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Abstract—As a promising solution to deal with the blockage-
sensitivity of millimeter wave band and to reduce the energy
consumption caused by network densification, reconfigurable
intelligent surface (RIS) shows good potential in improving
the network performance. However, deploying large scale RISs
leads to non-negligible reflection of interference, which may
reduce the performance gain brought by RISs. In this paper, we
investigate the coverage, spectrum efficiency and energy efficiency
performance of a downlink directional transmission network
with the aid of RISs using stochastic geometry. The numerical
results show that deploying suitable density of RISs enhances
the network performance while overly dense deployment brings
performance degradation. We also find that the optimal RIS
deployment fraction is a monotonically non-decreasing function
of the blockage density and is monotonically non-increasing
functions of the base station density and the beamwidth, which
indicates that the deployment of RISs should be properly de-
signed according to the network status instead of ‘the more, the
better’.

Index Terms—Reconfigurable intelligent surface, directional
transmissions, stochastic geometry.

I. INTRODUCTION

As the needs for data-rate, seamless coverage and en-
ergy efficiency (EE) of the wireless communication network
are ever increasing, some technologies attract researchers’
attention, including millimeter wave (mmWave), ultra-dense
network (UDN) and massive multiple-input multiple-output
(MIMO). Yet the coverage demand can not always be met
since mmWave is sensitive to the blockages due to its short
wave length [1]. Also the energy consumption owing to
network densification is still one of the vital problems to
be solved [2]. Reconfigurable intelligent surface (RIS) is one
of the promising technologies to deal with these problems
due to its deployment flexibility and low energy cost char-
acteristic. RIS is a near-passive transmission device, made of
electronically controllable electromagnetic material, and the
radio environment can be changed through adjusting the phase
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shifters [3]. When the RISs are used to provide reflected
line-of-sight (LoS) links to the blocked users, the network
coverage hole can be filled in, and the energy consumption
can be reduced as compared with deploying equal amounts of
base stations (BSs) or relays [4]. However, when the RISs are
widely deployed in the network, the reflection of interference
can not be neglected. Although the utilization of beamforming
reduces the interference in the UDN network, how directional
transmissions behave in the RIS-aided network is yet to study.
Therefore, in this paper, we research the coverage, spectrum
efficiency (SE) and EE performance of a downlink RIS-aided
directional transmission network.

Among related works, ref. [5] considers a downlink RIS-
aided non-orthogonal multiple access (NOMA) network, in
which interference coefficient is used to approximate the actual
reflected interference, and the results show that the achievable
rate highly depends on the size of RIS. In [6], RIS passive
beamformer is designed in order to cancel the interference
and the performance analysis is derived. The results indicate
that the SE and EE can be enhanced by increasing the number
of RIS meta-surfaces. Ref. [7] considers a scenario that a part
of the blockages in surroundings are co-located with RISs.
However, it only investigates the coverage probability based
on the path loss, while beamforming and interference are not
considered. Ref. [8] studies coverage probability based on
signal-to-interference-and-noise-ratio (SINR) in an RIS-aided
mmWave network with uniform linear array (ULA) equipped
in BSs and users. The network performance of two kinds of
antenna schemes are analyzed respectively, in which the beam
direction of the user can be either towards BSs or towards
RISs. Ref. [9] also considers the ULA beamforming model
and a total density constraint of BSs and RISs. Additionally,
a two-step association scheme is proposed to minimize the
uplink path loss from the serving BS to the RIS. In [9],
the RISs are assumed to be deployed with a certain height
and downwards to the ground to avoid multiple reflections.
To the best of our knowledge, network performance analysis
considering reflection of interference, sectored antenna model
and association scheme based on average received desired
signal strength is still missing. The contributions of our work
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can be summarized as follows:

- We consider a downlink RIS-aided network with direc-
tional transmissions. Especially, the reflection of inter-
ference is considered in our model. The expressions of
network performance in terms of coverage, SE and EE
are derived via stochastic geometry. We adopt a sectored
antenna model to approximate the real beam pattern and
an association scheme based on average received desired
signal strength. The sum-distance path loss function is
adopted for reflection in the mmWave band. And a
distance-dependent LoS/ non-line-of-sight (NLoS) link
model is used to imitate the sensitivity of mmWave to
obstacles.

