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Abstract—Reconfigurable intelligent surfaces (RISs) have been
a promising technology to maintain connection performance for
millimeter wave (mmWave) communication in non-line-of-sight
(NLoS) case by providing an indirect link between access point
and user. In this paper, we explore the advantage of multi-RIS
deployment to improve connection probability in a scenario with
randomly distributed obstacles by solving a modified thinnest
covering problem. Optimal RIS deployment in 3D scenario up
to six RISs and selection of RIS number based on room size
are investigated analytically. A heuristic optimization method
of RIS size and orientation is also proposed to guarantee
adequate received signal strength. The proposed deployment
strategy is validated by simulation that connection probability
is significantly improved with only very few RISs.

Index Terms—millimeter wave, multi-RIS deployment, stochas-
tic geometry, connection probability

I. INTRODUCTION

The reconfigurable intelligent surface (RIS) is an emerging
technology that can provide a link between transmitter and
receiver when the line-of-sight (LoS) path between them
is blocked [1]. RIS deployment is a promising approach
to improve network coverage in the presence of obstacles,
especially for millimeter-wave (mmWave) signals that expe-
rience high penetration loss [2]. In view of its promising
features, extensive research has been conducted on improving
performance of RIS-aided networks in various scenarios by
optimizing beamforming for RISs and transmitters, especially
given fixed RIS locations [3] [4].

To optimize network-level metrics, RIS placement is an
important problem since RIS locations have a significant
impact on overall performance. Unfortunately, this is a com-
plicated non-convex optimization problem with a complexity
that sharply increases with the number of RISs. The majority
of existing works focus on single-RIS placement optimization
to fulfill various objectives [5] [6] and only a few consider
multi-RIS placement. In [7], throughput improvement of a
multi-user cell is considered by placing multiple RISs using
a ring-based scheme, while in [8] locations and orientations
of multiple RISs are optimized in a 2D scenario with fixed
obstacles. To our knowledge, there is no research on optimiz-
ing RIS placement in 3D scenarios with randomly distributed
obstacles, which is the problem considered herein.

In this paper, we propose a multi-RIS placement strategy
to maximize the minimum connection probability in an in-
door scenario with randomly distributed obstacles. Connection
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probability is defined as the probability that an unblocked link
exists between the access point (AP) and a user, where an
unblocked link is either an unobstructed LoS path between
the two or an unobstructed LoS path between the user and an
RIS together with an unobstructed LoS path between the RIS
and the AP. Connection probability is optimized in this paper,
because in small to medium sized rooms, any connection will
result in a high data rate link in the mmWave band, while no
connection obviously means no communication is possible.
The main contributions of this paper are:

o RIS placement in 3D scenario is derived to maximize
minimum connection probability given room dimension
and the number of RISs, and

o the number of RISs needed to improve connection prob-
ability is investigated; i.e. the relationship between RIS
number and room dimension is derived analytically or
numerically in different scenarios.

II. SYSTEM MODEL

In this section, the RIS model and stochastic obstacle
distribution used in the paper are introduced.

A. RIS pathloss model

When the LoS link between AP and user is blocked, an
indirect link where RIS reflects the signal from the AP to
a user can be used to maintain connection, as illustrated in
Fig. 1(a). Let P, A\, G4, Gy, N, and G,;5(0) denote the
transmit power, wavelength of carrier frequency, antenna gain
of the AP, antenna gain of users, the number of elements in an
RIS array, and normalized radiation pattern of an RIS element
at direction 6, respectively. Herein, the normalized radiation
pattern is chosen as G5(6) = cos(6),0 € (=%, %), which is
widely used in reflectarrays [9]. For an indirect link where an
RIS reflects signal from the AP to a user, the power received
by the user is given by
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where A is effective aperture of one RIS element, r,., and 7.,
are the distance between an RIS and the AP, and between an
RIS and a user, respectively [10]. Herein, A is chosen as the
area of one RIS element which is % X % The number of RIS
elements N and the RIS orientation can be adjusted to achieve
adequate signal strength in a targeted area.
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(a) Indirect links assisted by
RIS

