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Abstract— Reconfigurable intelligent surfaces (RISs) have been
proposed to enhance coverage performance in millimeter-wave
bands by providing alternative links between access points and
user devices in non-line-of-sight (NLOS) scenarios. However,
the previously-studied reflective RISs (R-RISs) only offer 180°
coverage, with most studies focusing on links with one R-RIS.
Recently, transmissive-reflective RISs (T-RISs) that can provide
360° coverage have been proposed. In order to understand
performance limits of both types of RISs, stochastic geometry
is employed to analyze connection probability when R-RISs
and T-RISs are used with single-RIS and multi-RIS links. The
connection probability for single-RIS links and an upper bound
on connection probability for multi-RIS links are derived with
sparse obstacle distributions where independence of line-of-sight
(LOS) statuses of different links can be assumed. The theoretical
analysis is validated by simulations. Additionally, a comparison
is provided between single-RIS and two-RIS links, as well as
between R-RISs and T-RISs. Numerical evaluation using Nak-
agami fading propagation and a sectored antenna model shows
that single-RIS links offer substantial coverage improvement
for shorter-distance communications, whereas two-RIS links
are more effective for longer-range communications. Moreover,
numerical results demonstrate that, under the same model,
T-RISs exhibit significantly improved coverage compared to
R-RISs, especially with denser obstacle distribution.

Index Terms— Millimeter-wave networks, transmissive intel-
ligent surfaces, reflective intelligent surfaces, multi-RIS links,
connection probability, stochastic geometry, Poisson point
process.

I. INTRODUCTION

N RECENT years, there has been a dramatic increase

in the number of mobile devices and associated data
demand, which has placed more stringent requirements on
the next generation of wireless networks. Millimeter-wave
(mmWave) technology, with its large bandwidth to support
ultra-high network throughput, has been proposed as a critical
technology to meet these requirements [1]. However, limited
signal propagation distance and high penetration loss are
significant challenges for mmWave communications [2], [3].
Obstacles such as furniture and even the human body can
obstruct line-of-sight (LOS) paths between an access point
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(AP) and users, creating non-line-of-sight (NLOS) regions
that reduce network coverage, particularly in moderately to
highly dense obstacle environments. Recently, reconfigurable
intelligent surfaces (RISs) have emerged as a novel hardware
technology to provide alternative paths by redirecting signals
around obstacles when no LOS path exists [4], [5].

Different types of RISs have been studied,
in particular, reflective RISs (R-RISs) [6], [7], [8] and
transmissive-reflective RISs (T-RISs)! [9], [10], [12]. R-RISs
can be used to reflect signals toward any arbitrary direction,
as long as the transmitter and the receiver are both on the
reflective side of the RIS. T-RISs can either reflect signals or
transmit signals through to the opposite side. In other words,
a T-RIS can redirect incoming beams to achieve 360° signal
coverage on either side of it.

Most existing work focuses on single-RIS links using R-
RISs [13], [14]. Recently, a few studies have begun exploring
multi-RIS links with R-RISs, with an emphasis on algorithm
design for multi-RIS routing [15], [16]. However, the follow-
ing questions remain unanswered.

1) Before implementing multi-RIS routing, it is essential
to address whether multi-RIS links can offer more
reliable connectivity. These links have the potential to
enhance path diversity, allowing signals to bypass obsta-
cles. Additionally, larger RIS array sizes can provide
increased beamforming gain, compensating for signal
propagation loss if an appropriate array size is selected.
However, the use of multi-RIS links introduces addi-
tional overhead and delays due to the complexity of
multi-RIS routing and beam alignment among multiple
RISs. Therefore, it is essential to quantify the perfor-
mance of multi-RIS links in order to assist cost-benefit
analysis.

2) A theoretical analysis of the coverage performance of
different types of RISs is essential. T-RISs offer superior
signal coverage (360°) compared to R-RISs (180°),
albeit with the trade-off of increased complexity for
beam control. Such a theoretical analysis can provide
guidance on the selection of an appropriate RIS type
for a given scenario.

3) It is crucial to understand the optimal deployment of
RISs for enhanced signal coverage including the number

IRISs that support both transmission and reflection modes are known by
various names, such as simultaneous transmitting and reflecting RISs (STAR-
RISs) [9], intelligent omni-surfaces [10], and transmissive-reflective RISs [11].
In this paper, we refer to these as T-RISs, indicating their ability to operate
in both modes and provide 360° signal coverage.
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of RISs and the appropriate array sizes, especially in
terms of obstacle avoidance in mmWave networks. This
requires theoretical study to uncover the relationship
among coverage performance, obstacle distribution, and
RIS distribution for both single-RIS and multi-RIS links.

To address the above questions, a coverage analysis framework
is required to reveal the performance limits of single-RIS
and multi-RIS links with different types of RISs. However,
there is limited existing work on the theoretical performance
analysis of RIS-assisted networks, especially in terms of
obstacle avoidance and when incorporating multi-RIS links.
Furthermore, there is limited theoretical work on the coverage
performance of T-RISs.

In this paper, the connection probabilities of both single-RIS
and multi-RIS links” are analyzed based on stochastic geom-
etry, Nakagami fading, and sectored antenna models. The
aim is to characterize the obstacle tolerance of RIS-assisted
networks. This study on connection probability is critical as
signal sensitivity to obstacles remains a primary concern for
mmWave networks. We consider a scenario with a single pair
of AP and user and randomly located RISs and obstacles,
where obstacle density is not extremely high. The relationships
among connection probability, RIS distribution, and obstacle
distribution are studied to provide guidance for RIS deploy-
ment in mmWave networks. Also, comparisons are conducted
to assess the relative advantages between single-RIS and multi-
RIS links, as well as between R-RISs and T-RISs. The main
contributions of the paper can be summarized as follows:

1) A coverage analysis framework based on stochastic
geometry is provided to analyze connection probability
between an AP-user pair assisted by single-RIS links and
multi-RIS links using R-RISs or T-RISs, where locations
of obstacles and RISs are assumed to follow spatial
Poisson point processes (PPPs).

2) The connection probability between an AP-user pair
assisted by single-RIS and multi-RIS links is analyzed
theoretically. This analysis is conducted in scenarios
with sparse obstacle distribution, where an assumption
of the independence of LOS statuses on different links is
valid. When this assumption holds, the exact connection
probability using single-RIS links is derived and an
upper bound on multi-RIS link connection probability
is also proved.

3) Numerical results validate that the theoretical findings
concerning the connection probability of single-RIS
links closely match with simulated outcomes, espe-
cially with sparse obstacle distributions. A slight gap
is observed as obstacle density rises to moderate values.
The results also show that the derived upper bound is
a good approximation for the two-RIS link connection
probability.

4) Numerical results for single-RIS links and two-RIS links
are also provided to investigate relationships among
connection probability, obstacle distribution, RIS type,

2We define connection probability as the probability that a user device can
be connected to an AP via either a LOS link or an RIS-assisted link with
adequate received power.
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RIS distribution, and RIS array size. To be specific,
under the assumptions of Nakagami fading and sectored
antenna models:

a) The results demonstrate that single-RIS links are
efficient for improving connection probability for
short-distance communication, whereas two-RIS
links are more effective for longer-distance com-
munication.

b) Results show that, in order to reach a target
connection probability between an AP-user pair,
the utilization of T-RISs with 2-RIS systems® can
reduce the size of RIS arrays, reduce RIS density,
and/or increase communication distance.

c) Results demonstrate that 1-RIS systems with
T-RISs can potentially provide connection proba-
bilities comparable to those of 2-RIS systems with
R-RISs. This highlights the benefits of leveraging
1-RIS systems with T-RISs, as they effectively
reduce communication overhead caused by routing
and beam alignment in two-RIS links.

