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Abstract—We consider a Static Reflecting Surface (SRS) as-
sisted communication system. Part of a cell served by a Base
Station (BS) is blocked from Line-of-Sight (LoS), and an SRS is
deployed to assist communication in that target area. The SRS
has a high number of reflecting elements, with a static phase
shift matrix, optimized offline at installation phase for a user
population. To find the beamformer at the BS and phase shift
matrix at the SRS, we formulate an optimization problem aiming
to maximize the average data rate in the target area assuming
LoS communication between SRS and BS, as well as between SRS
and the users. A local optimum of the population-level problem
is obtained using the interior point method. We furthermore
consider a low complexity approach, where we divide the SRS &
BS antennas into sub-blocks and the target area into subareas;
each sub-block is designed to serve a user at the center of the
corresponding subarea. Simulation results show that as compared
to a fully dynamic Reconfigurable Intelligent Surface (RIS) of the
same size, where there is real-time electronic control of the phase
shifter, an SRS loses 30% in performance. Comparing to other
SRS approaches, and broadcast approach from the literature,
the population based approach provides higher average Spectrum
Efficiency (SE), 5% SE and fairness index.

Index Terms—Reconfigurable Intelligent Surfaces, phase shift
matrix, beamformer, Millimeter-Wave (mmWave) communica-
tion.

I. INTRODUCTION

Reconfigurable Intelligent Surfaces (RISs) are a promising
technology for future communication systems. RISs are arrays
of passively reflecting elements where the phase shifts of
the elements can be intelligently changed for performance
enhancement. An RIS relies on passive signal reflection and
does not require any active radio frequency chains for signal
transmission / reception. Moreover, RIS can be easily attached
to or removed from different objects (e.g., walls and ceilings),
hence exhibiting great flexibility in deployment [1], [2]. How-
ever, to control the phase shifts dynamically, RISs do require
real-time electronic control, and a real-time communication
interface to the radio access network.

RIS-assisted Millimeter-Wave (mmWave) massive Multiple-
Input-Multiple-Output (MIMO) systems are expected to offer
important connectivity advantages, higher data rates and energy
saving in Beyond 5G systems [3]. Leveraging the controllable
reflection coefficients of large RIS, mmWave massive MIMO
Base Stations (BS) can serve User Equipments (UEs) whose
direct links from the BS are completely blocked by obstacles,
such that the effective coverage of mmWave cellular networks
can be enhanced using beamforming techniques. The design

of RIS has been investigated in Orthogonal Frequency Divi-
sion Multiplexing (OFDM), Non-Orthogonal Multiple Access
(NOMA), and Orthogonal Multiple Access (OMA) contexts.
Low-complexity suboptimal algorithms for finding the phase
shift matrix have been developed based on alternating op-
timization, successive convex approximation and monotonic
optimization techniques [4], [5]. Continuous and discrete phase
shifts at the RIS are considered in [6], [7], respectively.

In an RIS, the reflection matrix is designed assuming a level
of Channel State Information (CSI) of the served UEs at the
BS and RIS. In [2], [8], perfect CSI is assumed. Acquiring
perfect CSI is challenging due to the passivity of the RIS
elements, and the high dimension of the cascaded MIMO
channel. Recently, the sparsity of mmWave channels, using
passive / active RIS architecture and using Machine Learning
(ML) techniques are exploited to reduce training overheads
in [9], [10]. In [11], an ML-based approach is considered
to model the local propagation environment without relying
on explicit channel estimation. Designing the beamformer and
phase shift matrix based on CSI statistics is of great importance
in high speed and short coherence time scenarios, where using
the CSI statistics can reduce the feedback overhead required
to design the phase shift matrix at the RIS. Statistical CSI
is exploited to design RIS-assisted communication systems in
[12], [13].

In most existing works, the reflection matrix is dynamically
designed at the time of communication either to serve a single
UE or multiple UEs. In [14], RIS assisted broadcasting is
considered, assuming that either the transmitter or the receiver
is in the near-field of the RIS. A free-space path loss model
for RIS-assisted wireless communications is developed, and the
RIS phase shift matrix is designed to broadcast the signal to a
desired direction, represented by a single angle of arrival.

