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Abstract: A reconfigurable intelligent surface (RIS) is a new and revolutionizing technology to
achieve spectrum-efficient (SE) and energy-efficient (EE) wireless networks. In this paper, we study an
optimal deployment strategy of RIS in a line-of-sight domain (LoSD) based on an actual deployment
scenario, which jointly considers path loss, transmit power and the energy efficiency of the system.
Furthermore, we aim to minimize the transmit power via jointly optimizing its transmit beamforming
and the reflect phase shifts of RIS, subject to the quality-of-service (QoS) constraint, namely, the
signal-to-noise ratio (SNR) constraint at the user. However, this optimization problem is non-convex
with intricately coupled variables. To tackle this challenge, we first apply proper transformation on
the QoS constraint and then propose an efficient alternating optimization (AO) algorithm. Simulation
results demonstrate that compared to a conventional endpoint deployment strategy that simply
deploys RIS at the transceiver ends, our proposed LoSD deployment strategy significantly reduces
the transmit power by optimizing the available LoS links when a single RIS is relayed. The impact of
the number of reflect elements on the system EE is also unveiled.

Keywords: RIS; LoSD; alternating optimization; deployment strategy

1. Introduction

While 5G is yet to be realized fully, researchers have already started looking for energy-
and spectral-efficient solutions for 6G systems. In addition to EE and SE, the new paradigm
is smart and reconfigurable wireless environments [1–3]. In traditional communication
networks, an improvement in system performance focuses on the transceiver design, while
the wireless channel which carries the signal propagation is usually regarded as an un-
controllable environmental factor. However, the generalized Snell’s law put forward in
2011 proved that the propagation direction of electromagnetic waves can be controlled by
introducing phase discontinuity of spatial gradient at the interface [4]. In 2014, Professor
Cui of Southeast University put forward the concept of “coding metamaterial” [5]. Through
coding metamaterial, the modulation of the continuous domain is innovatively converted
into the digital domain by discretizing continuous electromagnetic parameters using bi-
nary coding. Thus, coding metamaterial can empower smart wireless environments by
overcoming the stochastic nature of the propagation channel, thereby improving QoS and
connectivity, and it is also called RIS [2]. RIS is a planar array consisting of a large number
of sub wavelength electromagnetic elements, which are reconfigurable and passive. The
electromagnetic characteristics of RIS can be controlled dynamically by controlling the
voltage of the elements, and finally, the active regulation of space electromagnetic waves is
realized. Its flexible manipulation of electromagnetic waves satisfies people’s assumption
of controlling wireless channels. As a two-dimensional representation of three-dimensional
metamaterials, an RIS has the characteristics of software programmability, low cost, low
complexity, low power consumption and easy deployment. The introduction of RIS makes
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the wireless communication environment change from passive adaptation to active control,
thus building an intelligent wireless environment [6].

At present, the research direction of RIS-aided communication systems mainly focuses
on channel estimation, reflection modulation and the deployment strategy [7]. The path
loss in the system seriously affects the performance of the communication link because
the reflect elements of RIS are usually passive. Meanwhile, the deployment location
and routing of RIS also determine the upper limit of RIS-aided system performance, so
the deployment strategy of RIS is the most important and basic problem. The authors
of [8] maximized the received signal power by jointly optimizing the active and passive
signals received by users, and it is concluded that the closer the relative position of an
RIS and users is, the greater the received power is. Furthermore, it is proved that the
performance of centralized deployment is better than that of distributed deployment. In
the case of distributed deployment, the number of reflect elements needs to be optimized
according to the different relative positions of the RIS [9]. The authors of [10] discussed
the deployment position of RIS through the blocking probability, and concluded that the
blocking probability is higher when an RIS is deployed in a place that is particularly far or
very close to the base station. RIS can also be deployed on unmanned aerial vehicles (UAV)
for anti-jamming communication, and the trajectory of RIS and passive beamforming in
airspace are jointly optimized using an alternating optimization algorithm [11]. In [12], the
authors reconstructed the composite channel gain by taking the rotations at the RIS plane,
transmit antenna and receive antenna into account, and investigating the RIS deployment
strategy. To analyze the coverage of a downlink RIS-assisted network with one base station
(BS) and one piece of user equipment (UE), the authors in [13] proposed a coverage
maximization algorithm (CMA) to maximize cell coverage by optimizing RIS orientation
and horizontal distance.

