 3D distance between the transmitter and receiver.

Next, for the received signal power computation in Equation
((23)), the transmit power, transmitter gain, and receiver gain
are required. While these parameters for the SCBS, MCBS
and UEs are readily available through existing literature [53],
[55], a practical and realistic estimate of transmitter gain for an
MS in the presence of single and multiple receivers is largely
missing from the current literature. Note that in our study we
assume the receiver gain of the MS as 0 dBi. Moreover, for the
SCBS to UE pathloss value in eq. (16), a two step process has
to be followed, i.e., a pathloss from SCBS to MS and another
one from MS to UE has to be calculated. Thus, for the SCBS
to MS pathloss computation the values from [53], [55] and
the 0 dBi MS receive gain assumptions are utilized. Next, for
the MS to UE pathloss calculation, the transmit power is the
actual received power from the SCBS to MS path and the
MS transmit gain is GMU which we obtain from directivity
values in Figure 6, as mentioned earlier. The other parameters
are again used based on [53], [55].

Lastly, we introduce Table II, wherein we detail the other
system model parameters/settings for the indoor and UMi
scenarios. Specifically, we list the scenario parameters such as
BS/SCBS/MCBS heights, pathloss exponents, shadow fading
standard deviation, transmit power, and gains according to
3GPP specifications [47] and recent research works such as
[53], [57].

V. DISCUSSION

We evaluate the performance of our MS driven network
in both indoor offices (Fig. 7) and UMi scenarios (Fig. 8)
based on the system models and parameters defined in Section
IV-D. We perform the evaluation based on the channel capacity
analysis and provide corresponding insights.

A. Indoor office scenario

Before delving deeper into the channel capacity analysis,
it is imperative to understand the behavior of the MSs in the
wireless environment. By behavior, we mean that the SNR
profile of the wireless channel corresponding to the reflected
path from the MS. This is an essential step, as it highlights the
channel properties of the reflected path from the MS. Thus,
through Fig. 9 we present an analysis of the SNR and pathloss
characteristics of the wireless channel (reflected path from
MS) in an indoor office environment. In the simulation setup,
the MS was placed at distance of 80 meters from the BS. In
addition, a single user was considered and moved from 1m up
to 200m from the BS. The BS is located at (x, y) = (10, 0)
with 25 meters height and the MS is at (x, y) = (10, 80) with
5 meters height and UE is moving in 1D direction along the y
axis with the same height and longitude (x). Subsequently,
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TABLE II
SYSTEM MODEL PARAMETERS

Parameter Indoor Office
Environment

UMi
Environment Parameter Indoor Office

Environment
UMi

Environment
SCBS operating

frequency 28 GHz 28 GHz MCBS operating
frequency – 3.55 GHz

Transmit Power SCBS 37 dBm 37 dBm Transmit Power MCBS – 49 dBm
Transmit Gain SCBS 30 dBi 30 dBi Transmit Gain MCBS – 17 dBi

MS Receive Gain 0 dBi MS directivity cf. Fig. 6
MS efficiency 0.9 Noise spectral density -174 dBm/Hz

Pathloss exponent for
SCBS NLoS 3.8 3.2 Pathloss exponent for

SCBS LoS 1.7 2.1

Pathloss exponent for
MCBS NLoS – 2.9 Pathloss exponent for

MCBS LoS – 2.0

the received SNR was computed for each of the location
combinations of the user and MS. The apparent jump in the
SNR diagram in Fig. 9 is there to skip the near-field zone
where our assumptions do not hold.

0 12080 8040 40

Distance of UE from MS

Fig. 9. Signal to noise ratio vs distance of the user from the base station
(the RIS at 80 meters distance from base station). As shown while the base
station and the RIS are fixed whereas the user is moving away from the base
station up to 200 meters.