In this paper, we consider a unicast traffic scenario, but de-
sign the phase shifts of the surface and the related beamformers
of the BS once and for all at the deployment phase. This
renders the surface a Static Reflecting Surface (SRS); no real-
time control or configuration of the surface is needed, i.e., the
surface does not need electronic circuitry and the phase shifters
of the SRS can be implemented using static metamaterial. The
SRS is designed based on statistical CSI to serve an area where
direct communication with the BS is blocked. SRSs are placed
on facades of tall buildings to provide Line-of-Sight (LoS)
communication in the target area. The phase shift matrix is
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Fig. 1: System model: A population of users served by an SRS-
assisted communication, the direct communication of a UE with the
BS is blocked in the target area.

designed to distribute the power uniformly in the target area.
Using an SRS is attractive because of its simplicity and the
possibility to be used with legacy communication systems. To
the best of our knowledge, this problem has not been addressed
in the literature. For a street segment facing an SRS, the
azimuth and elevation direction of arrivals at the SRS span
large ranges and cannot be represented by a single desired
direction as in the broadcast scenario of [14].

We formulate on joint phase shift matrix and BS beamformer
design problem, aiming to maximize the average rate in the
target area. This problem is analytically intractable, so that we
find a numerical solution based on the interior point method. To
reduce computational complexity, we adopt a low complexity
approach where the SRS / BS is divided into sub-blocks and
the target area is divided into subareas, and each phase shifter
sub-block is configured to steer the signal towards the center
of the corresponding subarea.

The remainder of this paper is organized as follows. In
Section II, the system model is presented. In Section III, the
problem formulation and the solution approach are presented.
Simulation results are presented and discussed in Section IV.
Finally, conclusions are drawn in Section V.

II. SYSTEM MODEL

We consider a communication system with a BS and SRS.
The SRS facilitates the communication of UEs in the target
area as shown in Figure 1. The BS has M = M, x My
antenna elements, where M, and M}, are the BS array elements
in the vertical and horizontal dimensions, respectively. The
SRS has N = N, x Nj, reflecting elements, where NV, and
Ny, are the reflecting elements in the vertical and horizontal
dimensions, respectively. The UE has a single antenna. We
assume that the direct links between the BS and UEs are
blocked in the target area. To assist the communication of
the UEs in the target area, an SRS is deployed on a building
and establishes UEs communication with the BS. Assuming
the SRS is deployed on the wall of a tall building, it can
create channels dominated by LoS propagation along with a
few scatterers. The locations of BS, SRS, and a sample UE
are represented using the 3D Cartesian coordinate system as

b= [xba Yb, Zb]T’ r = [l’r,«, Yr, Z’r‘]T and u = [xlu Yu, Zu]Tv
respectively. The target area A is specified by as

uj.2 € »A = {xmin S Ly S LTmax; Ymin S Yu S Ymax; }a

where [Zmin, Zmax) and [Ymin, Ymax] denote the range along
the x-axis and y-axis, respectively. We assume that the UEs
in the target area are at a fixed height z, = zp m. We model
the channel between UE and SRS and between SRS and BS
as Rician; the channel between the SRS and a UE in the target
area is expressed as [13]:

hru: ru “ (L) \( (NL
’ 1_|_ ru+ 1_|_

where h, , € CNx1 Ly = deO is the path loss with pg is

the path loss at the reference distance of 1 m, « is the path
loss exponent, d, ,, is the distance between UE u and the SRS,
ie., dy, = |Jlu—r], s is the Rician fading factor of the SRS-
user link, thu) and hg{iL) are the LoS and Non-LoS (NLoS)
components of the channel, respectively. The LoS component
is deterministic and modeled as th;) = an(0ru, éru), where
the array response is expressed as:

an (05 ¢) =
[1,e2mmmsindcosg  o=2jmun(Np—1)sincos 9T
® [1’ 6—2]7T/J«v sin 0 sin (i)’ o ’€_2J7THU(NU—1) sin 6 sin ¢]T