The paper is organized as follows. Sec. II summarizes
existing research on RIS-assisted communication. Sec. III
introduces preliminaries about the stochastic geometry model
and received power models for RIS-assisted links, and is
followed by the system model description in Sec. IV. The-
oretical coverage analyses of single-RIS and multi-RIS links,
respectively, are presented in Sec. V and Sec. VI. Simulation
results and comparison of coverage performance of single-RIS
and two-RIS links using R-RISs or T-RISs are provided in
Sec. VII. Finally, Sec. VIII concludes the paper.

II. RELATED WORK

Proposed solutions to address the mmWave band coverage
issue and ensure robust connectivity include deployment of
multiple APs [17], [18], relays [19], [20], [21], passive reflec-
tors [22], [23], [24], [25] and RISs [26], [27], [28]. Multi-AP
deployment reduces “NLOS regions” by placing multiple APs
to provide LOS links in regions that cannot be covered by a
single AP, at the expense of increased power consumption and
infrastructure complexity. Multi-antenna relays, passive reflec-
tors and RISs all try to provide indirect links by retransmitting
signals from the AP to the user when there is no LOS link
between them. RISs consist of an array of reflective or trans-
missive electromagnetic elements, e.g. metallic or dielectric
particles, capable of being reconfigured to provide dynamic
beam management. Therefore, RISs have the advantage of
flexible beam configuration compared with passive reflectors
and demonstrate benefits of low power consumption compared
with multi-antenna relays [11], [29].

RISs offer a promising solution for addressing blockage
issues in the mmWave band. However, it is important to have
theoretical analyses of coverage performance improvement to
assist network deployment. Currently, most research focuses
on R-RISs, with limited studies on T-RISs. A prototype of
T-RISs has been introduced in [9] with three modes: (1) full

3The M-RIS systems are defined as systems that can support LOS links
and RIS links with up to M RISs.
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reflection, (2) full transmission, and (3) simultaneous transmis-
sion and reflection. To explore implementation of T-RISs in
communication systems, a joint optimization algorithm is pro-
posed in [10] to optimize the beamforming scheme at the base
station and the T-RIS, with the aim to maximize the sum-rate
of the RIS-assisted communication system. Moreover, a com-
parison of sum-rate between R-RIS and T-RIS systems with
single-RIS links has been demonstrated in [30]. However,
current research predominantly focuses on single-RIS links
assisted by T-RISs, and the coverage performance limits of
T-RISs regarding obstacle avoidance in mmWave networks
remain unknown.

For R-RISs, the authors in [31] theoretically analyze signal-
to-noise ratio (SNR), outage probability, average bit-error rate,
and ergodic capacity of multi-RIS links with the assumption
of independent double generalized Gamma fading channels,
which does not explicitly model obstacles in the environment.
Several papers employ stochastic geometry to explicitly model
obstacle distribution in RIS-assisted networks (as we do herein
as well). The authors in [32] analytically derive the probability
that a single R-RIS can reflect the signal between a transmitter
and receiver pair with the assumption that random obstacles
are coated with R-RISs which act as reflectors. However,
important factors, including path loss model and received
power to ensure communication quality, are not considered.
In [33], the authors derive coverage probability for single-RIS
links with a Boolean line model for obstacles and assuming
some obstacles are coated with R-RISs. In their paper, the path
loss is assumed to be proportional to (11 +r2)*, where « is the
path-loss exponent, r; is the distance from transmitter to R-
RIS, and 7 is the distance from R-RIS to receiver. However,
the model of path loss proportional to (r172)“, which comports
with measurements of RIS path loss from the literature [34],
has been more widely used.

In this paper, the far-field path loss model is adopted for RIS
links [30], [34], where the path loss is proportional to (r173)%
and the far-field region is dependent on the RIS array size.
Several recent papers show that there is only a small decrease
in beamforming performance if a device is located in the Fres-
nel near-field region of an RIS compared with the case where
the device is in the traditionally defined far-field region [35],
[36]. According to [35] and [36], the Fresnel near-field region
is the area only a few meters away from the RIS array with
128 x 128 elements at mmWave frequencies. It indicates that
the far-field path loss is a reasonable approximation to use for
network analysis, especially for mmWave networks.

To the best of the authors’ knowledge, apart from the
conference publication that this paper extends [37], there is
no prior research studying the impact of obstacle distribution
on coverage performance for both single-RIS and multi-RIS
links in mmWave networks with realistic consideration of
path loss model and signal strength. Moreover, the analysis
of connection probability with T-RISs and the comparison of
the performance between R-RISs and T-RISs have not been
addressed previously. Compared to our previous conference
paper, this work extends the single-RIS link and multi-RIS link
analyses to scenarios with T-RISs, does an explicit comparison
of the performance of T-RISs and R-RISs, and includes an
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Fig. 1. Tllustration of stochastic geometry model (Top view).
evaluation of the overall coverage achievable with RISs over
a given region.

III. PRELIMINARIES

Stochastic geometry is an analytical tool for evaluating
network performance, where some important entities are ran-
domly distributed in the desired region, typically according to
a spatial PPP [38], [39]. Using stochastic geometry, critical
network performance metrics including coverage probability
and throughput can be derived via analytical expressions.
This section provides background on stochastic geometry and
received power model of RIS-assisted links which will be used
to derive connection probability.

A. Stochastic Geometry Model

1) System Setting: Based on a widely-used system setting
of stochastic geometry, a two-dimensional (2D) case is consid-
ered with one AP, one user, and randomly located obstacles
as illustrated in Fig. 1. According to [38], obstacles can be
modeled as random rectangles whose centers are modeled as a
PPP with density p, on a 2D plane. Obstacle length and width
are assumed to be uniform random variables with expectations
E(L) and E(W), respectively. Moreover, the angle between
the obstacle orientation and the positive direction of the x-axis
is modeled as a random variable uniformly distributed between
0 and 2.

2) LOS Probability: LOS probability, which is the probabil-
ity that there exists a LOS path connecting the AP and the user,
is an important metric, especially in mmWave communication
where signals are extremely sensitive to blockage. When using
the system setting described above, the LOS probability is [38]

P/(R) = e—(BR-HJ)7 (1)

where R is the horizontal distance between the AP and the
user, 3 = w and p = p,E(L)E(W).

B. Types of RIS Studied

Two types of RISs are considered in this paper, which are
described as follows:

1) R-RIS: As shown in Fig. 2(a), it features a single
reflective array, allowing communication links only on one
side of it.

2) T-RIS: It features a transmissive-reflective array as
shown in Fig. 2(b), which can operate in transmission mode
or reflection mode to redirect the beam on either side of it.

C. Received Power of RIS-Assisted Links

Considering that a user can establish a communication link
to the AP if there is adequate received power, it is necessary
to understand the received power model of RIS-assisted links.
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Fig. 2. Tllustration of R-RIS and T-RIS.

As mentioned earlier, the far-field path loss model is adopted
for an RIS-aided link for coverage analysis. In what follows,
let P, denote the transmit power, A denote the wavelength of
the operational band, G; and G, represent the antenna gains
at the AP and the user, respectively, A denote the aperture size
of one RIS element, and Vi, represent the number of elements
on each RIS array.

Furthermore, let the Nakagami random variable A model the
small-scale fading envelope on each mmWave link between
two devices. From [40], the corresponding channel gain g =
h? is a gamma random variable with the following probability
density function:

P! —1e—ww7;f1

L'(m)

where ~; is the shape parameter, 7> is the inverse scale
parameter in gamma distribution, and T'(-) is the gamma
function. The corresponding cumulative distribution function
(CDF) is given by:

fg(x) = (2)

f(’ylv 72$)
L(y) 7

where f(y1,722) is the lower incomplete gamma function.
It is also assumed that the channel gains resulting from
small-scale fading are independent and identically distributed
(i.i.d.) across different links. For the purpose of deriving
small-scale channel gain for multi-hop links, the CDF of the
product of two i.i.d. gamma random variables with shape
parameter y; and inverse scale parameter y; was shown in [41]
to be:

Fy() = )

7"
o) =mey

where H 7" (-|) represents the Meijer G-function [42].
From [41], when ~; is an integer, (4) simplifies to a more
mathematically convenient form as follows:

21( 1—~ 2
1’71HL3 (0707_;1 |72x>, (@)

['(71)

k

K, 20VE), )

where K, (-) denotes the modified Bessel function of the
second kind with order n.