Single RIS-assisted communication systems are discussed in the above research. How-
ever, users always need to be in their reflection half-space due to the limited coverage of
an RIS with single RIS-assisted systems, and one RIS may not be able to provide sufficient
channel gain due to its size limitation. Cascade reflection links with two RIS are studied
in [14], and it is proposed that with the increase in the number of reflect elements, a dual
reflection link can bring the channel gain to fourth power, while the channel gain brought
by two RIS can make up for the extra path loss when the number of RIS elements is large
enough and the distribution is reasonable. A multiple RIS-assisted communication link
was discussed in [15], which is similar to the conclusion in [14]. The key to multi-RIS
cooperative work is to balance the cooperative passive beamforming, so as to maximize
the gain and minimize the path loss. Two of them play different leading roles when the
number of reflect elements is different. In order to enhance the coverage performance
of wireless networks, the authors in [16] divided the coverage area of the network into
multiple non-overlapping cells and formulated a joint BS and RIS deployment problem
based on graph theory.

However, most of the above discussions about the deployment strategy of RIS are
based on the ideal situation. The scenario assumption is relatively simple, and the factors
such as space constraints and the availability of LoS channels in actual deployment are not
fully considered. This paper firstly proposes the concept of an LoSD deployment strategy
based on an RIS-aided MISO communication system, and obtains the optimal deployment
coordinates of RIS by searching the potential deployment positions. Based on the optimal
deployment position in LoSD, active and passive beamforming are jointly optimized using
an alternating optimization algorithm, so that the transmission power is minimized under
the condition of fixed SNR at the user. The total power consumption and energy efficiency
of the system are also discussed in this paper.
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2. System Model and Problem Formulation
2.1. System Model

We consider a single RIS-aided downlink communications system, where the RIS is
deployed in an LoSD to assist communication links from a multi-antenna source to one
single-antenna user, as shown in Figure 1. The transmit antennas are placed in a uniform
linear array (ULA) on a wall with the distance St, and the antenna array is parallel to the
ground. The RIS is installed on a vertical wall in an LoSD, and the center of the RIS is at the
same height as the source and the user. It consists of reflect elements placed in a uniform
rectangular array (URA) with Na rows and Nb columns (the total number of RIS reflect
elements is N, where N = NaNb). Each element size is λ/2 × λ/2, where λ denotes the
wavelength of operation. We assume that the reflect elements are in an ideal state, which
means the amplitude and phase of each element respond independently. The coordinates
of the midpoint at the source antenna arrays, the RIS elements and the user end are (xs, ys),
(xr, yr) and (xu, yu), respectively. The direct link from the source to the user is blocked by the
wall with an area of (xb, yb1 − yb2)(yb1 > yb2). In a single RIS-aided communication system,
the potential LoSD deployment area of RIS is the intersection of LoSDs of source-RIS and
RIS-user links, which is divided into above bound Ω1 and below bound Ω2, respectively.
The optimal deployment location is the boundary of LoSDs, which are represented by the
red lines in Figure 1.
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The signal vector at the user receive antenna is given by

y = Hx + n (1)

where H is the transmission channel matrix, which includes the direct link from the source
to the user and the RIS-aided reflect link. x = ws denotes the transmit signal vector at the
source, where w ∈ CM×1 is the corresponding beamforming vector and Ca×b denotes the
space of a × b complex-valued matrices. It is assumed that s is a random variable with
zero mean and unit variance, while n denotes the additive white Gaussian noise (AWGN)
at the user with zero mean and σ2 variance. We assume that the total average transmit
power has a maximum value of Pt, i.e., ‖w‖2 ≤ Pt, ‖ · ‖ denotes its Euclidean norm.

2.2. Channel Model

The channel matrix H in an RIS-aided communication system can be expressed as

H = HDIR + HINDIR (2)
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where HDIR denotes the direct link between the source and the user, which can be divided
into a blocking and non-blocking situation according to the path loss, and HINDIR is the
virtual LoS link based on the RIS reflect link. Adopting the Rician fading channel model,
the direct link channel matrix HDIR is given by

HDIR =

√
βDIR−1

√
KSU + 1

(
√

KSUHDIR,LoS + HDIR,NLoS) (3)

where HDIR,LoS(m) = e−j2πdm/λ denotes the LoS component of the direct link, and dm
is the distance between the m-th transmit antenna and the user. HDIR,NLoS denotes the
NLoS component of the direct link which is independent and identically distributed
(i.i.d.) with zero mean and unit variance. The free space path loss of the direct link is