)

where 0 € [—7/2,7/2], ¢ € [0, 7] are the elevation Angle of
Arrival (AoA) / Angle of Departure (AoD) and azimuth AoA
/ AoD, respectively, up, and p, are the array elements spacing
in units of wavelength in the horizontal and vertical directions,
respectively. The elevation angle 6, = sin™'(#2=2), and

r—u]
the azimuth angle ¢, = COS*I(%). The elements

of the NLoS component h( are molded by independently
and identically distributed (1.1.d) complex Gaussian random
variables. The channel between BS and SRS is modeled as:

. (NL)
1+v 1+v

where Gy, € CNXM Ly, is the path loss between BS and
SRS, ie., Ly, = d? , dpr = ||b —r||, v is the Rician factor
of the BS-SRS link, and the LoS components of the BS-SRS
link is modeled as Gg? =an(0',¢")all (0", ¢"), where ¢', ¢’
are the elevation and azimuth AoD towards the BS, 6, ¢ the
elevation and azimuth AoA at the BS from SRS. The elements
of the NLoS component Gb - L) are modeled by i.i.d complex
Gaussian random variables. With the help of SRS, the received
signal (down-link communication) at UE w can be written as:

Yu = \/ﬁhf‘I’Gb,rwsu + N, 3)

where ¥ = diag([e’¥*, ..., e/¥~]) denotes the phase shift
matrix at the SRS, e/¥» denotes the phase coefficient at the
nth element of the SRS and the amplitude coefficients of all
elements are set to one, w € CM*1 is the beamformer vector
at the BS with ||w|| = 1, and s, is the transmitted symbol
towards UE u with E{|s,|?} = 1, p is the BS transmitted




power and n,, is additive white Gaussian noise at the UE with
noise variance 2. The spectral efficiency of UE u in [bits/Hz]
is expressed as:

“4)

III. PROBLEM FORMULATION AND SOLUTION APPROACH

p/hi/ ¥Gy, w|?
o = log, (1 L ¥ Cnrwl?)

Since the xy-coordinates of target and the BS and SRS
locations are known, the phase shift matrix and the beamformer
vector can be designed based on the deterministic part of the
CSI of the SRS-BS and SRS-UE links in the target area. Let
R, be defined based on the deterministic part of the CSI as:

2
% (b wG W

o o ’
dr,udb,r

R, 2log, [ 1+ (5)

2
_ __PVEpg
where vg = o) (1r)o?

The joint phase shift matrix and beamformer design problem
in the target area is formulated as:

max E4{R.}, (6a)
subject to: ¥, € [0,27),n =1,..., N, (6b)
[wl =1, (6¢)

where the expectation is with respect to the UE distribution on
the target area A, i.e.,

Tmax  [Ymax
Tmin Ymin

with fzy (2, y,) represents the probability density function
of the UE spatial distribution. In this paper, we assume that
the UEs are uniformly distributed in the target area. The joint
optimization problem (6) with respect to w and W is not a
convex optimization problem, and it is not possible to compute
the 2D integral in a closed form expression. However, a local
optimum of the problem can be obtained based on the interior
point method. Note, that the beamformer and phase shift matrix
need to be configured only once based on deterministic part
of CSI. There is no need to update or estimate the CSI at the
SRS and BS.

To reduce the computational complexity related to the 2D
integral in (7), a sub-optimal approach can be applied, where
the target area is divided in to subareas, and a UE at the center
of each subarea is used to represent it, then the 2D integral is
converted to summation.

A. Low Complexity Approach

Assuming that the number of BS antenna M and the
number of SRS elements M are large, we can divide the SRS
and BS elements into S sub-blocks, ie., N' = N; x N/,
M'" = Mj x M}, SN’ = N, and SM’ = M and divide the
target area into S subareas, the centering physical location of
each subarea is selected to determine a desired direction. The
deterministic CSI towards the SRS / BS sub block-elements can
be used to determine the sub-block phase shift and beamformer

SRS /}‘ //‘ /7‘ /;

4 / / /

/ / / /

/ ,/ / /

/ / / /

/ / / /

/ / / /
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Fig. 2: The division of the SRS into S sub-blocks and the target area
into .S subareas.