1) Received Power of LOS Links: The received power at
the user is P, ;05 = P.G1G, (47TR) Jios>» Where R is the LOS
link length and g;,s is the small-scale channel gain on LOS
link.
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2) Received Power of M-RIS Links: An M-RIS link is
defined as a communication link reflected/transmitted by M
RISs between two given locations. In real-world scenarios,
the received power of an RIS-assisted link depends on the
directions of incoming and outgoing beams with respect to
RISs due to variations in the gain of RIS elements across
different angles. Let 6 € [—, 7] be the angle of beam to/from
the center of the RIS. For R-RISs, the normalized power gain
of an individual RIS element is given by [34]

™ T
3(0), if Oe[——=,—=],
G(0) = cos(0), 3 271 - (6)

The normalized power gain for T-RISs is given by [43]
G(0) = [ cos(0)], (M

where 0 € [—m, 7].

For tractability of analysis in the following sections, a sim-
plified sector model is used. Let «, € [0,7] denote the
3 dB beamwidth when the realistic power gain model is
G(0) = cos(f) if 6 € [~F,T]. Then the simplified power
gain for R-RISs is modeled as follows

1, if fel- ar oz,
GO=90 i seir 2 c% ol ®
) 1 2 2 77(-7
The simplified power gain model for T-RISs is given by
1, if fe[- O;T %]U[—?T,—?T—&-%]
Gs(0) = Ulr — %,ﬂ,
. r Qp o O
0, if 96[—7T+?,—7)U(2,7T ?]

€))

Therefore, the received power of an M-RIS link, where the
signal is sequentially redirected by M RISs before reaching
the user as shown in Fig. 3, can be modeled based on [34]
and [15], [30] as follows:

GiPig1

Py =
w = Amd? )

o (T MEACo G0, )CsOnon) G

Beery 4md2, A7
P,GG, (NyA)2M T g .
T T 16m2a2(M-1) H HG 01,)Gs(0r),
m m=1
(10)

where g,, is the small-scale channel gain on the mth segment
in the RIS link, d,, is the length of the mth segment in the
RIS link as indicated in Fig. 3, 67,0 € [—m, 7| denote the
angle of beam to/from the center of RIS m, and G = 4/7{2‘4 i

the scattering gain of one RIS element [34].

IV. SYSTEM MODEL AND DEFINITIONS

In this section, the system model used for coverage analysis
of multi-RIS links is introduced, followed by the definitions
of connection probabilities for RIS-assisted communication.
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Fig. 3.

A. System Model

In this paper, we consider a 2D scenario where there is
a pair of AP and user at a distance of R, and the AP, the
user, centers of RISs, and obstacles are all placed in the
same (X,Y") plane. Notably, the 2D model can serve as a
foundational framework for exploring three-dimensional (3D)
scenarios where the AP, the user, and RISs are positioned at
different heights. It is assumed that each RIS array is a square
array with Vi RIS elements. For each RIS element, we adopt
the standard assumption that the aperture size is A = % X %
Then, all the RISs have length L, = Nk% and the thickness
of all the RIS arrays is denoted by W,.. Moreover, the transmit
power is denoted by F;, and the minimum received power to
support a communication link is denoted by P, ;.

As described in Sec. III-A, locations of the centers of
obstacles are modeled as a homogeneous PPP with density
Lo Herein, we add a second homogeneous PPP with density
1 to model the locations of RIS centers. These two homo-
geneous PPPs are independent. The length L, and width W,
of obstacles are uniformly distributed random variables with
expectations of E(L,) and E(W,). The angle between any
obstacle or RIS and the positive direction of the x-axis is
modeled as a uniform random variable between 0 and 2.

Note that this model has different PPPs for the obstacle and
RIS distributions. In some prior work, e.g. [33], it is assumed
that RISs are attached to obstacles and so there is one PPP,
which controls the obstacle distribution. We separate these
distributions for several reasons: 1) since it is not possible to
attach T-RISs to obstacles without negating their transmissive
capabilities, separation is necessary for T-RISs and allows
us to directly compare T-RISs and R-RISs under the same
conditions, and 2) separating obstacle and RIS distribution
makes the model more general than the co-located scenario;
in particular, with co-location, the RIS density cannot exceed
the obstacle density, whereas there is no such restriction in the
model considered herein. We believe R-RISs might be used
even in scenarios with free-standing RISs, because they are
cheaper and easier to manufacture than T-RISs.

B. Definition of Coverage Performance Metrics

In order to understand the coverage of RIS-aided systems,
we analyze the connection probability, which represents the
probability that the AP and the user can communicate through
an unblocked link. Two different definitions of connection
probability are introduced as follows:
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LOS connection probability, Py(R): the probability that
there exists a LOS link between an AP and a user at distance
R with adequate received power at the user.

M -RIS connection probability, Py;(Dps|R): the probability
that there exists at least one M-RIS link to provide adequate
received power at the user, given an AP and user pair at
distance R, where D), is a quantity that ensures the minimum
received power to support the communication link is achieved
and will be introduced later.

We further define the overall connection probability as:
Overall connection probability, Py;(R): the probability that
there exists a LOS link or a multi-RIS link with at most M
RISs that provides adequate received power at the user, given
an AP and user pair at distance R.

To quantify coverage performance in a given region,
we define the coverage ratio Sj; as the ratio of the area where
users can communicate with the AP via either LOS links or
RIS-assisted links with at most M RISs to the total area within
the region.

1) LOS Connection Probability, Py(R): Different from the
stochastic model introduced in Sec. III where only obstacles
have impact on the LOS probability, RISs that are not selected
to support RIS-assisted communication links can also interfere
with the LOS path. Considering that spatial distribution of
obstacles and RISs are two independent PPPs, the event that
the LOS path between a pair of AP and user is blocked by
obstacles and the event that the LOS path is obstructed by RISs
are independent. Therefore, according to Sec. III-A.2, the LOS
probability between a pair of AP and user at distance R is

Pios(R) = e—(ﬁo+67~)R—(po+pr)’ (1)
where S3,, By, po, and p, are given by
4 — 2uo(E(L03T+ E(Wo))’ (12)
Po = 1o E(Lo) E(W,), (13)
g, = oL+ We) (14)
pr = .urLrM;:“- (15)

Considering the received power at the user, the connection
probability of LOS links is given by

].67T2R2Pr’th

P R — _(Bo"l‘ﬁr)R_(po"Fpr) 1_ -
o(R) =e ( [XeReBy

Fy( ). (16)
where F(-) is defined in (3).

2) M-RIS Connection Probability, Pp(Dys|R): To guar-
antee communication quality, the received power through an
M-RIS link should be larger than the predefined threshold
P, ;. Based on the received power model introduced in
Sec. III-C.2, the following condition should be met to ensure

adequate received power at the user through an M-RIS link

Loy 9 [y Gs(65,)Gs(05,)
H]\/I-‘rl d2

m=1

167T2)\2(1V171)Pr7th
~ P,G,G (N A)2M "~
17)

For the ease of notation, the right side of (17) is denoted by
Dy Then Pp(Dys|R) can be interpreted as the probability
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that there exists an unblocked M-RIS link which satisfies
[Ty g Tl Ga(03,)G(05,)/ TT ) d, = Da.

3) Approximated Overall Connection Probability ﬁM( R):
An approximation of overall connection probability Py;(R) is

H

Py(R)=1-(1—PRy(R (Dm|R)), (18)

where dependencies between links with different numbers of
RISs are ignored.