- The optimal RIS deployment fraction to maximize the
network performance is found to be exist through the
numerical results, which indicates that we should deploy
the RISs properly instead of deploying as much RISs as
possible.

- Additionally, network performance w.r.t RIS deployment
fraction, blockage density, BS density and beam pattern
are investigated and the characteristics of the optimal RIS
deployment fraction are discussed. We observe that the
optimal RIS deployment fraction is a monotonically non-
decreasing function of blockage density, and is mono-
tonically non-increasing functions of BS density and
beamwidth.

The rest of the paper is organized as follows: the system
model is elaborated in Sec. Il and the theoretical results of
system performance are derived in Sec. III. The discussions
of the results are in Sec. IV and the conclusion is in Sec. V.

II. SYSTEM MODEL

We assume that the locations of the BSs follow a homo-
geneous Poisson Point Process (HPPP) ®p5 = {B;} € R?
with density \pg. The blockages are modeled as line segments
with equal length [, whose center points form another HPPP
bp;, = {L;} € R? with density Apr. The angle between
blockage L, and the x-axis is denoted as w;, which is assumed
to be uniformly distributed in [0, 27) and independently and
identically distributed (i.i.d) for each i € ZT. Therefore, the
LoS probability of any path with communication distance r is
pr(r) = exp(—pfr), where 8 = 2”‘% [1]. Let I (r) be the
LoS indicator function of an arbitrary communication path
with distance r, and we have:

)1 wp.pr(r)
L) = {0 w.p. 1 —pr(r). M

A fraction of the blockages are co-located with RISs and RISs
are deployed on one of the two surfaces of the blockages.
The set of center points of RISs ®r = {R;} € R? is a
thinning HPPP of ®p;, whose density is Ap = puApy with
RISs deployment fraction p € [0, 1]. To be notice, multiple
reflections are not considered.

For a BS-user equipment (UE) direct link, the path loss
is Py(rpu) = rpp» where «a is the path loss exponent and

rpy is the distance between BS and user. For a BS-RIS-UE
reflected link, since the size of RIS element is sufficiently
large as compared with mmWave wavelength, the RIS is
considered as an ‘anomalous mirror’ and the sum-distance
path loss function is adopted [10]. On the other hand, signal
suffers energy loss from reflection on RIS due to non-ideal
characteristics of device. The reflection power attenuation
coefficient is denoted as 7. Thus, the path loss of a reflected
link is P.(rgr + rrv) = Y(rgr + rru) %, where rpgr and
rry are the distance between BS and RIS and the distance
between RIS and user, respectively. Therefore, the equivalent
link distance of a reflected link is the sum of distance of
BS-RIS link and RIS-UE link. We assume an i.i.d. Rayleigh
fading, denoted as h ~ exp(1), for an arbitrary link for
tractability.

ABS eUE ——RIS ——Blockage ) BS beamforming pattern
UE beamforming pattern -+ Sectored antenna model
— Direct link - > Reflected link —> Direct interference - —» Reflected interference

Fig. 1: Direct link, reflected link and interference in the RIS-aided directional
transmissions.

We approximate the beamforming pattern to a sectored
antenna model with negligible side-lobe gain, as illustrated
in Fig. 1. The beamforming pattern is determined by the main
lobe gain N; and beamwidth 6; with j = {B, U} representing
BS and user, respectively. The N; and 6; satisfies the equation
N;0; = 2nP;, where P; is the transmission/received power
for j = {B, U}, respectively. The power consumption of an
RIS aroused by the phase shifters is Pr. Without loss of
generality, we focus on the performance of a typical user,
which is located at the origin. The beam directions of the
typical user and its serving BS are aligned with each other
in their direct link, while their beam directions are aligned to
the RIS in the reflected link as shown in the Fig. 1. Overall,
the total beamforming gain from the serving BS to the typical
user is Np Ny . Similarly, the total beamforming gain G from
an arbitrary interfering BS, either a direct interfering BS or a
reflected interfering BS, to the typical user has the following
distribution:

00U

G:{NBNU Ww.p. ) (2)

0 w.p. 1 — 2800

Additionally, we assume the RIS does not provide power gain
in the reflection as power amplifier is not equipped.