matrix. Figure 2, shows the divisions of the SRS into sub-
blocks and the target area into subareas, where the phase
shift of each SRS sub-block is designed to serve a UE at the
center of the corresponding subarea. Let the deterministic CSI
(i.e., the LoS component) of a UE at the center of subarea k
towards sub-block & of the SRS denoted as h,(CL) € CN'*1 for
k=1,...,5, the distance between the SRS and the center of
subarea k denoted by d, ; and the deterministic CSI between
sub-block k of BS antenna and sub-block k£ of SRS denoted
by G,(f) € CN'*M' The joint phase shift and beamformer
problem for sub-block k£ is formulated as:

max R(k), (8a)
Wk, \I/k

subject to: ¥, € [0,27), forn=1,..., N, (8b)
Iwill = 1/V5, (8¢)

where R(¥) is the SE (based on the deterministic part of the
CSI) of a UE at the center of sub-segment k served by sub-
block k of the BS and sub-block k of SRS defined as:

2
0 b7 @, G w

14 , 9)
drpdy,

where wy, € CM'*! represents the beamformer of BS sub-
block k and W is a diagonal phase shift matrix of SRS sub-
block k, i.e., ¥) = diag([e’¥1, ..., e/¥~]). Constraint (8c),
is used to make sure that ||w|| =1 with w = [w],..., wi]7
assuming uniform UE spatial distribution and that all sub
blocks contain the same number of SRS / BS elements.

Problem (8) is not a convex optimization with respect to
wy and ¥;. To find a sub optimal solution, we follow an
iterative alternating approach as in [6]. For a given beam-
former vector, the optimal phase shift can be obtained in a
closed form expression. For a given phase shift matrix, the
Maximum Ration Combining (MRC) is adopted to obtain
the BS beamformer. The algorithm iterates between those
two steps until convergence. Let vy, = [ed¥1, ... e/¥N]T,
HISL) = diag(hiL)H) and fi, = H;L)fo)wk, then

[}

h 7w, G P w, = ol 1. (10)
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Fig. 3: Simulation layout. The target area is blue colored. The SRS
location is marked by black square and the BS location is marked by
red diamond.

Selecting the phase shifter for a given beamformer as

tp = —Lf(n), forn=1,...,N’, (11)

results in maximizing the average received power, where
Zfy(n) is the angle of the nth component of the vector f.
For a given phase shift matrix ¥y, the MRC beamformer at
the BS is D @)
H h, LGy

k= .
5 W]

B. Practical Phase Shift Elements and BS Beamformer

Assuming that the beamformer and reflecting coefficients
are implemented using practical phase shifters. These phase
shifters, however, normally have a quantized set of angles and
can not shift the signal with any phase. Using b bits precision,
the discrete phase shift can be represented as:

27 2m(2b — 1)
wn 6{07§77T

The BS beamformer based on Discrete Fourier Transform
(DFT) codebook is expressed as

w

12)

},forn=1,....,N. (13)

o (Mp —1)p
1 ]Qﬁ?wi

Cp,q :W[:L...,e h
forp=0,...,. M, —1,&q=0,...,M, — 1.

. (My—1)q
To,.. . et mter

(14)

To handle practical considerations, we quantize the obtained
solutions of (6) and (8). Other approaches from the literature
can be adopted such as using an iterative algorithm, where
on element of the phase shift is updated at each iteration, for
details, see [7]. Furthermore, problem (6) / problem (8) can
be solved with the added constraints (13) and (14) using the
genetic algorithm as in [13].

IV. SIMULATIONS

We consider a street segment of 10 m x 20 m, a BS located at
[0, —20, 10], and an SRS located at [0, 13, 15]. The SRS facing
the target area with 3 m 2D distance from the nearest location
in the street segment. The simulation layout is shown in

02 02

0
4180 160 -140 120 -100 80  -60  -40  -20

65 60 55 5
© azimuth angle in [degree] 0 elevation angle in [degree]

Fig. 4: The CDF of the AoA at the SRS for uniformly sampled UEs
in the target area for: (Left); the azimuth AoA. (Right); the elevation
AoA.

Figure 3. The BS is equipped with a Planar Linear Array (PLA)
having M = 10 x 10 array elements with half wave-length
element spacing both in the vertical and horizontal dimensions.
The SRS is modeled with PLA having NV = 32 x 32 elements
with half wave-length element spacing both in the vertical and
horizontal dimensions. The BS transmission power is set at 20
dBm, the noise power is set at -90 dBm, the center frequency is
set at 28 GHz, the propagation coefficient factor is -30 dBm,
the propagation exponential is 2.2, and the k-factor of both
UE-SRS and SRS-BS links is 9 dB based on the 3GPP TR
38.900 standard [15].