4) Coverage Ratio Sy;: Considering the maximum distance
Ry between the AP and the user, coverage ratio Sy is

appl OXiInatEd as
2 Rmaax /\
/ 7 /
Z’lrL(/l‘L

= [ Pu(r) rdr.
R'I%Laflj »/0

For computational efficiency, an approximation of the cover-
age ratio based on Simpson’s rules for integral approximation
is defined as follows [44]

) rdrdf

JW

19)

R
o (PM(Rl)Rl + 4Py (Ra)Rs + 2Py (R3)Rs

+ 4PA[(R4)R4 + -+ 2ﬁM(RK72)RK,2

+ 4Py (Rc1)Ric—1 + Par(Ric) Ric ), (20)

where Ry < Ry < R3 < --- < Ry are uniformly sampled
distances between the AP and the user, K denotes the number
of sampled distances, and AR = Ry — Rj_1 is the sampling
interval.

For tractability of analysis, self-interference among different
links on a multi-link path with RISs is also ignored. However,
we believe that self-interference in the studied setting will
be minimal for several reasons: 1) RISs are primarily used
when the LOS path between the user and AP is blocked and
the obstacle that blocks the LOS path also serves to block
self-interference along the multi-link RIS path, and 2) in the
mmWave bands, RISs and the AP should have a sufficient
number of RIS/antenna elements to produce narrow beams,
which will further minimize interference.

C. Notation

For ease of use, the calculation of triangle side lengths and
angles used in this paper is illustrated in Fig. 4 and is defined
as follows

d(ry,0,13) = \/rf—krg — 27179 COS 0, 21
2,2 .2
01 (r1,a,3) = arceos( L5 2= 15), 22)
2 d2 0 2
ag(r1,0,7r2) = arccos(T1 - d7(r1,0.12) = 13 ). (23)

2r1d(r1,0,12)
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a,(r,0,73 r3=d(ry,0,17)

N0 = as(r1,12,73)
L]

Fig. 4. Tllustration of side and angle calculations in a triangle.

V. CONNECTION PROBABILITY OF SINGLE-RIS LINKS

In this section, the connection probability of single-RIS
links is derived analytically. For simplicity, it is assumed that
the polar coordinates of the AP and the user are (0,0) and
(R, 0), respectively. Herein, we consider a circular region with
radius L and centered at the location of AP, where only RISs
and obstacles within this region are taken into account. The
analysis of both single-RIS links in this section and multi-RIS
links in the next section is based on an approximation that the
numbers of obstacles and RISs on different links are indepen-
dent, which implies that the LOS statuses of different links
are independent. This is a good approximation for scenarios
where RIS and obstacle distributions are not extremely dense
and RISs and obstacles have relatively small sizes [33]. Note
that RIS arrays can be relatively small at mmWave band, and
the density of RISs will not be extremely high in practical
network deployments.

Lemma 3 provides the final theoretical result on connection
probability of single-RIS links. Lemma 1 and Lemma 2, stated
and proved next, provide preliminary conclusions that are used
in the derivation of Lemma 3.

Lemma 1 (Connection probability given RIS location): For
a sparse obstacle distribution and a pair of AP and user at
distance R, the probability that an RIS with polar coordinate
q = (r,0) can provide an unblocked single-RIS link with
adequate received power between the AP and the user is
approximated by

P,(Dy,r,0|R)
- H(as (r, d(r,@,R),R))

X(l — F(Dir*d*(r,0 R))) S )(Hd(re R)) ~2potpr)

(24
where F(-) is defined in (4) or (5). Moreover, H(«) where
« € [0, 7] for R-RISs is defined as

a, —«

if a < o,
H@)={ 2z @ "9=° (25)
0, if a > a,
and H(«) where a € [0, 7] for T-RISs is defined as
ar—a, ifa<a,and a <7 — a,,
OZTE—CV - T .
— ifa>a,and a>71—a,,
H(a) = T
200, — .
, ifa<a,and a > 7 — a,,
T
0, ifa>a,and a <7 — .
(26)
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AP

Fig. 5. Tllustration of a single-RIS link.

Proof 1: For the setup illustrated in Fig. 5, the conditions
that a given RIS location can provide an unblocked link
with adequate received power include the occurrence of the
following four events: (1) there is a LOS link between the
RIS and the AP; (2) there is a LOS link between the RIS
and the user; (3) the RIS has a proper orientation to redirect
the beam coming from the AP to the user; (4) if the RIS has
proper orientation to redirect the beam coming from the AP
to the user, the received power is larger than a predetermined
threshold P, 4.

Based on (21), if the RIS is located at (r, ), the length of
RIS-AP link is given by 7, and the length of RIS-user link
is given by d(r, 6, R), respectively. Then the probabilities of
occurrence of events (1) and (2) are given by Pj,s(r) and
Py,s(d(r, 0, R)), respectively, according to (11).

The probability of event (3) occurring depends on the type
of RISs utilized, which is given as follows.

1) R-RIS: An R-RIS can provide a communication link
when both the AP and the user are on the reflective
side of it and the RIS beamwidth «, is large enough to
cover both RIS-AP link and RIS-user link. Let o € [0, 7]
denote the angle between RIS-user link and RIS-AP link
as illustrated in Fig. 5 and is given by

a = ag (r, d(r,0,R), R). 27

Then the probability of event (3) occurring, denoted by
H(a), is non-zero only when « < «-, and is given by

o —«
27
2) T-RIS: T-RISs can support a single-RIS communication
link when both the RIS-AP link and the RIS-user link
fall within the sectored beam region on either side of
the RIS. Similar as the derivation for R-RISs, when the
angle between RIS-user link and RIS-AP link is «, the

probability of event (3) occurring is given in (26).

H(a) = (28)

For event (4), if the RIS is properly oriented to redirect the
beam from the AP to the user, resulting in G4 (07)G4(6%) = 1,
the condition for event (4) to occur is g1 g2 > D1d3d% accord-
ing to (17). Therefore, the probability of event (4) occurring
is 1 — F(D1d3d3) where F(-) is defined in (4) or (5).

In summary, the probability of an unblocked single-RIS link
with sufficient received power between the AP and the user
when the RIS is located at (r, ) is given by

Pu(Dla T, O‘R)
— -Plos (7))-Plos (d(?", 0; R))

X H(as(r, d(r,0, R), R)) (1 — F(Dyr2d*(r, 0, R))).
(29)
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Lemma 2 (Inhomogeneous PPP of effective RIS locations):
For a sparse obstacle distribution, RIS locations that can
provide an unblocked single-RIS link with adequate received
power between a pair of AP and user at distance R are
approximated by an inhomogeneous PPP denoted by Vg,
with density

pra(D1,7,0|R) = py Py (D1, 7, 0| R). (30)

Proof 2: With the independence assumption of LOS statuses
and small-scale channel gains on different links, the capability
of different RISs to provide unblocked single-RIS links with
adequate received power is independent. Therefore, those
effective RIS locations form a thinned PPP* generated from
the original PPP of RIS locations. Then the density of the
thinned PPP is p,. P, (D1, 7,0|R).

Lemma 3 (Connection probability of single-RIS links):

For a sparse obstacle distribution and a given pair of AP and
user at distance R, connection probability of single-RIS links
is approximated by

P, (D1|R) —1—e" iz fOL /4,._#(Dl,r,e\]’%)rdrd97 31

where D7 is defined in Sec. IV-B.2.

Proof 3: Based on Lemma 2, which defines the distribution
of effective RISs, the connection probability of single-RIS
links, P;(D1|R), can be derived by the probability that there
exists at least one RIS from ¥ ,, defined in Lemma 2 whose
location (r, @) falls into the circular region we consider in this
section.

By using the conclusion of void probability of PPP,
Pi(D1|R) can be derived by the probability that all the RIS
locations from ¥, do not fall into the region defined as
S = {(r,0)]r < L}. Then the connection probability of
single-RIS links is given by

Py(D1|R)
=1-P(Ny, (S)=0)

=1—exp —// wr Py (D1, 0|R) rdrdd |, (32)
(r,0)eS

where Ny, , (S) denotes the number of Poisson points from
VR, that fall into region S.