(b) Stochastic geometry model

Fig. 1. Illustration of system model

B. Stochastic obstacle model

We follow numerous prior works on stochastic geometry,
e.g. [11], and model obstacles as random cuboids whose
centers are located within a targeted area according to a
homogeneous Poisson point process (PPP) with density A,.
Assume that length L and width W of obstacles are uniformly
distributed random variables with expectations of F(L) and
E (W), respectively, and the angle between an obstacle and the
x-axis is a random variable uniformly distributed between 0
and 27. Besides, let i, (h) be the probability density function
of obstacle height H,. Let H;, and H,, denote the height
of the transmitter and receiver, respectively. Then, according
to [11], the connection probability of a path with horizontal
length R between a transmitter and receiver in 3D scenario as
shown in Fig. 1(b) is:

Pios(R) = e~ *(BR+P), )

where § = M ,p=AE(L)E(W), and « is a
scaling factor determlned by the distribution of obstacle height
as follows:

1 sHygz+(1—s)Hyy
a=1- / / fu,(h)dhds. 3)
0 0

Assume that H, is a uniformly-distributed random variable
over interval [a,,b,], and the transmitter height is larger than
the receiver height, i.e. H;, > H,,. Then, the scaling factor «
of the link between transmitter and receiver can be calculated
as:

1,if Hyp < Hyp < ao,

(Hw*an)
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III. PROBLEM FORMULATION
A. Basic Assumptions

In subsequent analyses, a 3D scenario of a rectangular room
with width k£ and length ak (a > 1) is considered. Let hg, h,.,
h,, be the height of the AP, RISs and users, respectively. It is
assumed that a fixed AP is located in the center of the room

near the ceiling with location p,, = (’2“7 “2k , ha), and RISs are
placed around the AP to improve connection probability in the
room. Obstacles are modeled based on stochastic geometry

introduced in Sec.II-B.

B. Problem Statement

In a room with specific dimensions, it is assumed that
a user is randomly located and will connect to the AP by
either a LoS link between itself and the AP, or an indirect
link through reflection from an RIS to the AP. Then the
connection probability of a user assisted by RISs is defined
as the probability that there exists an unblocked link to the
AP, either via the direct LoS path or via an indirect link.
Considering randomness of user locations, our objective is
to maximize the minimum connection probability over all
possible user locations in a target room by placing N,.;s RISs.
The problem can be formulated as follows:

QNms - argma‘x mln P(pu7QNT15) (5)
Qn,.,. PuEP

where Q. is the set of all RIS locations, p, € R'*? is
the 3D location of the user, P is all possible user locations in
a room, and P(p,,Qy . ) is the connection probability for a
given user location p,, when the set of RIS locations is Q y . .

The challenge of the above problem includes two as-
pects. First, there is no closed-form expression of connection
probability, especially in a scenario with densely distributed
obstacles. According to [12], the connection probabilities of
different possible links for one location are approximately
independent of each other in scenarios with sparse obstacles,
but the independence assumption does not hold for a dense
obstacle distribution. Second, it is still intractable to derive
closed-form optimal RIS locations, even if we utilize the
above independence assumption to simplify the connection
probability as follows:

P(pua QNMS) =1- (1 - eiaﬂ?(ﬁ"‘a:D#’p))
Nr'is
X H (1 e*ai(,@rﬁp)) (6)
i=1

where 7, is the horizontal distance between the user and the
AP, r; is the horizontal distance between the user and the ith
RIS, a; and oy are the scaling factors defined by Eq. (3).
The complexity of the above problem rises sharply as N,
increases.

IV. DERIVATION OF OPTIMAL RIS PLACEMENTS

In this section, optimized RIS locations to improve connec-
tion probability are given by interpreting the intractable RIS
placement problem as a modified thinnest covering problem.
Selection of RIS orientation and number of RIS elements is
also demonstrated to guarantee proper signal strength in a
target area.