The Cumulative Distribution Function (CDF) of the azimuth
and elevation AoAs at the SRS for 5000 UEs uniformly
sampled in the street segment is shown in Figure 4. The figure
shows that the AoA span is large, i.e., it covers a wide range
of values. Therefore, the street segment (target area) can not
be represented by a single azimuth and elevation AoAs, that
can be then used to design the phase shift matrix and BS
beamformer.

We compare the system performance of the following
schemes:

o To benchmark the results, we consider an RIS, where the
phase shift matrix and beamformer vector are dynamically
optimized towards each UE location. For this scenario,
the physical location of the UE is needed and the beam-
former and phase shift matrix need to be updated based
on the UE physical location [6]. This scenario can not
be implemented using an SRS. This scenario is based
on the joint active and passive beamforming approach
from the literature [6], without considering the NLoS
communication between BS and the UEs. This scenario is
labeled by "RIS’. For this scenario an iterative alternating
approach is adopted to find the beamformer and phase
shift matrix; alternating between finding the phase shift
for a given beamformer and then finding the beamformer
for the updated phase shift matrix, the algorithm iterates
until convergence. The 'RIS’ approach will provide an
upper bound of the SE performance that can be achieved
by other approaches.

o We consider designing the beamformer and phase shift
matrix towards a UE at the center of the street segment.
This scenario is labeled by ’OptCen’. This scenario is
based on the broadcast scenario from the literature [14],



with the extension of having multi antenna at the BS. The
iterative alternating approach is used to find SRS phase
shift matrix and the BS beamformer.

« We consider the solution of problem (6) using the interior
point method, numerical integration is used to evaluate
the 2D integral in the objective function. This scenario is
labeled by *OptPop’.

e We consider the beamformer and phase shift matrix
obtained by solving problem (6), where the integration
is replaced by summation of A terms, where A is the
number of subareas, a UE is considered at the center of
each subarea, and the subareas are selected to be of equal
size. This scenario is labeled by *OptSubAreas-A’.

o« We consider, the beamformer and phase shift matrix
obtained by solving problem (8), this scenario is labeled
by ’OptSubBlocks-S’, where S is the number of sub-
blocks.

e We consider using random phase shift at the SRS and
random beamformer at the BS. This scenario is labeled
by ’Random’.

To evaluate the performance of different approaches, we con-
sider a uniform grid in the xy-coordinates of the street segment
with 0.1 m spacing in each dimension. The obtained phase shift
matrix and beamformer for different approaches are used to
compute the average SE in the target area for the UEs located
in the uniform grid, using the grid make it easier to plot the
results of SE as function of xy-coordinates of the street segment
as discussed below.

Table I shows the average SE, 5% SE and Jain’s fairness in-
dex for different approaches/scenarios using continuous phase
shifters and Ibeamgormer. Jain’s fairness index is computed
as J = %71}21;)2, where [ is the number of UEs in the
target area. The table shows that the "RIS’ approach results
in the largest performance measures. The *OptPop’ approach
outperforms *OptCen’ in terms of all performance measures.
The ’OptSubBlocks-24" outperforms ’OptSubBlocks-S’ for
S = {6,12,48} in terms of all performance measures. The
perforemance of *OptSubAreas-48 outperforms *OptSubAreas-
A’ for S = {6,12,24} in terms of all performance measures.
It is clear that as the number of subareas increases, the SE
performance of OptSubAreas-S increases. Using ’Random’
approach, results in the smallest performance measures.

Table II shows the average SE, 5% SE and Jain’s fairness
index for different approaches using discrete phase shift and
DFT based beamformer for b = {2,4} bits. The average SE
and 5% performance measures using b = 4 bits outperforms
the SE and 5% performance measures using b = 2 bits for
’OptPop’ and ’RIS’ approaches.