βDIR = (4π/λ)2dαDIR
0 , where d0 =

√
(xu − xs)

2 + (yu − ys)
2 denotes the distance between

the source and the user, and αDIR is the path loss exponent of the direct link, whose value
is influenced by the obstacle present [17]. KSU is the Rician factor of the direct link, and its
value is chosen to form the interval [0,+∞). The channel model becomes an LoS channel
when the Rician factor approaches infinity, and becomes a Rayleigh fading channel when
the Rician factor is 0. If the channel gain of the direct link is higher than that of the indirect
link, the source should transmit the signal directly to the user; otherwise, it should transmit
through the reflective link.

The reflect link channel matrix HINDIR can be written as

HINDIR = HSRΘHRU (4)

where HSR ∈ CN×M represents the channel between the source and the RIS, while HRU ∈ C1×N

represents the channel between the RIS and the user. The phase shift matrix of the reflect
elements can be expressed as Θ = diag(θ) ∈ CN×N, where θ = [θ1, θ2, . . . , θN ]

T ∈ CN×1.
Assuming that the reflection coefficient of the n-th reflect element on the RIS is θn = Anejϕn ,
n = 1, 2, . . . , N, where An ∈ [0, 1] and ϕn ∈ [0, 2π) represent the reflect amplitude and phase
shift of the n-th reflect element, respectively. In order to optimize the reflection performance,
we assume that the amplitude and phase responses of reflect elements are independent of each
other, and the reflect amplitude is fixed as 1.

An = 1, n = 1, 2, . . . , N (5)

Adopting the Rician fading channel model, the source-RIS link channel matrix HSR is
given by

HSR =

√
β INDIR−1
√

KSR + 1
(
√

KSRHSR,LoS + HSR,NLoS) (6)

where HSR,LoS(n, m) = e−j2πdn,m/λ denotes the LoS component of the source-RIS link, and
dn,m is the distance between the m-th transmit antenna and the n-th reflect element on the
RIS. HSR,NLoS denotes the NLoS component of the source-RIS link which is independent
and identically distributed (i.i.d.) with zero mean and unit variance. KSR is the Rician
factor of the source-RIS link, and its value is chosen to form the interval [0,+∞).

Similarly, the RIS-user link channel matrix HRU is given by

HRU =
1√

KRU + 1
(
√

KRUHRU,LoS + HRU,NLoS) (7)

where HRU,LoS(n) = e−j2πdn/λ denotes the LoS component of the RIS-user link, and dn is
the distance between the n-th reflect element on the RIS and the user. HSR,NLoS denotes the
NLoS component of the RIS-user link which is independent and identically distributed
(i.i.d.) with zero mean and unit variance. KRU is the Rician factor of the source-RIS link,
and its value is chosen to form the interval [0,+∞).
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The free space path loss factor β INDIR
−1 of the reflect link can be expressed as

β−1
INDIR =

λ4

256π2
(cos ϕ1 + cos ϕ2)

2

d2
1d2

2
(8)

where d1 and d2 represent the distance between the source and the RIS, and between the
RIS and the user, respectively. ϕ1 is the angle between the incident wave direction from the
transmit array midpoint at source to the RIS center and the vector normal to the RIS, and
ϕ2 is the angle between the vector normal to the RIS and the reflect wave direction from
the RIS center to the user [18].

2.3. Problem Formulation

There are some effective ways to obtain channel state information (CSI) [19–21], so we
assume that the CSI of all involved channels is known perfectly. From Equations (1), (2)
and (4), the received signal at the user is given by

y = (HH
DIR + HH

RUΘHSR)ws + n (9)

Accordingly, the SNR of the user is given by

SNR =

∣∣(HH
DIR + HH

RUΘHSR)w
∣∣2

σ2 (10)

In this paper, we aimed to minimize the total transmit power at the source by jointly
optimizing the active and the passive beamforming, subject to the SNR constraints of the
user. It can be seen from Equation (10) that the transmit power is related to the channel
matrix H while the user’s SNR is fixed, and H depends on the deployment position (path
loss) of the RIS, the beamforming vector at the source and the phase shift matrix of the
reflect elements. Accordingly, the optimization problem can be mathematically stated as

(P1) : min
(xr ,yr),w,θ

‖w‖2 (11)

s.t.