The typical user associates to the serving BS according to
the highest average received desired signal strength policy, i.e.,
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choose a feasible LoS link with the lowest average path loss.
The feasible LoS link includes two types: 1) feasible LoS direct
link: the LoS direct BS-UE link; 2) feasible LoS reflected link:
both BS-RIS and RIS-UE links are LoS. Additionally, the
typical user and the serving BS are on the reflection side of
the RIS. Therefore, the serving BS B* satisfies the following
condition:

g max
B;€®ps

max ( TB Pd TB max]IL(rB Rk)HL(TRk)(SB RkP (TB,iRk—FTRk) 5
B;€®pg LED
3

where rp,, rr, and rp,r, are the distances between the
typical user and BS B;, the distance between typical user and
RIS Ry, the distance between BS B; and RIS Ry, respectively.
And 0p,r, =1 represents that a feasible reflected link exists,
composed of the typical user, BS B; and RIS Rj. Otherwise,
0B, R, = 0. The probability distribution of ¢ 5, z, Will be given
in the next section.
The received SINR of the typical user is:

NeNyh [Ip(rg=)Pa(rp=)+(1—15 @ B") Pr(rer*+7Rr*)]

INR =
S R 02 + Id + -['r ’
4)
where
R'= argmax [y, (TB*Rk:)HL (rRk)éB*Rk P?“(TB*RIJFTR;CL 5)
RLEe®R
Id = ]IL(TBi)Pd(TBi)Gh, (6)

i:B;€®ps\{B*}

I. = Z Z Ie(rs, v, IR, )0BR, Pr(TB,R, 7R, )Gh.
i:B;€dp\(B*} kiRpEdp

@)

Here o is the noise power normalized by the transmit power,
and R* is the serving RIS when a reflected link is chosen
by the typical user for association. While I; and I, are the
interference caused by the interfering BSs through direct links
and reflected links, respectively.

III. THEORETICAL RESULTS

In this paper, the main performance metrics are as follows:

i. The coverage probability P = P[SINR > T]|, which is
the probability that the received SINR of the typical user
exceeds a threshold.

ii. The constrained area spectral efficiency (ASE) A =
ApsE[logy(1 + SINR)I{SINR > T}|, which is the
average throughput per unit area and frequency, where
I{-} is the indication function.

iii. The EE € = A/(ApsPp+ ArPg), which is the through-
put per unit power and frequency.

Since the expression of constrained ASE can be directly
obtained form the coverage probability as:

ABs

=15 P[SINR >e" —1]dt +Apslog, (1+T)P[SINR > T],

In(147")
®)

and the expression of EE can be obtained sequentially, we
mainly focus on the derivation of coverage probability in the
following parts.

According to our association policy, there are three kinds
of association modes: 1) BS-UE direct association; 2) BS-
RIS-UE reflected association; 3) user does not have any
available association BS. We denote the probability of this
three situations as Xy, A, and Xp, respectively. The following
expressions can be obtained from [7] with some variable
modifications:

Xo = exp <— 27TABS -

/O oo(pL(U)+(1—pL(u))<1—eXp(—)\R/_ : /0 ;O(u,v,w)ududw))) udu),

)
Xd :/00;4(7“) eXp<727rABs/0C(T*

szl—Xo—Xd,

pr(uw)Fr (1"’\/é , u)udl) dr, (10)

an

where

fa(z) =2mxzABsexp (—Bm—Zﬂ')\Bsi(l —(Bz+ l)exp(—ﬂcc))) ,

Ba
(12)
-'172711/2
1— _ 7 [ 2(e—ucos), i o>
oo u) = exp( ARfoo g(u,v,¢)vdvd¢> if z>u 7
0 otherwise
(13)

with

g(u, v, ) :%pL(v)pL(\/iﬂ—i—vQ—?uv cos(d})) .
v — ucos()

o 14)
)