VI. CONNECTION PROBABILITY OF MULTI-RIS LINKS

In this section, the upper bound of connection probability
of multi-RIS links is derived for sparse obstacle distribution.
Let RIS 1 denote the RIS connected to the AP in an M-RIS
link as illustrated in Fig. 3. Without loss of generality, it is
assumed that the polar coordinates of the AP and the user are
(0,0) and (R,0), respectively. A circular region with radius
L is considered, with the AP at its center.

Lemma 6 provides the upper bound on connection prob-
ability of multi-RIS links with sparse obstacle distribution.
Lemma 4 and Lemma 5, stated and proved next, provide
preliminary conclusions used in the derivation of Lemma 6.
For ease of derivation, we define two events as follows:

4Thinning a PPP refers to classifying each Poisson point into a number of
classes based on certain stochastic rule independently [45].
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Event Apr(Dyg|R): there exists at least one unblocked M-
RIS link that can provide adequate received power between
a pair of AP and user at distance R. In other words,
PA{(D]wlR) = P(A]V[(D]\/[|R)) where DM is deﬁned in
Sec. IV-B.2.

Event Ap;(Dyy, 1, 0|R): there exists at least one unblocked
M-RIS path that can provide adequate received power
between a pair of AP and user at distance R, and RIS 1 is
located at (r,0), where Dy is defined in Sec. IV-B.2.

Therefore, Apr(Dyp|R) = Ure(o n, Ay (Dar, 1, 0|R).

Lemma 4 (Event correlation): #or sparse obstacle distribu-
tion, correlation among events Ay (D, i, 6;|R) where M >
2 can be demonstrated by the following inequality

P(ﬂ Ay (D, iy 05| R)) > HP(AM(DM>Ti79i|R))7
icl icl

(33)

where I denotes the set of indexes of RIS 1’s locations.

Proof 4: See Appendix. A.

Remark: The correlation among events Ay (Dys,7;, 0;|R)
is intractable to be quantified, which prevents the derivation
of precise connection probability for multi-RIS links. But
the above inequality can be used to derive an upper bound
of M-RIS link connection probability for sparse obstacle
distribution. A high-level explanation of Lemma 4 is that
events Apr(Dyy,r;,0;|R) are positively correlated with each
other. This is in line with the intuitive understanding that if
there is no proper M-RIS link where RIS 1 is located at
(r4,0;), then the probability of there being no proper M-RIS
links starting from RIS 1 near (r;, 6;) would increase.

Lemma 5 (Upper bound of connection probability given the
first RIS location): For an AP and user pair at a distance R,
if RIS 1 which is the first RIS (as shown in Fig. 3) in the M-
RIS link is located at (r,6), the upper bound of connection
probability of such M-RIS links (event Aps(Dyy, 7, 0|R)) is

P(AM(DM,T»9|R)>
< pr ARPyos (1)
X / folx)War—1 (D—MTQ, aq(r,0,R),d(r,0, R)) dz,
O x
(34)

where Ah — 0 and W,,,(D, o, R) is given as follows.
1) If R-RISs are used and m > 2, then

Wn(D,a, R)
(678 Qe

= — — —¢Xx
27T 21 ¢ p

/ ar/ 0 —a+ a,)Ps(r / folx

X Wine 1( aq(r, 0, R),d(r, 0, R))r dz dr df

a+aT
T / 9+a+ar Plos / fg

X W 1( aa(r,0,R), d(r,0 R))rdxdrd@)
(35)
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If R-RISs are used and m = 1, then

(07%

Wi(D,a,R) = & - —exp

/aar/ 0—a+a,)

X Pu (D,r, Q\R)r dr dé

a+a, o0
e / (“0+a+a)
«@ 0

ar
x P,(D,r,0|R)rdrdg).  (36)
2) If T-RISs are used and m > 2, then
W (D, o, R)
ap  Q
= ——— exp

/ / (0—a+a,)Ps(r /fg

X Wm_l( aq(r, 0, R),d(r, 0, R))r dz dr df

OA-I-OAT
/ / (O+a+oay)Pos(r /fg

><Wm1( aq(r, 0, R),d(r,0, R))r da dr df

/ / (0—a+a,—m)Pos(r /fg
Ot—a,-‘r‘ﬂ'

X Wm_l( . aq(r,0,R),d(r,0,R))rdzdrdf

L atatT poo o]
- _9 T Pos
| / (6+ata,+m)P <r>/0 f,()

«
D 2
X Wit (=, g (r, 0, R), d(r, 0, R))r dz dr de).
T
37
If T-RISs are used and m = 1, then

Wi(D,a, R)

047“ Ay
=— - — eXp

/aa,/ —a+a)

x P, (D,r,6|R)rdrdf

a+ta,-
/ / -0+ a+a)

X P (D,r, 0|R )rdrdé

/ / 0—a+a,—m)
a—o,+T

x P,(D,r,0|R)rdrdf

M ata,+m
- / (—0+a+ o, +m)
Ar Jo 0

x Pu(D.7,6|R)rdrdo). (38)

Proof 5: See Appendix. B.
Lemma 6 (Upper bound of connection probability of multi-

RIS links): For a sparse obstacle distribution and a given pair

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on May 22,2025 at 20:10:17 UTC from IEEE Xplore. Restrictions apply.



19736

of AP and user at distance R, the upper bound of connection
probability of M-RIS links (M > 2) is given as follows

PM(DM|R)
27
<1-— exp / / —(BotBr)r—(Potpr) / f
r2Das
X Wias1 ( ,a(r,0, R), d(r, 0 R))rdzdrdo)

(39)
where W,,, (D, a, R) is defined in Lemma 5.
Proof 6: Since Ap(Dpy|R) = Ure[(O,L], Apr(Dpg,m, 0|R),
0€(0,2m)
we have
Py (Du|R) =1 — P(Ap(Dum|R))
=1-P( (| Au(Dwm.7,0|R)).

re(o,L],
6€0,27)

(40)

Based on Lemma 4, it can be derived that the upper bound
of (40) is

Pri(Dy|R)
<1- [ P(A(Du,r,01R))

re(0,L],
6€[0,27)

—1- I exp(*urAhPlos(T)
re(0,L],
0€[0,27)

x /oo fg(x)WM_l(TQ

2
=1—exp Mr/ / —(Bo+8r)r—(Potpr) / folx

X War— 1(r "Dt ,0q(r,0, R),d(r,0 R))rd;vdrd&)
(41)

M,aa(r,e,R),d(r,e,M)dx)

Before reporting numerical results on connection probability
in the next section, we note that despite the above expression
being valid for M > 1, we only report multi-RIS link results
for M = 2. This is because of the complexity of evaluating
this expression, which is a recurrence equation involving a
multiple integral at each level. The number of integrals in the
final expression makes the computation time extremely large to
generate even a single data point for M > 2. However, we are
still able to use the expression to evaluate, for the first time,
an upper bound on connection probability for 2-RIS links.

VII. NUMERICAL RESULTS

In Sections VII-A and VII-B, simulation results are provided
to validate: (1) the connection probability of single-RIS links
presented in Lemma 3, and (2) the upper bound of connection
probability of multi-RIS links from Lemma 6. Following that,
in Sec. VII-C, a comparison of the coverage improvement
using single-RIS links and two-RIS links is provided based
on the approximated overall connection probability presented
in (18). It should be noted that all results and conclusions
in this section hold under the models used to derive con-
nection probabilities in the two previous sections, namely
Poisson-distributed RISs and obstacles, Nakagami fading, and
the sectored antenna model.
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Herein, two-RIS links are considered as a representative
case for multi-RIS scenarios, since multi-RIS links with more
RISs will incur a heavy overhead resulting from beam align-
ment and routing. For all results in this section, a mmWave
network operating at 60 GHz is simulated. The equivalent
isotropically radiated power (EIRP) for the AP is assumed
to be 43 dBm, the received power threshold is assumed to be
P.n = —59 dBm and the antenna gain at the user is set as
11 dB. The obstacle size is selected to model typical indoor
objects, such as furniture. Therefore, the obstacle length and
width are assumed to be uniform random variables with ranges
[0.8 m, 1.2 m] and [0.4 m, 0.6 m], respectively. Moreover,
the width and length of RISs are chosen as W, = 0.05 m,
and L, = /N, % Let R denote the distance between the
AP and the user, with R = 30 m and R = 150 m chosen
to represent short-distance and long-distance communication,
respectively. The shape parameter ; and the inverse scale
parameter 72 in gamma distribution used to model small-scale
fading are selected as y; = y2 = 3.