∣∣(HH
DIR + HH

RUΘHSR)w
∣∣2

σ2 ≥ γ, (12)

0 ≤ θn ≤ 2π, n = 1, 2, . . . , N. (13)

(xr, yr) ∈ Ω1 ∪Ω2 (14)

where γ is the minimum SNR requirement of the user. Although the objective function of
(P1) and constraints in (13) and (14) are convex, the whole optimization problem is still
non-convex due to the coupling between the transmit beamforming and phase shifts in (12).
In this paper, we firstly searched for the optimal deployment position of the RIS in the
LoSD, and then jointly optimized the transmit beamforming vector and RIS phase shift
matrix based on the AO algorithm.

3. Optimal Deployment Strategy in the LoSD

The free space path loss of the direct link and reflect link are represented by βDIR
and β INDIR, respectively, and from Equation (8), it is shown that their value is directly
proportional to the distance between the two nodes. The path loss of the direct link is
fixed because the distance between the source and the user is fixed. It can be seen from
Figure 1 that the optimal deployment position of RIS in potential LoSDs can be divided



Entropy 2023, 25, 1073 6 of 14

into four situations, and the relationship of the RIS coordinates (xr, yr) can be obtained from
the geometric relationship.

yr = (
yu−yb1
xu−xb

)(xr − xb) + yb1 . . . . . . . . . (yr > yb1 , xr ≤ xb)

yr = (
ys−yb1
xs−xb

)(xr − xb) + yb1 . . . . . . . . . (yr > yb1, xr > xb)

yr = (
yu−yb2
xu−xb

)(xr − xb) + yb2 . . . . . . . . . (yr < yb2 , xr ≤ xb)

yr = (
ys−yb2
xs−xb

)(xr − xb) + yb2 . . . . . . . . . (yr < yb2 , xr > xb)

(15)

From the free space path loss of the cascaded link in Equation (8) and the path loss
model in [22], it can be known that the virtual LoS link based on RIS-aided communication
system has produced a path fading effect, which means the total path loss is proportional
to the square of the distance product of two reflect links. In order to minimize the transmit
power at the source with a fixed SNR constraint at the user, the distance product of the
source-RIS link and RIS-user link is at a minimum with respect to the optimal location of the

RIS in the LoSD. Thus, we have min L, where L = d1 × d2, d1 =
√
(xr − xs)

2 + (yr − ys)
2

is the distance between the RIS and the source, and d2 =
√
(xr − xu)

2 + (yr − yu)
2 is the

distance between the RIS and the user. In order to obtain the minimum L, we searched for
the optimal deployment position by moving the RIS in LoSDs, and then we obtained the
minimum free space path loss and the maximum channel gain of the total cascaded link.

Assuming the location of the source, the user and the obstacle are (10,10) m, (110,40) m
and (80,80:20) m, respectively. The distance product of the reflect links is divided into two
cases: above LoSD and below LoSD, and we compared the LoSD deployment strategy with
the endpoint deployment strategy in [7–9] at the same time.

From the relationship between the reflect link distance product and the horizontal
coordinates of the RIS in Figure 2, it can be seen that the endpoint deployment strategy has
a local minimum when the abscissa is 25 m. Above the LoSD, the product of the reflect
link has a local minimum when the abscissa is 80 m, and local minimum appears when
the abscissas are 37 m and 110 m below the LoSD, while the latter is global minimum. The
reflect link product is related to the source and user ends and the deployment position of
the RIS. When the distance is large (above the LoSD), the optimal deployment position of
RIS is near the upper limit of the obstacle. When the distance is small (below the LoSD),
the optimal deployment position of RIS is not simply close to the transceiver ends or the
midpoint, but related to the specific positions of the transceiver ends and the blocking area.
Through the simulation results, the optimal deployment location of the RIS is (110,24) m.
Based on the best location of the RIS, problem (P1) is simplified to

(P2) : min
w,θ

‖w‖2 (16)

s.t.
∣∣∣(HH

DIR + HH
RUΘHSR)w

∣∣∣2 ≥ γσ2, (17)

0 ≤ θn ≤ 2π, n = 1, 2, . . . , N. (18)

Although the position of the RIS has been simplified, problem (P2) is still a non-convex
optimization problem, since constraint (17) is not jointly concave with respect to θ and w.
In the next section, we use an alternating optimization technique to solve (P2) by jointly
optimizing passive beamforming and active beamforming.