Let gq; € R'*? denote the location of the ith RIS in X-
Y plane, Q,, = {q1,95,--,q,,} represent the set of all RIS
locations when n RISs are deployed.
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A. Modified thinnest covering problem

To make the problem tractable, we adopt the following
assumptions to simplify the problem in Eq. (5). First, the
AP and all RISs are placed on or near the ceiling so that
they are higher than all obstacles. The reason for this is that,
given a fixed horizontal distance between RIS and user, the
LoS probability increases as the height difference between an
RIS and a user increases according to Eq. (2). In addition,
the LoS probability of the paths between the AP and each
RIS is 1 if they are above all obstacles, which increases the
connection probability of indirect links. Second, the user will
choose the nearest device, either the AP or the closest RIS, for
transmission. In other words, the user will choose a link with
highest connection probability based on the first simplification,
since such links play a dominant role in the overall connection
probability. In this case, the original optimization problem
turns into a tractable one as follows:

QN = argmax min max P.(p
Nrie =08 T pLeP ke{ap,1,20,Nyis} (P.)
T8
BRy K
: —C(5ruk 4 o2
= argmax min max ¢ O T L)
Qy . Pu€Poke{ap1,2,.. Nyis}
18
. . BRuy.k P
= arg min max min LA )
Qy . Pu€Poke{ap,1,2,..,Nris} th,k Ht:z:,k
1S
b2 —a? . .
where C = s2—2<, Py is the set of all possible user
2(bo—ao)

locations with height Om, Pj(p,) denotes the connection
probability of the link between a user and the AP or a user
and the kth RIS, R,, ;, denotes the horizontal distance between
a user and the AP or the kth RIS, and Hy, ; is the height of
the AP or the kth RIS.

This problem remains difficult to solve when there are
multiple RISs for general room configurations. Fortunately,
it can be turned into a modified thinnest covering problem
if the room is rectangular [13] [14]. The aim of the classical
thinnest covering problem is to find locations @Q »; of IV equal-
sized circles with minimum radius to cover a given rectangular,
which can be defined as:

Qy = argmin max min
Qn PnEP ke{12, N}

Tk ®)
where 7y, ,, is the distance between the center of the kth circle
and point p,, which is located in a given rectangle represented
as P’.

Compared with problem (8), problem (7) can be solved by
a modified thinnest covering problem, which is to place two
types of circles, one AP circle fixed in the center of the room
and N,;s RIS circles, so that all circles together cover the
targeted rectangular room. Note that all of these circles should
have the same 5}—: + %, where r is the radius of the circle and
h is the height of the corresponding AP or RIS. Since, by
assumption, the AP and the RISs are all placed on the ceiling,
i.e. at the same height, the problem is simplified to placement
of (14 N,;s) equal-sized circles with one circle in the center.

B. Multi-RIS deployment

In this section, we solve this modified thinnest covering
problem for different numbers of RISs and with different rect-
angular room dimensions to provide optimal RIS deployments
for the considered room configurations. Let 7, denote the
radius of AP and RIS circles when n RISs are present.

1) Two RISs: Given two RISs to cover the four corners (see
Fig. 2), there are three combinations: (1) one RIS covers A and
B and the other RIS covers C and D; (2) one covers A and D
and the other covers B and C; (3) one covers A and C and the
other covers B and D. For choice (3), the radius of RIS circle is
at least “AQ—CH, hence providing no radius reduction compared
with the case without RIS. Therefore, choice (3) will not be
taken into consideration. For choice (1) and (2), the best RIS

locations providing smallest circles are {(%, %), (3ak %)}
and {(%, &), (%, %)}, respectively. Since it is assumed that

a > 1, RIS locations in choice (1) provides smaller RIS
circles. Therefore, the optimal RIS locations for 2-RIS case
is Qy = {(%, %), (% %)}, And the radius of AP and RIS
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circle is 7o = 36—+