A. Validation of Connection Probabilities of Single-RIS Links

In this subsection, the analysis of single-RIS links from
Lemma 3 is compared to simulation results. We study two
obstacle densities: 1, = 0.05/m? and p, = 0.01/m?, and
three RIS densities: p, = 0.03/m?, p, = 0.005/m?, and
. = 0.001/m?2. Herein, u, and p, indicate the expectation
of the number of RISs and obstacles per m?, respectively.

Fig. 6 and Fig. 7 show the relationship between RIS
size and connection probability for single-RIS links for two
different AP-user distances when different types of RISs
are used. The very small difference in the figures between
the theoretical analysis and simulation results indicates
that the approximated connection probability in Lemma 3
provides a very good approximation. When comparing
the connection probabilities of the two RIS types, T-RISs,
with the most flexibility to support communication links,
consistently demonstrate higher connection probability for
single-RIS links across all selected combinations of p, and
Lo, as compared to R-RISs. Alternatively, one can achieve
the same connection probability between T-RISs and R-RISs
but with a smaller array in the T-RISs.

For RIS sizes that are practical with current technology (e.g.,
32 x 32), the single-RIS link connection probability shows
moderate benefits for R-RISs and quite significant benefits for
T-RISs at the shorter distance, but little to no benefit for the
longer distance for both types of RISs. At the shorter distance,
when the obstacle density is high (u, = 0.05/m?), it is
effective to increase RIS density to produce a good connection
probability. However, increasing RIS size by itself results in
a plateau of connection probability. At the longer distance,
single-RIS links hardly provide any benefits with the denser
obstacle distribution (1, = 0.05/m?) even if the RIS density
increases to u, = 0.03/m?2.

B. Validation of Connection Probabilities of Two-RIS Links

For the same two distances, Fig. 8 and Fig. 9 demonstrate
the relationship between RIS size and connection probability
for two-RIS links when using different types of RISs, where
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Fig. 6. Connection probability of single-RIS links using R-RISs vs. RIS size
(number of elements on each RIS array is Ny).
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Fig. 7. Connection probability of single-RIS links using T-RISs vs. RIS size
(number of elements on each RIS array is Ny).

the theoretical curve is the approximated upper bound on
connection probability derived in Lemma 6. As compared
to Fig. 6 and Fig. 7, the gap between theoretical analysis
and simulation is larger here. Nevertheless, the approximated
upper bound and the simulation results still match fairly
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Fig. 8. Connection probability of two-RIS links using R-RISs vs. RIS size
(number of elements on each RIS array is Ny).

well in all cases for the obstacle densities studied. At the
longer distance, two-RIS links provide significant connection
probability improvement with a sparse obstacle distribution
(1o = 0.01 /m2) when there is adequate RIS density (i, =
0.005/m?) and T-RISs are utilized. This highlights the advan-
tages of two-RIS links over single-RIS links and T-RISs over
R-RISs. When obstacle distribution is denser (i, = 0.05/m?),
two-RIS links still provide better connection probability for
longer-distance communication compared to single-RIS links
when RIS density is p, = 0.03/m?, although the connection
probability remains low. However, the RIS benefit is achieved
with large RIS arrays (e.g., 80 x 80). As with single-RIS
links, T-RISs demonstrate higher connection probability as
compared to R-RISs of the same size or, alternatively, the
same connection probability with smaller array size. Notably,
T-RISs with large array size show some benefit even for the
highest obstacle density, whereas R-RISs show no benefit in
that scenario.

Based on Fig. 6-Fig. 9, both single-RIS and two-RIS links
can provide significant connection probability with sparse
obstacle distribution if RIS sizes and densities are appropri-
ately chosen. Moreover, from Fig. 6(a), Fig. 7(a), Fig. 8(a)
and Fig. 9(a), no significant improvements of two-RIS links
are observed compared with single-RIS links for short-distance
transmissions. However, when comparing Fig. 6(b), Fig. 7(b),
Fig. 8(b) and Fig. 9(b), note that two-RIS links gradually
outperform single-RIS links for longer-distance transmissions
as RIS size increases. As RIS size increases, the larger beam-
forming gain allows the two-RIS links to meet the required
received power threshold and since two-RIS links provide
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Fig. 9. Connection probability of two-RIS links using T-RISs vs. RIS size
(number of elements on each RIS array is Ny,).

more opportunity for blockage avoidance, they outperform
single-RIS links in that situation.

C. Overall Connection Probability Improvement

In this section, the approximated overall connection prob-
ability in (18) is investigated for a more comprehensive
analysis of coverage improvement with RIS links. Note that
connection probability of single-RIS links in Lemma 3 and
upper bound for two-RIS links according to Lemma 6 are used
to approximate the overall connection probability. Herein, 1-
RIS systems are defined as systems that can support the LOS
link and single-RIS links, while 2-RIS systems can support
the LOS link, single-RIS links, and two-RIS links. Simulation
results and theoretical analyses are shown in Fig. 10. In this
section, we focus on the case where 1, = 0.01/m? and
- = 0.005/m?, so the sparse obstacle assumption holds.

Based on Fig. 10, despite the gap between theoretical
analysis and simulation results, the theoretical connection
probability still provides the following beneficial insights into
comparison between 1-RIS and 2-RIS systems when different
types of RISs are used.

(1) Effectiveness of 1-RIS systems for short-distance com-
munication: For shorter transmission distances (Fig. 10(a) and
Fig. 10(c)), 1-RIS systems can achieve perfect connection
probability with sufficiently large RIS sizes. To reach overall
connection probability around 0.9, the RIS array size should
be approximately 64 x 64 for R-RISs and 36 x 36 for T-
RISs, which demonstrates the efficiency and practicality of
using T-RISs. Meanwhile, 2-RIS systems hardly produce any
improvement compared with 1-RIS systems in this case for
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both types of RISs, indicating the effectiveness and efficiency
of single-RIS systems for short-range communication.

(2) Effectiveness of 2-RIS systems for longer-distance com-
munication: For longer-distance communication (Fig. 10(b)
and Fig. 10(d)), 2-RIS systems have a significant advantage
compared to 1-RIS systems and LOS communication with T-
RISs, while R-RISs only show limited improvement. When
RIS array size is larger than 48 x 48, two-RIS systems
with T-RISs show nearly twice the improvement with respect
to systems without RISs in overall connection probability
compared to 1-RIS systems with T-RISs.

(3) Reduced RIS array size when T-RISs are used: T-
RISs show better connection probability in both short and
long-distance communications and their advantage becomes
particularly pronounced in longer-distance scenarios where
LOS connection probability is quite low. Therefore, T-RISs
offer the potential to reduce the size of RIS arrays compared
to R-RISs, when aiming for a desired connection probability.
This can potentially reduce hardware complexity or cost
to deploy RIS systems if T-RISs are used. For example,
to achieve a connection probability of 0.9 over a 30 m distance
between the AP and the user as shown in Fig. 10(a) and
Fig. 10(c), an R-RIS array needs to be nearly 64 x 64, whereas
employing T-RISs could reduce this size to around 36 x 36.
In cases where the AP-user distance increases to 150 m as
illustrated in Fig. 10(b) and Fig. 10(d), the array size for
T-RISs can be kept within 80 x 80 to achieve a connection
probability of 0.6, while R-RISs would require significantly
larger arrays, given that R-RISs with array size 80 x 80 only
yield approximately 0.23 connection probability.