From the SNR profile, it is evident that the received SNR
is highest when the UE is close to the MS. Hence, the overall
SNR degradation scales up accordingly as the distance of the
user increases from the MS. So, the SNR gets weaker when UE
is moving toward the BS because most of the signal reaching
the receiver is a result of the action of the MS. This gives
an initial assessment of the fact that MSs are more effective
for close-range communications. Note that, while we have
analyzed this for the indoor environment, the observed pathloss
phenomenon is also valid for the outdoor scenario. Following
this observation, we now present the channel capacity analysis
for the indoor environment.

The SCBS uses an antenna with 30 dBi directivity that
operates at 28 GHz is located at (x, y) = (0, 0) with 10 meters

height. The RIS is at (x, y) = (10, 100) with 5 meters height
and UEs are respectively [5, 4, 3, 3, 4, 5, 6, 7] meters away from
the RIS with same height. The RIS also operates at 28 GHz, its
directivity is reported in Fig. 6 with phase only configuration
and amp/phs configuration. Figure 10 compares the throughput
from each reconfiguration method versus the distance of UEs
from the RIS. Note that this distance is an additional parameter
to the UEs location ([5, 4, 3, 3, 4, 5, 6, 7]) and the UEs are for
sure in the far-field zone.

Due to the propagation loss, throughput degrades when the
UEs are further away from the RIS. As the number of UEs
increases, the throughput grows but if we divide it between the
UEs, in fact throughput for each user drops down. For instance,
this system provides 2 Gbps throughput for 6 UEs thus each
user has 0.33 Gbps throughput. The proposed phase only
configuration provides more throughput compare to amp/phs
configuration. The difference increases by the number of UEs
such that for 8 UEs the throughput increases by around 0.8
Gbps.

B. UMi scenario
We now present the channel capacity analysis for the UMi

environment given the broadcast scenario. MCBS uses an
antenna with 17 dBi directivity that operates at 3.55 GHz is
located at the center of the coordinate system (x, y) = (0, 0).
The altitude of the antenna is 25 meters. The SCBS is located
at (x, y) = (10, 2000) with 10 meters height. The RIS is
at (x, y) = (20, 2100) with 5 meters height and UEs are
respectively [5, 4, 3, 3, 4, 5, 6, 7] meters away from the RIS
with same height. SCBS and RIS characteristics are same as
before.

Figure 11 compares the throughput of the system with and
without RIS. Direct throughput from the MCBS is negligible
compared to the throughputs achieved when utilizing the RIS
(MS). This is because of the NLOS path that the MCBS
faces in a UMi scenario, as well as the low bandwidth that it
can provision to the users. However, the SCBS empowered
with RIS provides overcomes the blockage and provisions
nearly 0.5 Gbps for one user. The overall throughput (channel
capacity) gets higher as the number of UEs increases. On the
other hand, according to Fig. 12, the throughput per UE gets
lower by increasing the number of UEs. Similar to in the
indoor scenario, the phase only configuration provides higher
input compared to amp/phs configuration for both channel
capacity and throughput per UE.
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Fig. 10. Comparison of the throughput for amp/phs (top) and phase only
reconfiguration (bottom) in indoor scenario versus distance to RIS.
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Fig. 11. Urban micro environment channel capacity analysis.
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Fig. 12. Urban micro environment channel capacity analysis per UE.

VI. CONCLUSION

The proposed method avails optimum theory for space-
multiplexing to reconfigure the MS. Concretely, this proposal
provisions independent control over the radiation pattern lobes
by which multi-user communication links can be established.
Subsequently, the analysis shows that the MS based system
provides the best performance when the MS is located close
to the users. Further, we observed promising performance for
indoor office and UMi environments given the broadcast mode
of operation. Specifically, in the indoor office scenario, we
observe that if the users are within 1-2m of the MS, then at
least 0.5 Gbps of data rate can be experienced by the users
(with a peak data rate of ∼ 2.2 Gbps). Next, for the UMi
scenario, we observed that the MS based system provisions
more than one order of magnitude more channel capacity in
the presence of 7 users compared to MCBS communication.
Hence, through this work, we have shown the efficacy and
effectiveness of the designed MS for 5G and beyond scenarios
with multi-user applications.
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