Fig. 2. Optimal locations of 2 RISs

2) 3 RISs: For three RISs, there are three type of layouts:
(1) one RIS circle covers A and B and each of the other two
RISs covers either of C and D; (2) one RIS circle covers A
and D and each of the other two RISs covers either of B
and C; (3) one RIS circle covers A and B, one covers C and
D, and the last one doesn’t cover any corner. Since choice
(1) is better than choice (2) due to @ > 1 and choice (3)
can not outperform 2-RIS case in Fig. 2, choice (1) is the
only feasible deployment. As shown in Fig. 3, there are two
possible layouts for choice (1), with difference in that only RIS
circles are adequate to cover the entire room if using layout
3RIS-1 illustrated by Fig. 3(a). Since layout 3RIS-2 illustrated
by Fig. 3(b) cannot outperform 2-RIS case in Fig. 2, layout
3RIS-1 is the only possible RIS deployment with optimal RIS
locations as follows [13]

k k 3 k1
Q?):{($3’§)7(‘r3+%azk)?<x3+%aik)}a (9)

where 3 = 4ka®=3k The radius of AP and RIS circle is

16a
Ty = ki\/lﬁtﬁl—gw [13].
To keep minimum radius, the optimal RIS locations when

there are three available RISs at most is as follows

. [Qsif1<a<15,
o2

10
Q,,if a > 1.5. (19)
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(a) Layout 3RIS-1 (b) Layout 3RIS-2

Fig. 3. Possible RIS layouts for 3 RISs

3) 4 RISs: Similar as in 2-RIS and 3-RIS cases, where four
RISs are deployed, there are three possible layouts: (1) each
of the four RISs covers one corner as in Fig.4(a) and Fig.4(b);
(2) one RIS circle covers A and B and one covers C and D
as in Fig.4(c) and Fig.4(d); (3) one RIS covers corner A and
B and each of any other two RISs covers corner C and D,
which can be replaced by layouts of three RISs and will not
be taken into consideration.

To keep minimum radius, the optimal RIS locations when
there are four RISs at most is as follows

Q7% if 1 <a < /3,
Phifv3<a<$
Q}ifa> 3,

Q" = (11)

where the optimal RIS locations for layout 4RIS-(a)-1, 4RIS-
(a)-2 and 4RIS-(b) are given by

a a, 3 a, 1
Qi ={(= 41a*k) (% ' *k)
(ak—xil,ik),(ak mjl,Zk)}, (12)
ak: 3k: ak k. ,3ak k. 3ak 3k
ok st k) Tl k) ok
Q4_{(10v2)7(1072)a(1052)7(10v2)}a (14)

where 2! = ak _ b /(2a—3)(2a+3).

RISA | [ ~RIS4 |
\é{ R N
R < 1S

(a) Layout 4RIS-(a)-1

D

(b) Layout 4RIS-(a)-2

(c) Layout 4RIS-(b) (d) Layout 4RIS-(c)

Fig. 4. Optimal locations of 4 RISs

4) 5 RISs: For five RISs, there are three type of layouts:
(1) one RIS circle covers A and B and one covers C and D
as in Fig. 5(a); (2) each of four RISs covers one corner as in
Fig. 5(b) and Fig. 5(c); (3) one RIS covers corner A and B
and each of any other two RISs covers corner C and D, which

can be replaced by layouts of three or four RISs and will not
be taken into consideration.

For layout (a) in Fig. 5(a), optimal RIS locations and
minimum circle size are [13]:

Qs = {(355» k), (228 + 1§, k), (225 +15,0),
(3z¢ + 2r¢, k), (5ag + 20, $k)},  (15)
7@ k3\/ 2+8 a
5 — )
3ak k

where 2§ = 5% — {5Va? + 8.

Layout 5RIS-(b)-1 in Fig. 5(b) and layout 5RIS-(b)-2 in
Fig. 5(c) are two similar cases which are used for different
room dimensions. For layout SRIS-(b)-1, the optimal RIS
locations are represented using RIS circle radius 2 as follows:

b1
50 ={(z1,11), (72, 92),

($170)7(ak_331>y1)7(ak—$27y2)} (16)
where
rb)2 k2
Tl = % - X Z) b )
Yy = k - - x12a
: - (17)
To = é\/ k 2 ( ) — x12)27
Y2 = % 5) — 112,