According to Fig. 10, significant overall coverage improve-
ment is observed with large-sized RISs, while there is hardly
any improvement observed with small-sized RISs at the
selected RIS density. To investigate the coverage improvement
offered by RISs of more practical sizes, the approximated over-
all connection probability is investigated using medium-sized
RISs with 64 x 64 array sizes at an RIS density of u, =
0.005/m?.

In Fig. 11, the relationship between overall connection
probability and the AP-user distance is demonstrated, consid-
ering obstacle densities (i,) of 0.05/m? and 0.01/m?. The
following observations can be made based on Fig. 11:

(1) I-RIS system with T-RISs vs. 2-RIS system with R-RISs:
In both scenarios with sparse and dense obstacle distributions,
T-RISs consistently demonstrate better connection probabili-
ties compared to R-RISs. Furthermore, given the parameters
selected for Fig. 11, the connection probability of 1-RIS
systems with T-RISs always outperforms that of 2-RIS systems
with R-RISs. This advantage stems from the ability of T-RISs
to support communication links on both sides, thus providing
increased flexibility in path selection. This finding highlights
that, in practical systems where the overhead of routing and
beam alignment in multi-RIS links is a critical consideration,
use of 1-RIS links with T-RISs may be advantageous.

(2) Enhancement in communication distance using T-RISs:
The connection probability has a significant decrease with
distance, especially under higher obstacle densities. We define
a cut-off distance, beyond which the overall connection
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TABLE I
APPROXIMATED COVERAGE RATIO

‘ R-RISs ‘ R-RISs ‘ TRISs ‘ TRISs
to =0.01 | po=0.05 | po=0.01 | po=0.05
So 0.463 0.055 0.463 0.055
5 0.532 0.075 0.707 0.138
S 0.561 0.081 0.859 0.200

probability drops below 0.1, indicating that communication
links can hardly be supported. In Fig. 11(b) and Fig. 11(d)
which represent the higher obstacle density, the cut-off dis-
tance without RISs is approximately 48 m. This distance
extends to about 53 m with R-RISs and nearly 70 m with
T-RISs when single-RIS systems are used. When two-RIS
systems are used, the cut-off distance extends to about 55 m
with R-RISs and nearly 80 m with T-RISs. Thus, T-RISs
demonstrate much better performance in extending commu-
nication distance.

(3) Enhancement in coverage ratio using RISs: As given
by (19), the connection probability can be used to calculate
the coverage ratio over a given area. Here, we use data points
from Fig. 11 to evaluate the approximated coverage ratio
according to (20). We focus on cases where p, = 0.005/m2,
o is chosen as 0.01/m? or 0.05/m?, the RIS array size is
64 x 64, and the maximum distarg:e R0 between the AP and
the user is 120 m. In Table I, S,, denotes the approximated
coverage ratio where the system can support RIS links with
at most m RISs and m 0 indicates that no RISs are
deployed. To approximate coverage ratio in a region with
Ryax = 120 m, five data points are chosen corresponding to
AP-user distances of 0.01 m, 30 m, 60 m, 90 m, and 120 m.
According to Table I, the coverage ratio increases by at least
14% in all the four cases when single-RIS links are used,
and by at least 20% when both single-RIS and two-RIS links

are used, which demonstrates the effectiveness of reducing
uncovered regions through deployment of RISs. When T-RISs
are used, the improvement is even more significant. For both
obstacle densities, the coverage ratio improves by at least 50%
when T-RISs are used. When two-RIS links with T-RISs are
supported, the improvement is 86% with 1, = 0.01/m? and
264% with p, = 0.05/m?2. This highlights the effectiveness
of both T-RISs and two-RIS links in reaching NLOS regions,
especially with a denser obstacle distribution.

D. Discussion

The main conclusions of this section, which again are based
on assumptions of Poisson-distributed RISs and obstacles,
Nakagami fading, and the sectored antenna model, are that 2-
RIS links are valuable for longer-distance communications and
that T-RISs significantly outperform R-RISs of the same size
across all scenarios. However, system designers must take into
account other factors when choosing what type of RIS to use
and whether to support multi-RIS links. These other factors,
which are difficult to quantify but are nonetheless important
considerations, include added overhead for routing and beam
alignment when using multi-RIS links and higher cost for
manufacturing T-RISs compared to R-RISs. The relative con-
nection probabilities across these different comparison points,
which can be evaluated from our derived expressions, can help
system designers decide whether the added cost/complexity
are worth incurring for their particular environment.

VIII. CONCLUSION

In this paper, the connection probability of RIS-assisted
communication was analyzed theoretically when R-RISs or
T-RISs are used. The single-RIS link connection probability
and an upper bound on multi-RIS link connection probability
were derived in sparse obstacle scenarios to allow investigation
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Fig. 12. Tllustration of event L, (D, J, ) for proof of Lemma 4.

of the relationships among coverage performance, and RIS
and obstacle distributions. Monte Carlo simulations validated
the theoretical analysis for single-RIS and two-RIS links
and allowed us to compare their relative benefits. We found
that two-RIS links can improve coverage significantly for
long-distance communication when medium to large sized
RISs are deployed. However, for short-distance communica-
tion, the results show that single-RIS links are highly efficient
and two-RIS links provide very little additional benefit. The
results also demonstrated the power of T-RISs as compared to
R-RISs. Generally, 1-RIS systems with T-RISs performed as
well or better than 2-RIS systems with R-RISs. Alternatively,
T-RISs can achieve the same connection probability as R-RISs
with smaller array size and/or lower density.

APPENDIX A
PROOF OF LEMMA 4

Let d; ; denote the distance between locations ¢ and j,
gi,; denote the small-scale channel gain on a link between
locations 7 and j, and u and a denote the locations of the user
and the AP, respectively. Let ¢; denote the orientation of RIS
at location j. Additionally, let J = [J1, J2, ..., Je—1, J¢] be
a vector representing the sequential locations of nodes (RISs,
the user, or the AP) in a path starting from location .J; and
ending at location J., where J._; and J. represent the last
two node locations in J. An example of J is illustrated in
Fig. 12, where J = [a,1,j] represents a signal propagation
path where the signal is transmitted from the AP to RIS at
location ¢, and then further propagates to RIS at location j.

In order to interpret Ay (Das,7i,0;|dq ), three events are
defined as follows:

1) Event R;: there is an RIS located at location ¢, and the
probability of its occurrence is u,.Ah where Ah — 0.

2) Event Lj,s(i,j): there is a LOS link between location i
and j, and the probability of its occurrence is Pjos(d; ;)
according to (11).

3) Event L,,(Dy,J,j): At least one m-RIS link exists
between location J. and j as illustrated in Fig. 12,
and this m-RIS link should satisfy two conditions:

a) [T G- (01) G- (0) T3 i > Dj according to (17)

m+1 d2

where g; and d1 are the small-scale channel gain and
the distance of the ith path segment in the m-RIS link,
respectively, and b) if an RIS is positioned at location J,
it must have a proper orientation ¢, to receive signals
from the device at location J,_; and then transmit
signals to the m-RIS link.

For ease of notation,
Ry, and b7 =

let ¢; =

LlOS(J67 Jefl) N
Lm(DJ7Jau) =

where Dy
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|J| 1 52 |J \ 1
Dy [LZ dJL,JLH/ IL;Zy  94,,7..,- Then we have

P(AM(DM, - 9i|da,u)) =E,,. (P(c[w-] n bf\i;]1|ga}i)).
(42)

For ease of notation for the following derivation, let 96 denote
all the small-scale channel gains g; ; such that j € Q. Since
events c[q; and M1 are independent due to independence
assumption of LOé statuses and small-scale channel gains on
different links, we have

P( ﬂ AM(DM>7”i>0i|da,U))
i€Q
=By, (P( ﬂQ At (Do, 74, Hi\da,u)lg&))
1€
=Eg (P( _(l Ca,198)
1€

+2 PO i () Cam

jEQ  Ea el

+ > P(( e N

AR Em eeow
M—-1
b[a n) ‘gQ))

+P( ) ¢am
=By, ( 1 P(@ailad)

neQ
i€Q

+ > 11 P@Ealeq) TI Pleanlsd)

TM—1
(b[a n) | Q)
JEQ R ne{j}

+ 3 11 Pemaleq) 11 Ploomlod)

7,kEQ, i€QqQ, ]
7J#k it nelik}

ﬂ ba n]
nedj,k}

+ 11 Pleamlad) P( ()

]V[ 1
la,n] | Q))
neQ neQ

Similarly, [Licq P(An(Das, 74, 0ilda,u))

the expression of (43), substituting the
P(mn bf\fnle) with an(bfgn]l‘g(%)' o
we can show P(,bY"') > [[,P(®Y") in
order to show  P((V;cq Arm(Dar,7i,0ildaw)) >
HieQ P(A]w(D]w, Ti, 9i|da,u)) where M > 2, which
will be demonstrated in the following.