The function g(u, v, 1)) is the probability that the reflected LoS
link is feasible, which means the BS and the typical user lie
on the reflection side of the RIS and the reflected link is LoS.
It also reveals that the probability distribution of dp, g, is :

7LC0571( v—u cos(1p) >
2m 2402 —2uw cos(v)
-1 v—u cos()
Vu4v2—2uw cos(¥)
where the distance between the BS B; and the typical user is
u, the distance between the RIS Ry and the typical user is v
and the angle between the UE-BS link and UE-RIS link is .
The function f4(x) is the probability density function (PDF)
of the distance between the nearest LoS BS and the typical
user. The function F.(x,u) is the probability distribution of
the distance of the shortest reflected link condition on that the
distance between the typical user and the association BS is

(15)
0 wp. 5+ i cos
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Theorem 1. The coverage probability of the RIS-aided mmWave network with directional transmissions is

e} T 2
P:Xd/ exp(— 7
0

where the functions L5, L, L] and L7 are given by

— —  _\rdrd rdr+XT/ooex <_
NBNUPd(T)) I I,,,fd< ) 0 p

TUZ T T
NBNUR(t)> 7, L7 fr(t)dt,

ﬁ?d = exp( 27‘()\35/ GBGU TPd(Ti)pL(Ti)) T»;dT’»;) 5

472 Pd( )—|—TPd( ;

)T P, \/r —&—rk — 27T cOS Y + Tk

d it it aBeU g 7"7,,7’k7
L7, =exp | —27ABs 1—exp|—27Ar 5
0 - 4 (r)+ TP ( \/r +rk72mmcos¢)+m

939U T Py(ri)pr(ri) redr
-1 4n2 P.(t) + TPa(r:) ‘)

E’}d = exp (—27‘[’)\35/

ty

rkdrkd¢>> ndri> ,

)T P, \/r +rk — 21T COS Y + Tk

r e it eBeUg Tz,’rlw
Ly, =exp [ —2mABs 1—exp|—27ARr 5
0 - 4m () + TPy ( \/7" + 12 — 2rirg cos Y + 1)

2 1/ay2
where R = max ri—(ry’?)

given in equalities (10), (11), (12) an
Proof. See Appendix A.

(16).

—t

{W)—Vyuf)‘)’(j and R2 = maX{Q(r cosp—t)’

derkdd)) r,dri> ,

} The functions Xg, Xy, fa(x) and f.(x) are already

u. Similarly, the PDF of the distance of the shortest reflected
link is calculated as:

0

fr(z) =27ABs exp(—27r)\35/7(:1—pL (w) Fr(z, u)udu> .
(16)

® OF,(z,u)
/0 (1—pr(u) TUd%
where
OF,(z,u)
ox

222
=)\Rrexp —)\R/ /Q(m_“mswg(u,vﬂ/})vdvddj
—7m JO

/71’ 1'2 _ u2
u’ )
o g 2 (x —ucosy)

The full expression of the coverage probability is given in
Theorem 1 on the top of the page.

(x? — 2uz cosp 4+ u?)(z* — u?)
4(x — ucos)?

.
(17

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we provide some numerical results to evalu-
ate the system performance w.r.t key parameters, including
blockage density Apr, BS density Apg, RIS deployment
fraction p and beamwidth #p and 6y. The default system
parameters are: o = 4, v = 0.85, | = 15m, o2 = 1078,

= 3dB, Agg = 10BSs/km?, \g; = 500Blockages/km2,
Np = 20dB, 0p = 30degs, Ny = 10dB and 0y = 90degs.
For the energy consumption parameter, we assume Pp =
39.2dBm and Pr = 15dBm.