Without loss of generality, we considered the system model under the condition of a
random distribution of the source, the user and the obstacle. As we can see from Figure 1,
the potential deployment area of the RIS in the LoSD depends on the relative spatial
position between the transceiver and the obstacle.
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Figure 2. Product distance of reflection links versus the horizontal coordinates of RIS.

As shown in Figure 3, when the source and the user are symmetrical and the length of
the obstacle coverage is less than a critical value ξ, i.e., yb1 − yb2 ≤ ξ, where ξ is usually
less than the beam width in the farfield. Thus, the potential deployment area of RIS is
parallel to the source and the user, and the optimal deployment scheme is similar to the
endpoint deployment.
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Figure 3. Single RIS-aided communication system model with a symmetrical source and user when
the obstacle coverage is relatively small.

As we can see from Figure 4, the potential deployment area of RIS is the intersection of
the LoSDs of the source and the user when yb1 − yb2 � ξ. The positions of the two nodes
can be divided into symmetric and asymmetric situations, as shown in Figures 4a and 4b,
respectively. The optimal deployment position of RIS depends on the relative distance and
angle between the source/user and the obstacle, which can be described by the geometric
relationship in Equation (15).
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4. Jointly Optimizing the Passive Beamforming and Active Beamforming

Let w =
√

Pw, which means the transmit beamforming vector includes transmit
power P and transmit beamforming direction w. With fixed w, problem (P2) is reduced to
a joint transmit power P and phase shift θ optimization problem (P3).

(P3) : min
P,θ

P (19)
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s.t. P
∣∣∣(HH

DIR + HH
RUΘHSR)w

∣∣∣2 ≥ γσ2, (20)

0 ≤ θn ≤ 2π, n = 1, 2, . . . , N. (21)

From Equation (20), it is not difficult to verify that the transmit power satisfies

P ≥ γσ2

|(HH
DIR+HH

RUΘHSR)w|2
. As such, our goal to minimize the transmit power is equivalent

to maximizing the channel power gain; thus, problem (P3) is reduced to problem (P4).

(P4) : max
θ

∣∣∣(HH
DIR + HH

RUΘHSR)w
∣∣∣2 (22)

s.t. 0 ≤ θn ≤ 2π, n = 1, 2, . . . , N. (23)

Although the optimization problem (P4) is still non-convex, it can be solved with a
closed-form solution by exploiting the special structure of its objective function.∣∣(HH

DIR + HH
RUΘHSR)w

∣∣ = ∣∣HH
DIRw + HH

RUΘHSRw
∣∣

a
≤
∣∣HH

DIRw
∣∣+ ∣∣HH

RUΘHSRw
∣∣ (24)

where (a) is due to the triangle inequality and the equality holds if and only if

arg(HH
RUΘHSRw) = arg(HH

DIRw)
4
= φ0. Let HH

RUΘHSRw = vHa, where v = [ejθ1 , . . . , ejθN ]
H

and a = diag(HH
RU)H

H
SRw. With (24), the optimization problem (P4) is equivalent to

problem (P5).

(P5) : max
v

∣∣∣vHa
∣∣∣2 (25)

s.t. |vn| = 1, n = 1, 2, . . . , N. (26)

arg(vHa) = φ0 (27)

The optimal solution for (P5) is given by

v∗ = ej(φ0−arg(a)) = ej(φ0−arg(diag(HH
RU)HH

SRw)) (28)

With the fixed transmit beamforming direction w, the optimal phase shift of the n-th
reflect element on the RIS is given by

θ∗n = φ0 − arghH
RU,nhH

SR,nw
= φ0 − arg(hH

RU,n)− arg(hH
SR,nw)

(29)

where hH
RU,n is the n-th element of HH

RU and hH
SR,n is the n-th row vector of HH

RU .
The optimal phase shift of each reflect element on the RIS is shown in Equation (29),

which suggests that the n-th phase shift should be tuned so that the communication link
can achieve a coherent signal, combining at the user. Therefore, the SNR at the user can be
improved and the transmit power can be reduced. As a result, the optimal transmit power
P∗ is given by

P∗ =
γσ2∥∥(HH

DIR + HH
RUΘHSR)w

∥∥2 (30)
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Next, we optimized the transmit beamforming direction w with the fixed phase shift
matrix Θ∗ in (29). It is known that the maximum-ratio transmission (MRT) is the optimal
transmit beamforming at the source [23]; thus, we have

w∗ =
(HRUΘHH

SR + HH
DIR)

H∥∥HRUΘHH
SR + HH

DIR
∥∥ (31)

and the transmit beamforming vector w∗ is
√

p∗ (HRU ΘHH
SR+HH

DIR)
H

‖HRUΘHH
SR+HH

DIR‖
.