Define S = {(r,0)|r > 0,0 € [0,27)} as the set of all
possible RIS locations. Let S(¢s,,J) € S denote the set
of potential RIS locations, such that signals transmitted from
location J._; can be received by RIS at J. and then relayed
to those potential RIS locations, assuming no signal blockage
and that the orientation of the RIS at J. is ¢, . Therefore,
according to the law of total probability, P(b’}") can be given
by

P(b7)

bf:zjn]”gQ)

bM 1| Q)

Cla,n] la,n]

(43)

shares
term

Therefore,

|
LPJehgs(‘PJe,J)
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S ~m—1 Je
P( ﬂ ClJ,4] N b?}yj] PJes gS(LPJeyJ))) . 44)
jES((pJE :J)

1

For ease of notation, let ¢ {ps.}seu,3, and gt =

{géinﬁ,J)}JGUiJi' Then we have

N o)
Jeu;J;

:El(
(e

JEU@Jz S(ng

e Y ( Jj]mb[]j "P g )

e"])

(45)

With notation ¢? = {¢;.}se3, and g% = {gs(w iex
we have

IR

i JedJ;

= | R
i

P( N C[J,ﬂU(C[JJJﬂbﬁ}]l)‘w27g2))- (46)
JeJ; Jj€
S(eged)
Similar as the calculation in_(43), we can show

P(Nyeu,s 077 > 1L P(Nyey, b1 in order to show

P(Nyeu,, b)) > I, P(ﬂJGJ b7). In other words,
we only need to show P(yc, 5, %) > TI, P(Nyes, )

show P(ﬂiEQ AM(DM,T2,91|da,u)) >

HZEQ (AM(DMuriue"da u))
Let S(Dy, Je,j) represent the event that the Z# =

in order to

> Dj.

Therefore, the expression of P (bo) can be formulated simi-
larly to that in (44) as follows

P(b})
:Ez,pJe (P( m Llos(']ea.j)mS(DJ"]&j)‘(pJe))'
je{u}n
S(egesT)
“47)
Similar ~as the processing in (45) and (46),
we have P((;c, 3, b)) > [T P(Nyes, %) since

(m.]eul lLIOS(Jev ) > H P(ﬂJeJ Lios(Je, j)) accord-
ing to (11). In other words, P(ﬂZeQ Ay (D, i, 05 |da,u)) >

[Licq P(Ap (D, 7i,65]da,u)) can be proved.

APPENDIX B
PROOF OF LEMMA 5

To interpret Aps(Das, 7, 0| R), let Inr—p (D, i, R) denote
the event that there is at least one (M —m)-RIS link between

the user and a given location for RIS m. This link must satisfy

£ [T, G=(67)Gs (0D T h 1 9i
M+1 d2

the condition o > D according

to (17). Herein, R is the diisTéancle between the user and this
location for RIS m, and «,, € [0,7] is the angle between
the link from RIS m to the user and the link from RIS m to
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Fig. 13. Illustration of an RIS-assisted link for proof of Lemma 5.

the previous device (RIS (m — 1) or the AP) as illustrated in

Fig. 13.

Let ¢,, denote the angle between the orientation of RIS m
and the link from RIS m to the user as illustrated in Fig. 13.
Then, the probability of event Ap;(Dpy, 7, 6|R) occurring is
given by

P(Ap(Dy,7,0|R))
— 1w ARPu(r) [ 10

x P(IM_l(%rz, aa(r,0, R), d(r,0, R))>d$
© 4 APy, (r) /0 " ha)

< By, (PUar 1 (202, 001,60, B), dr, 0, B))|on) )

(48)
where fg(xz) is given in (2), and (a) comes from
the law of total probability. Let Whr_.,(D,a, R) =
Eg,, (P(I-m(D,a,R)|¢m)).  Then Wi (D,a, R)

depends on the type of utilized RISs, which is given as
follows.
(1) R-RISs: Let 7740; denote if RIS m has a proper orien-

tation ¢, to face towards the previous device (RIS (m — 1)
or the AP) given a,, such that
. T — Qp T+ Qp
o — 1, if ¢, € ( + Qs 5 + am),
om 0, otherwise.
49)

Then we have

P(Ip—m (D, oy R)|pm)

=g, (1-P( N

r€(0,00),
0€(¢pm — T2 ¢, — T

(@
g (1- 11 P(Ay (D, 7, 0IR)))

AM—m(DaTa G‘R)))

re(0,00),
0 (bm — THLL gy — T 20
= ng (1 - H exp ( - ,UTAhP)los (T)
r€(0,00),
0€(pm — THEL g, — Ty

2

o0 Dr
y /O Fo @ Wit (P (.0, R), d(r,0, R))dr)
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—ar

G — T
=g, (1 — exp ( - / .
_rtor

o0 Dr?
X fg(x)WM—m—l( —
0

/ ,urPlos (T)
0

aq(r,0,R),d(r,0, R))

xrdedrds)), (50)
where (a) comes from Lemma 4. Furthermore,
War—m(D, a, R) can be calculated as follows

Wai—m(D,a, R)
= Es,, (P(Iat-m(D: 0, R)[ém) )
tar T—apr
1 qu_i
= — ’ (1 — exp ( - / )
2w atTser b — TEOE
[k [
0 0
Dr?
fg(m>W1V1*m*1(77 O‘a(rv g, R)? d(?", 0, R))
x rdzdr d9))dq§m
War ar (- ) /‘““*;""
2 27 P o T—ay
- 7'?72@7‘
Pios(
(/ ntap A HrLos / fg
m — Th
Dr 2
><I/VM m— 1( a(T,H,R),d(T,G,R))
x 7 da dr d9)d¢m), (51)

where (a) comes from Jensen’s inequality. Then the result
in (35) can be acquired.

(2) T-RISs: Since T-RISs can redirect signals to both sides,
then 7, %m is given by

1, if ¢ € (L;O‘T +am, T U
A _ 3T — 31+
i = AT 0, T ),

0, otherwise.
(52)

Then Wiy _, (D, a, R) can be calculated as follows

W]\/Ifm(Da «, R)

Ttoar
(1 —exp(

1 [fot—s
-
¢m/_7r72(x7. 00 00
—/ ueros(r)/ fq(z)
rie Jy 0

2
X Wy—m—1(—— . aq(r,0,R),d(r,0,R))rdxdrdfd
¢m77r72a7ﬂ 47
_/ / :U’TPZOé / fg
m77r+2a7w+ﬂ_ 0
2

X Wit —m-1(——, aq(r,0,R),d(r,0, R))

xrdedr do) )dgy,
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(2 o

xp(
a+7r+ r oo — 2 oo
- 7/ / / ,Urlplos('r)
T™— ar ¢m771'+2a7~ 0
Dr?
< @ Warme (P
0
X rdzdrdf
dm— 5L+ poo 00
_/ / MrPlos(T)/ fg(x)
—rtor 4 Jo 0

m
2

Dr
X War—m—1(—,

T

(r,0,R),d(r,0, R))

aq(r,0,R),d(r,0,R))

xrdedrdo)dgy, ), (53)

where (a) comes from Jensen’s inequality. Then the result
in (37) can be acquired.
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