Fig. 2 shows the coverage probability, constrained ASE
and EE for different values of RIS deployment fraction and
blockage density. We find that the optimal RIS deployment
fraction, which is marked with star in the figure, increases
as the blockage density increases. When the blockage density
is small, e.g. Apr, = 1OOBlockages/km2, most of the users
in the network associates to the serving BS through a direct

]
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Fig. 2: Coverage probability P, constrained ASE A and EE & scaling with
RIS deployment fraction p under different blockage density Apy,.

link. Thus, deploying more RISs provides minor gain on
the desired signal enhancement, but the total interference is
greatly enlarged by the reflection. However, when the network
has intensive blockages and most of the BS-UE links are
blocked, deploying appropriate amount of RISs enhances the
performance notably as the RISs provide another communi-
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cation links to the NLoS users, and the impact of reflected
interference is compensated in comparison. Especially, EE
performance highly depends on the ratio Pg/Pgr, which
indicates that we should deploy more RISs when deploying
RISs is ‘energy-economical’. In addition, comparing Fig. 2(a)
with Fig. 2(b), the coverage-optimal RIS deployment fraction
is different from the ASE-optimal and the EE-optimal RIS
deployment fraction, which leads to trade-offs between the
coverage, SE and EE performance when designing the RIS
deployment policy.

1 T T T T
» I S N .
Lo > * P : ;
0.9,

L 4

» oy

=

§0.8

Q

[S

(%

(0]

€07 —0— )y = 5BSskm? |
[

é —+— \gg = 7 BSs/km®

—— )\ = 10 BSs/km®

o
o

2
Agg = 15 BSs/km
—P— Ay = 20 BSstkm?

0 0.2 0.4 0.6 0.8 1
RIS deployment fraction

(a) Coverage probability w.r.t RIS deployment fraction

161
09t
140 > *-
08 R
>
120 L
E g 07
EN 3
<100 gosr
s >
umJ 80 % 05
< 3]
° e
s
B g 0al —6— g = 5 BSs/km?
8 40 44 —+—)\gg = 7 BSstkm?
- 0.2 —+— g = 10BSs/km?
9 2
204—0—e—e—0—e—o—o—0-—< ol Ag = 15 BSskm
—P— \gg = 20 BSs/km?

0 0.5 1 0 0.5 1
RIS deployment fraction RIS deployment fraction

(b) Constrained ASE and EE w.r.t RIS deployment fraction
Fig. 3: Coverage probability P, constrained ASE A and EE & scaling with
RIS deployment fraction p under different BS density Apgs.

In Fig. 3, we plot the network performance as a func-
tion of RIS deployment fraction under varying BS density.
We observe that deploying denser BSs improve the network
performance as the average link distance is shortened when
the BS density is not overly large. Similar to the insights
of the Fig. 2, deploying more RISs even bring performance
degradation under large BS density since the BS-UE direct
link dominates the association links. While when BSs are
sparsely deployed, utilizing RISs enhances the performance.
The optimal RIS deployment fraction is a monotonically non-
increasing function of the BS density as shown in the figure.
In a word, the greater the ratio of blockage density to BS
density, the better the performance of RISs, and the denser
RISs should be.

In Fig.4, we investigate the network performance w.r.t RIS
deployment fraction under different beamwidth. The EE per-
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Fig. 4: Coverage probability P, constrained ASE A and EE & scaling with
RIS deployment fraction p under different beamwidth 6 and 6.

formance w.r.t beamwidth is equivalent to the constrained ASE
performance w.r.t the beamwidth since changing the beam
pattern does not influence the energy consumption according
to our model. The impact of RIS deployment fraction is
much smaller than the impact of beamwidth to the coverage
probability, constrained ASE and EE. Correspondingly, the op-
timal RIS deployment fraction increases as the beam becomes
narrower. And for a relatively wide beam, e.g. 65 = 90degs
and 6 = 270degs, the performance decreases even when the
RIS deployment fraction is quite small. These results indicate
that the reflected interference caused by the RIS dominates
the performance, as the reflected interference is more likely
to lie in the receive range of user when the beam is wide.
Therefore, in the RIS-aided network, directional transmissions
with relatively narrow beam is preferred to guarantee the
network performance.