4.1. System Total Power Consumption

With the fixed SNR γ, the transmit power P in direct link without an RIS is given by

P =
γσ2∥∥HH
DIR
∥∥2 (32)

Similarly, with the fixed SNR γ, the transmit power PRIS in an RIS-aided cascaded link
is given by

PRIS =
γσ2∥∥(HH

DIR + HH
RUΘHSR)w∗

∥∥2 (33)

Besides transmit power, the system’s total power consumption also includes hardware
power consumption at the source and the user, and it also includes the control power
consumption of the reflect elements in the RIS-aided communication link [24]. In the direct
link without RIS, the system total power consumption can be represented as

Ptotal =
p
η
+ Ps + Pu (34)

where η ∈ (0, 1) denotes the transmit efficiency at the source, and Ps and Pu are the
hardware power consumption at the source and the user, respectively. Assuming that the
control power consumption of each reflect element is Pe, the total power consumption is
therefore given by

PRIS
total(N) =

pRIS(N)

η
+ Ps + Pu + NPe (35)

4.2. System Energy Efficiency

We considered the system energy efficiency based on an RIS-aided communication
link when the direct link is blocked. EE can be expressed as B · R/PRIS

total , where B is the
operation bandwidth and R = log2(1 + γ) is the achievable rate at the user, i.e., channel
capacity. The total system power consumption in an RIS-aided communication link is
given by

PRIS
total(N) =

γσ2

η ·
∥∥HH

RUΘHSR
∥∥2 + Ps + Pu + NPe (36)

The EE is given by

EE = B · (log2(1 + γ))/(
γσ2

η ·
∥∥HH

RUΘHSR
∥∥2 + Ps + Pu + NPe) (37)
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Assuming that the RIS is in the optimal deployment position in the LoSD, and the
phase shift is optimal (θ∗n = φ0 − arg(hH

RU,n)− arg(hH
SR,nw)), Equation (37) is equivalent to

the following:

EE = B · (log2(1 + γ))/(
γσ2

η · (∑N
n=1

∥∥∥hH
RU,nhH

SR,n

∥∥∥)2
+ Ps + Pu + NPe) (38)

It can be seen from Equation (38) that the energy efficiency of the system changes with
the number of RIS reflect elements under the condition that the SNR is fixed.

5. Numerical Results

In this section, numerical examples are provided to validate the effectiveness of the
proposed LoSD deployment strategy. The number of reflect elements N and the transmit
antennas M were set at 20 × 20 = 400 and 8, respectively, while the distance between
the two antennas (elements) was λ/2. The noise power at the user was −120 dBm, and
αDIR = 3, f = 2 GHz. Under a Rician fading model, the Rician factor KSU was 1, while
KSR = KRU = ∞. The reflect link free space path loss factor in Equation (8) was simulated,
and the simulation result is shown in Figure 5.
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Figure 5. Distance product and path loss of the reflect link versus the horizontal coordinates.

Figure 5 shows the search scheme with the below LoSD in Section 3 to traverse the
deployment position of the RIS. It can be seen that the free space path loss factor β−1

INDIR
of the reflect link is inversely proportional to the path distance product L, and the local
maximum value is obtained when the horizontal coordinates of RIS are 30 m and 110 m,
respectively. From Equations (6) and (7), it is not difficult to verify that the channel gain of
the reflect link is at maximum when β−1

INDIR is the largest.
We considered the transmit power for different RIS positions under the condition of

fixed SNR γ = 20 dB. The following schemes were considered: (1) a traditional direct link
without RIS; (2) an RIS-aided communication link with an optimal phase shift and LoSD
deployment strategy; (3) an RIS-aided communication link with a random phase shift and
LoSD deployment strategy; and (4) an RIS-aided communication link with an optimal
phase shift and endpoint deployment strategy. The simulation result is shown in Figure 6.
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Figure 6. Transmit power at the source versus the horizontal coordinates of RIS.