In order to get values of optimal locations, we have “7’“ —2x9 =

7. It turns out that ¢ is a root of Eq. (18). The optimal 72

should be the minimal value among real roots larger than g

(144 — 48a%)(r%)" + k(60a — 16a%)(r?)’ +

47 27 9 45
k% (4a®* — ZaQ — ?)(7‘5) — k3 (5a® + —a)rt+
9 4

4 16
45 81
k(= a>+ —)=0.
(167 T 327 T 256 =0
Similarly, the optimal RIS locations for layout SRIS-(b)-2

in Fig.5(c) are

(18)

19)
(20)

b, *
52 = {(x17y1)’ (xQ’yQ)a (.’171,0),

(ak - miyl)v (ak - 3527?/2)}
where 2] = % Y1, T2, Yo are defined as in Eq. (17) where x

is replaced by x%. It turns out that 72 is the minimum positive
real root of the following fourth order polynomial equation

()" = 2ka(rl)” + K (a® — 14)(r}) "~
2k3arl + k*(1 + a?) = 0. 1)

By numerical simulation, a room can support layout SRIS-(b)-
2 if a < 1.9832, while layout 5RIS-(b)-1 if a > 1.9832.

To keep minimum radius, the optimal RIS locations when
there are five RISs available at most is as follows

22 if 1 < a <=1.9832,
QY',if 1.9832 < a <= 2.7946,
Q3,if 2.7946 < a < 3V/3,
Q),if a> V3.

Q5 = (22)
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(a) Layout 5RIS-(a) (b) Layout SRIS-(b)-1

B O

(c) Layout SRIS-(b)-2

Fig. 5. Optimal locations of 5 RISs

5) 6 RISs: For six RISs, there are three type of layouts:
(1) each of four RISs covers one corner as in Fig. 6(a); (2)
one RIS circle covers A and B and one covers C and D as
in Fig. 6(b)-6(d); (3) one RIS covers A and B and each of
any other two RISs covers C and D, which can be replaced by
layouts with fewer RISs and will not be taken into account.

To keep minimum radius, the optimal RIS locations when
there are six RISs available at most is as follows

Qiif 1 <a < 1115
boif VIS < g < T3,
Qg,if a > T8,
where the optimal RIS locations for layout 6RIS-(a), 6RIS-(b),
6RIS-(c) are given by
a o 3k o k. ak
QG - {(‘Tﬁv Z)v (va Z)v (?a 0)7

Lk . 3k, ak
(ak_vaZ)v(ak_xG?Z)’(Eak)}a

k
Qg = {(CCZ7 5), (2‘7;2 + ’1"87 k)v (ng + 7‘8, 0)’

k
(4302+3Tg,k),(4xg+3rg,0),(ak—xg,§)},
ak k. 3ak k. bak k
G G ) Gg),
9ak k. 1lak k., ,13ak k
Gl G )b

where 2§ = % — %, /a2 4+ 3 and 2§ = 3% — £\/a2 1 5.

C. Optimization of RIS size and orientation

Qs = (23)

(24)

(25)
Q5 =

(26)

In previous sections, RIS locations are optimized to improve
connection probability in a targeted room. To ensure that
RISs can provide adequate reflected power to cover the entire
room, orientation of each RIS is first selected with the aim
to maximize the minimum received power in Voronoi regions
of this RIS considering a Voronoi digram formed by all RISs
and AP, then the number of elements on each RIS is selected
to guarantee received power is larger than a predetermined
threshold P, in the same region. Let normal vector per-
pendicular to the ith RIS array represent RIS orientation as
n;(0;,¢;) = [sin(0;) cos(g;),sin(6;) sin(¢; ), cos(6;)], where

(a) Layout 6RIS-(a) (b) Layout 6RIS-(b)

(c) Layout 6RIS-(c) (d) Layout 6RIS-(d)

Fig. 6. Optimal locations of 6 RISs

0; € [0,7] and ¢; € [0,2x]. Then the optimal orientation for
the ith RIS is given by

{6;,¢:} =  argmax min  P,.(n;(0;,¢:),p,), (27)

0,€[0,7],0;€[0,27] Pu€Pu.i
where P, ; is set of all points in the Voronoi region of the
ith RIS, and P,(n;(6;,¢;),p,) is received power at user
location p,, given the ith RIS orientation n;(6;, ¢;). Given
the optimized orientation m; of the ith RIS, the number of
elements on this RIS is determined based on Eq.(1) as follows

2567212, 12, P
max > D 1, (28
puep“""’ PtGaGuGris (en?)Gris (enjp))\4
where 6F ~ denotes angle between orientation n; of the ith RIS
and the direction from the ith RIS to point p.