V. CONCLUSION

In this paper, we have investigated the coverage, SE and EE
performance of a downlink directional transmission network
when RISs are used to supply additional LoS reflected links
in the scenario with full of blockages. We have considered
that the RISs reflect not only the desired signal but also the
interference to the users. The expressions of coverage prob-
ability, constrained ASE and EE are derived using stochastic
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geometry. The results indicate that, in some cases, deploying
dense RISs will in fact bring performance loss when reflection
of interference is considered. Furthermore, we also find that
the optimal RIS deployment fraction is a monotonically non-
decreasing function of the blockage density and is mono-
tonically non-increasing functions of the BS density and the
beamwidth. And comparing to the RIS density, the beam
pattern affects the performance more significantly. Then, since
the optimal RIS density to maximize the coverage, SE and EE
is different, the RIS deployment should be designed according
to the specific optimization objective. Finally, interference
cancellation schemes and proper beamformer design should
be premeditated to lower down the interference in the RIS-
aided network in future researches.

APPENDIX A: PROOF OF THEOREM 1

Obviously, the coverage probability can be calculated as:

NBNUth(TB*)
o2+ I¢+1¢

NeNyhP,(rgwr++1R"

—X,P T+ X, P
P=% >}+ [ o2+ 15+ It

18)

where I¢ and IZ are the interference from direct links and
reflected links to the association direct link, while I}, and I]
are the interference from direct links and reflected links to
the association reflected link. The first probability term can be
further expressed as:

NgNyhPai(rs) (a) /°° T(o?+I3+12)
2BV AV B | [ Plh> o Td o) d
217113 P NN Pagr) | e
® [ To? d pd
= S A d
/Oexp( NBNUPd(T))ﬁldLIde(T) T

19)

where in (a), we use 7 instead of 7% as the distance of the
association direct link for simplicity. Equality (b) follows from
the exponential distribution of h. Then we take the major steps
of the proof of Ei‘ for example. The expressions of E‘}d, T
and L7 can be obtained through similar process.

The function E?T is the Laplace transform of the interfer-
ence from reflected links when the typical user is associated
to a direct link, which is expressed as:

L

T

?E_HH[(

dpsd,
BSTRL i:B;edpg k:RedR

(@ g TGhP,(d+rk) , e
EBIE&R H H GEh|:eXp< NNy Py(r) )g(n’mﬂ/]) +1 9(7'277'k,1/}):|:|

(%)Eh HH < ’I“»L,Tk,’l/J)TP (d+Tk) 930U>

TGhPr(d—FTk)I[L(d)]IL(Tk)(;BiRk\l}
NB NU Pd(T)

q)BSq)R + TP (d + Tk) 471'2

(é) exp (— 27r)\Bs/
0

_ _ g(rhrkﬂl))TPr(d + Tk) eBeU
<1 exP( /\R/sz Py(r) + TP(d+ ) 4n?

drkdz/))> ridri) 5

(20)

where r; is the distance from B; to the typical user, and 7 is
the distance from Ry to the typical user, and v is the angle
between the B; to typical user link and the Ry to typical user
link. The term d = /r? + 77 — 2r;ricos ¢ is the distance
from B, to Ry. Equality (c¢) follows from the i.i.d. distributions
of G and h for each link. And in (c¢), the BSs and RISs in
Ppg and Py satisfy r—* > v(d+ri)~%, i.e., the path loss of
an arbitrary indirect interference link through B; and Ry is no
less than the the path loss of the association direct link with
distance r. Equality (d) follows from the distributions of Iy, ()
and 0p,r, and (e) follows from the distribution of G' and h.
Finally, the equality (f) follows from the probability generating
functional (PGFL) of ®g and ®p. The distance and angle
of the RISs in the region S? satisfy r=® > ~v(d + 71)~% and
the R; is obtained from this constrain.
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