In Figure 6, we compared the transmit power that the source required by all schemes
versus the horizontal coordinates of RIS. When the SNR at the user is fixed at 20 dB, the
transmit power of the direct link without an RIS is 20 dBm, which is the largest. The
transmit power required in the RIS-aided communication link with a random phase shift is
about 20 dBm, which is similar to a traditional direct link without an RIS. With the endpoint
deployment strategy, the transmit power is reduced to 10 dBm at the horizontal coordinate
of 20 m. With the LoSD deployment strategy proposed in this paper, the transmit power
has a local minimum when the horizontal coordinates of the RIS are 30 m and 110 m,
respectively, and the minimum transmit power can be reduced to 1.4 dBm at 110 m, which
is 18.6 dB lower than that of the traditional link without an RIS.

According to Equation (25), the total power consumption of the RIS-aided communica-
tion link depends not only on the hardware power consumption of the transceiver, but also
on the number of reflect elements. It can be seen that the total power consumption of the
system increases with the increase in the number of reflect elements. From Equation (27),
we considered the energy efficiency of the system under the condition of a fixed operation
bandwidth and SNR. We set Ps = 100 mW, Pu = 10 mW and Pe = 5 mW. The operation
bandwidth B was 10 MHz, while transmit efficiency η was 0.5. The SNR of the user was
fixed at 10 dB, 20 dB and 30 dB, respectively, and the simulation result is shown in Figure 7.

It can be seen in Figure 7 that the energy efficiency of the system first increases and
then decreases versus the increase in the reflect elements. In the initial stage, with the
increase in the number of reflect elements, the channel gain provided by RIS increases
with the increase in N. Although the total power consumption of the system increases,
the overall energy efficiency of the system still increases. The channel gain that the RIS
provided becomes its limit with the continuous increase in the reflect elements, and the
power consumption brought by the elements is greater than the channel gain; thus, the
system energy efficiency gradually decreases.

With the increase in the fixed SNR at the user, the number of reflect elements needed
to maximize the system energy efficiency gradually increases. When the number of re-
flect elements is the same, the greater the SNR, and the greater the energy efficiency of
the system.
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Figure 7. System energy efficiency versus the number of RIS reflect elements with different SNR.

6. Conclusions

In this paper, we proposed a novel strategy to search for the optimal location of an
RIS based on an LoSD. Taking the path loss of the cascade link as the index in a MISO
communication link, the optimal location of a single RIS was obtained by traversing the
intersection of LoSDs at the source and user ends. Based on an optimal deployment strategy
of RIS, the transmit beamforming and phase shift of RIS reflect elements were alternately
optimized and compared with different benchmark schemes. The simulation results show
that compared with the traditional communication link without RIS and an RIS-aided
communication link with random phase shift, the optimized RIS-aided link can reduce the
transmission power by at most 18.5 dB. Compared with the endpoint deployment in the
ideal scenario, the optimization scheme can reduce the transmit power by at most 8.5 dB.

At the same time, we also discussed the system power consumption and energy effi-
ciency of the RIS-aided communication link in this paper. Different from the communication
link without RIS, the total power consumption of the RIS-aided link overlaps the control
power consumption of the reflect elements. The system energy efficiency was simulated
under the constraints of different SNR. It can be concluded that the system energy efficiency
first increases and then decreases with the increase in the number of reflect elements, and
the number of reflect elements required to reach the maximum energy efficiency increases
with the increase in SNR. The above conclusions have certain reference significance for the
deployment of RIS in practical application scenarios and for the maximization of system
energy efficiency.

Author Contributions: Investigation, K.Z.; methodology, K.Z.; project administration, Z.S. and J.X.;
software, K.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported in part by the China Natural Science Foundation under Grant
U19B2024 and Technology Innovation Program of Hunan Province 2022RC1093.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Entropy 2023, 25, 1073 14 of 14

References
1. Tariq, F.; Khandaker, M.R.; Wong, K.K.; Imran, M.A.; Bennis, M.; Debbah, M. A Speculative Study on 6G. IEEE Wirel. Commun.