The CDF of the SE for different approaches is shown in Fig-
ure 5, in the top figure, continuous phase shifts and beamformer
are considered, whereas in the bottom figure discrete phase
shift with different number of bits b and DFT beam former
are considered. The figure shows that *OptPop’ approach
outperforms ’OptCen’, ’OptSubAreas-S’, ’OptSubBlocks-A’
and 'Random’ approaches.

1
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Fig. 5: The CDF of the SE for different approaches using: (Left);
continuous SRS phase shifters and BS beamformer. (Right); discrete
phase shifters at the SRS and DFT beamformer at the BS.
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Fig. 6: The SE as a function of the x-y coordinates
target area for: (Top-Left); RIS’ approach. (Top-Right); *Opt-
Cen’ approach. (Middle-Left); ’OptSubblocks-24" approach. (Middle-
Right); ’OptSubAreas-48 approach. (Bottom-Left); ’OptPop’ ap-
proach. (Bottom-Right); *OptPop’ approach with discrete phase shift
for b = 2 bits and DFT beamformer.

in [m]

of the

Figure 6 shows the SE as a function of the x-y coordinates
of the target area for different approaches. The RIS’ approach
has the best SE performance on the cost of re-configuring the
phase shift and beamformer at each UE location. The *OptPop’
has a smoother SE compared to ’OptCen’, ’OptSubblocks-
24’ and ’OptSubAreas-48 approaches. The ’OptSubblocks-
24> has a smoother (better) SE performance compared to
’OptCen’. The *OptSubAreas-48 has a smoother SE compared
to ’OptCen’ and *OptSubblocks-24’. Using b = 2 bits and DFT
BS beamformer do not change the smooth behavior of the SE
of the *OptPop’ approach.

V. CONCLUSION

In this paper, we considered an Static Reflecting Surface
(SRS) assisted communication system. An SRS is deployed



TABLE I: SE Performance Measures for Different Approaches

’OptSubAreas-A’ ’OptSubBlocks-S”

’RIS”  ’OptPop”  ’OptCen’ ’Random’
A=6 A=12 A=24 A=48 S=6 S=12 S=24 S=48
Average SE = 22.8 14.7 8.4 0.7 114 11.7 12.2 12.7 7.6 8.2 11.6 9.7
5% SE 222 12.5 0.6 0.004 7.6 79 8.1 8.8 2.6 2.7 6.6 5.0
Jain’s Index ~ 0.99 0.99 0.76 0.51 0.96 0.96 0.96 0.97 0.86 0.85 0.93 0.92

TABLE II: SE Performance Measures Using Discrete Phase Shift and DFT Beamformer for Different Approaches

RIS’ ’OptPop’ ’OptCen’ ’OptSubAreas-48°  ’OptSubBlocks-24"
No. of bits b 2 4 2 4 2 4 2 4 2 4
Average SE 206 21.1 147 152 108 89 122 12.3 11.4 11.3
5% SE 20.1 206 121 137 5.7 35 8.2 8.4 6.5 6.3
Jain’s Index 099 099 099 099 091 0.84 0.97 0.97 0.95 0.94

for assisting the communication between the BS and the user
population in a target area, in which the direct communication
with the BS is blocked. Assuming LoS communication be-
tween BS and SRS and between SRS and the target area, we
formulated an optimization problem aiming to maximize the
average spectrum efficiency of the users population in the target
area, given CSI statistics. The optimization problem is non-
convex, and the objective function is expressed as a 2D integral.
Therefore, we used the interior point method with numerical
integration to find a local optimal solution of the problem. To
reduce computational complexity, we devised a sub optimal
algorithm to design the phase shifter and beamformer by
dividing the SRS / BS into sub-blocks and the target area
into subareas, and designed the phase shift and beamformer of
each sub-block independently. Simulation results showed that
the population based approach outperforms other approaches
in terms of the average SE, 5% SE and Jains’ fairness index.
The average SE of the sub-block based approach outperforms
the broadcast towards a given direction from the literature.
Comparing to a dynamically optimized RIS, an SRS loses some
30% in throughput. The SRS, however, needs no electronic
control nor real time channel estimation between the SRS and
the UEs. The SRS becomes a static part of the environment,
and during operation, the BS does not need to be aware of
the SRS at all. In future work, the average SE in the target
area will be evaluated using CSI generated from a ray tracing
model.
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