Ni:’—

V. NUMERICAL RESULTS

In this section, we quantify the minimum connection proba-
bility (MCP) improvement for different room dimensions and
obstacle densities when RIS locations, orientations and sizes
are optimized with the strategies derived in Sec. IV.

The following parameters are fixed for all results in this
section. The operation frequency is 60GHz. The equivalent
isotropically radiated power (EIRP) of the AP is 43 dBm, and
the minimum received power threshold at a user is Py, = —78
dBm. The room size parameter £ = 10m, and RISs and the
AP are placed on the ceiling with a same height 3.5 m. The
height of users is assumed to be below 1m. The obstacle height
is uniformly distributed in the range of [a,,b,] = [0, 3], and
E(L)y=2mand E(W)=1m.

First, in Fig. 7, we evaluate MCP vs. room length for
two different obstacle densities. Generally, the results show
that RIS benefits are larger when obstacle density is higher
and when the room dimensions are unequal (longer room
vs. square room). For the higher obstacle density, MCP is
improved by about 40% with 6 RISs even when the room is
square (¢ = 1). When the room dimensions become highly
unequal (a = 5), the MCP is more than 5 times greater with
6 RISs than without RISs. For the lower obstacle density,
improvement is relatively modest for the square room, because
MCP is already quite high but significant improvement still
results for non-square rooms. Comparing different numbers of
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RISs, we see that, in general, deploying an odd number of RISs
does not improve MCP compared to one fewer RIS. Thus,
in general deploying an even number of RISs is preferred.
However, in square or nearly square rooms, there is a very
modest benefit to odd deployments.
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Fig. 7. Minimum connection probability vs. room length (room width = 10m)

Next, in Fig. 8, we evaluate MCP vs. obstacle density for
two different room lengths. The results confirm those from
Fig. 7 and extend to extremely high obstacle densities. We still
see the most improvement from RIS deployment for higher
densities and non-square rooms, and also the preference for
an even number of RISs. However, here we also see that, once
the obstacle density becomes extremely high, a satisfactory
MCEP can still not be achieved even with 6 optimized RISs.
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Fig. 8. Minimum connection probability vs. obstacle density

Finally, we investigate the required RIS size to provide
adequate signal strength. Here, for each RIS in a given optimal
configuration, we first calculate its optimal orientation from
Eq. (27) and then we determine the minimum array size
to meet the required received power threshold of -78 dBm
using Eq. (28). Fig. 9 shows the results. We first note that,
for the room sizes shown, none of the array sizes exceed
1,000 elements, which means a typical array size of 32x32 is
sufficient to provide the necessary received power. Smaller
arrays, such as 16x16 will suffice for rooms up to about
10mx20m with 4 or 6 RISs. As expected, with a smaller
number of RISs, larger arrays are needed because each RIS is
covering a larger area. This leads to a general conclusion that a
larger number of RISs is beneficial since that both reduces the
necessary array size and improves the connection probability.

VI. CONCLUSION

In this paper, optimal deployment of multiple RISs with ran-
domly distributed obstacles is investigated. The optimal RIS
locations given room dimension and available number of RISs
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Fig. 9. Maximum number of RIS elements among all RIS arrays vs. room
length (room width = 10m)

are derived analytically to improve connection probability
between the AP and users. A method to optimize RIS size and
orientation is also proposed to guarantee adequate received sig-
nal strength. Results show that the proposed RIS deployment
strategy significantly improves minimum connection probabil-
ity compared to not deploying RISs and also demonstrate that
deploying an even number of RISs is preferable since odd
deployments increase minimum connection probability only
marginally.
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