2020, 27, 118–125. [CrossRef]
2. Basharat, S.; Hassan, S.A.; Pervaiz, H.; Mahmood, A.; Ding, Z.; Gidlund, M. Reconfigurable Intelligent Surfaces: Potentials,

Applications, and Challenges for 6G Wireless Networks. IEEE Wirel. Commun. 2021, 28, 184–191. [CrossRef]
3. Wu, Q.; Zhang, R. Towards Smart and Reconfigurable Environment: Intelligent Reflecting Surface Aided Wireless Network. IEEE

Commun. Mag. 2019, 58, 106–112. [CrossRef]
4. Yu, N.; Genevet, P.; Kats, M.A.; Aieta, F.; Tetienne, J.P.; Capasso, F.; Gaburro, Z. Light propagation with phase discontinuities:

Generalized laws of reflection and refraction. Science 2011, 334, 333–337. [CrossRef]
5. Cui, T.J.; Qi, M.Q.; Wan, X.; Zhao, J.; Cheng, Q. Coding metamaterials, digital metamaterials and programmable metamaterials.

Light Sci. 2014, 4, 27–35. [CrossRef]
6. Di Renzo, M.; Zappone, A.; Debbah, M.; Alouini, M.S.; Yuen, C.; De Rosny, J.; Tretyakov, S. Smart Radio Environments Empowered

by Reconfigurable Intelligent Surfaces: How It Works, State of Research, and The Road Ahead. IEEE J. Sel. Areas Commun. 2020,
38, 2450–2525. [CrossRef]

7. Wu, Q.; Zhang, S.; Zheng, B.; You, C.; Zhang, R. Intelligent Reflecting Surface-Aided Wireless Communications: A Tutorial. IEEE
Trans. Commun. 2021, 69, 3313–3351. [CrossRef]

8. Wu, Q.; Zhang, R. Intelligent Reflecting Surface Enhanced Wireless Network via Joint Active and Passive Beamforming. Electr.
Eng. Syst. Sci. 2019, 18, 5394–5409. [CrossRef]

9. Zhang, S.; Zhang, R. Intelligent Reflecting Surface Aided Multi-User Communication: Capacity Region and Deployment Strategy.
IEEE Trans. Commun. 2021, 69, 5790–5806. [CrossRef]

10. Ghatak, G. On the Placement of Intelligent Surfaces for RSSI-Based Ranging in Mm-Wave Networks. IEEE Commun. Lett. 2021,
25, 2043–2047. [CrossRef]

11. Tang, X.; Wang, D.; Zhang, R.; Chu, Z.; Han, Z. Jamming Mitigation via Aerial Reconfigurable Intelligent Surface: Passive
Beamforming and Deployment Optimization. IEEE Trans. Veh. Technol. 2021, 70, 6232–6237. [CrossRef]

12. Cheng, Y.; Peng, W.; Huang, C.; Alexandropoulos, G.C.; Yuen, C.; Debbah, M. RIS-Aided Wireless Communications: Extra
Degrees of Freedom via Rotation and Location Optimization. IEEE Trans. Wirel. Commun. 2022, 21, 6656–6671. [CrossRef]

13. Zeng, S.; Zhang, H.; Di, B.; Han, Z.; Song, L. Reconfigurable Intelligent Surface (RIS) Assisted Wireless Coverage Extension: RIS
Orientation and Location Optimization. IEEE Commun. Lett. 2021, 25, 269–273. [CrossRef]

14. Han, Y.; Zhang, S.; Duan, L.; Zhang, R. Cooperative Double-IRS Aided Communication: Beamforming Design and Power Scaling.
IEEE Wirel. Commun. Lett. 2020, 9, 1206–1210. [CrossRef]

15. Mei, W.; Zheng, B.; You, C.; Zhang, R. Intelligent Reflecting Surface-Aided Wireless Networks: From Single-Reflection to
Multireflection Design and Optimization. Proc. IEEE 2022, 110, 1380–1400. [CrossRef]

16. Mei, W.; Zhang, R. Joint Base Station and IRS Deployment for Enhancing Network Coverage: A Graph-Based Modeling and
Optimization Approach. IEEE Trans. Wirel. Commun. 2023. [CrossRef]

17. Rappaport, T.S.; Xing, Y.; MacCartney, G.R.; Molisch, A.F.; Mellios, E.; Zhang, J. Overview of Millimeter Wave Communications for
Fifth-Generation (5G) Wireless Networks—With a Focus on Propagation Models. IEEE Trans. Antennas Propag. 2017, 65, 6213–6230.
[CrossRef]
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