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Abstract—In this paper, we consider the physical layer security
of an RIS-assisted multiple-antenna communication system with
randomly located eavesdroppers. The exact distributions of the
received signal-to-noise-ratios (SNRs) at the legitimate user and
the eavesdroppers located according to a Poisson point process
(PPP) are derived, and a closed-form expression for the secrecy
outage probability (SOP) is obtained. It is revealed that the
secrecy performance is mainly affected by the number of RIS
reflecting elements, and the impact of the transmit antennas and
transmit power at the base station is marginal. In addition,
when the locations of the randomly located eavesdroppers are
unknown, deploying the RIS closer to the legitimate user rather
than to the base station is shown to be more efficient. We
also perform an analytical study demonstrating that the secrecy
diversity order depends on the path loss exponent of the RIS-
to-ground links. Finally, numerical simulations are conducted to
verify the accuracy of these theoretical observations.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) technology has re-
cently been recognized as a promising approach for realizing
both spectral and energy efficient communications in future
wireless networks [2]-[4]. An RIS comprises a large number
of low-cost passive reflecting elements that are able to inde-
pendently control the phases and/or amplitudes of their reflec-
tion coefficients. Due to their reconfigurable behavior, RISs
have been widely considered for various wireless applications
[ST-[10].

In recent years, security for wireless communication has
become a critical issue [11] [12]. The capability of RIS
to create a smart controllable wireless propagation makes it
a promising approach for providing physical layer security
(PLS) [[13]. There are multiple works that investigate the the-
oretical secrecy performance for RIS-enhanced PLS systems
[14]-[16]. However, for analytical simplicity and mathematical
tractability, most work has considered single-antenna nodes
and Rayleigh fading channels, and overlooked randomly dis-
tributed eavesdropper locations. Although the authors of [[15]
and [16] considered the random eavesdropper locations, there
are still several research gaps left to be filled. In [15], Rician

An extended version of this article has been published in IEEE Transactions
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fading channels and optimization of the RIS phase shifts
were not taken into consideration for the considered multiple-
antenna scenario. In [16]], the study was conducted based
on a simplified transmit beamforming design and a secrecy
diversity order analysis was not conducted.

In this paper, we investigate the secrecy performance of
an RIS-assisted multiple-input single-output (MISO) system
with randomly located eavesdroppers. We first derive the exact
distributions of the received signal-to-noise-ratios (SNRs) for
the legitimate user and the eavesdroppers. Then, we present
a closed-form expression for the secrecy outage probability
(SOP). The obtained expression shows that the SOP is mainly
affected by the number of RIS reflecting elements, and is
not a strong function of the number of transmit antennas nor
the transmit power at the base station. In addition, when the
locations of the randomly located eavesdroppers are unknown,
it is shown that deploying the RIS closer to the legitimate user
is more efficient. To obtain more insightful observations, an
asymptotic SOP analysis at high SNR is also conducted. It is
shown that the secrecy diversity order ultimately only depends
on the path loss exponent of the RIS-to-ground links.

II. SYSTEM MODEL

We consider an RIS-assisted secure communication system
consisting of a base station (S) with K antennas and an
RIS with N reflecting elements, as illustrated in Fig. [
The reflection coefficient matrix of the RIS is denoted by
© £ diag {mel?, ... mued .. nyel? ), where diag{-}
indicates a diagonal matrix, and 6,, € [0,27) (1, € [0,1]) is
the phase (amplitude) coefficient of the n-th reflecting element.
In order to exploit the maximum reflection capability of the
RIS, the amplitude coefficients in this work are set to 1, i.e.,
nn,=1 for all n. The spatial distribution of the randomly located
eavesdroppers (E£) in a disk of radius 7. centered at the RIS is
modeled using a homogeneous Poisson point process (PPP),
which is denoted by ®,. with a density \., while the legitimate
user can locate randomly without the restriction of this disk.

We assume that the direct link between S and the legitimate
user (D) is blocked by obstacles. In this scenario, the data
transmission between S and D is ensured by the RIS. Since
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Fig. 1. System model in the presence of randomly located eavesdroppers.

the base station and RIS are usually deployed at an elevated
height, the channel between S and the RIS can be assumed to
be line-of-sight (LoS) [17] [18], denoted by Hgp € CV*X.
While the legitimate user and eavesdroppers are usually lo-
cated on the ground, the RIS-related channels with these
terminals undergo both direct LoS and rich scattering, which
can be modeled using Rician fading. Here, hp; € CV*! is the
channel vector of the RIS-i links, where i € {D, E,,} and E,,
represents the m-th eavesdropper. Specifically, the expressions
for Hgr and hg; are given by

[ € — [ 1 ~
HSR: VHSR,hRi—\//Ti< mhRi+ E_i_—lth)v (D

where v = fodgr" and p; = Sodg;? denote the large-scale
fading coefficients, fy is the path loss at a reference distance
of 1m, dsr (dg;) and a3 (ag) are the distances and the path
loss exponents of the S-RIS (RIS-4) links respectively, and e
denotes the Rician factor. The vector hy; represents the non-
line-of-sight (NLoS) component, whose entries are standard
independent and identically distributed (i.i.d.) Gaussian ran-
dom variables (RVs). The LoS components Hgr and hp; are
expressed as

Hsr = an (0%r, ¢5r) ak (Veg, Ver) = an,srag sr, (2)

hgr, = any (¥}, V%) = an,ris (3)

where ¢%, (¢Sr) is the azimuth (elevation) angle of arrival
(AoA) at the RIS, Y&, (YSp) and 9, (¥%;) are the azimuth
(elevation) angles of departure (AoD) at the base station and
RIS, respectively, and az (9%,19¢) is the array response vector
expressed as [19]]

., ej27r%(z sin 9 sin 9°+y cos 9°)

2 (0" 99) =1,
ejZﬂ% ((\/771) sin ¥ sin 196+(\/771) cos 196) T

geeey
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where d and A are the element spacing and signal wavelength,
and 0 < z,y < v/Z are the element indices in the plane.

III. DISTRIBUTIONS OF THE RECEIVED SNRS

In order to analyze the secrecy performance of the system,
we need to first characterize the distributions of the received
SNRs at the legitimate user and the eavesdroppers.

A. Distribution of the Received SNR at D

Assuming quasi-static flat fading channels, the signal re-
ceived at D is expressed as

rp = gBfs 4+ np, 3)

where g £ h#l ®Hgg denotes the cascaded channel, f is
the normalized beamforming vector, s denotes the transmit
signal that satisfies the power constraint E{|s|*} = Pr,
E{-} is the expectation of a RV, and np ~ CN(0,0%)
is the additive white Gaussian noise (AWGN) at D with
variance 0123, where CA is the complex Gaussian distribution.
Therefore, the received SNR at D is calculated as

Pr|gh f’2

YD = 5
%p

= palAP, ©)

where |A| £ |gHf|, and pg £ LF denotes the transmit SNR.
Theorem 1: When MRT beamformlng is adopted, i.e., f =

, the optimal phase shift matrix of the RIS is given as

@* — dlag {e—jé(diag{th}aN,SR)} , (7)

where Z returns the phase of a complex value.
Proof: See Appendix A. |
With the optimized RIS phase shifts in Theorem I, the RV
|A] is expressed as |A|= \/Eszzl |hrp (n)| which follows
the distribution characterization in the following lemma.
Lemma 1: The cumulative distribution function (CDF) of
|A] is well approximated by

P (@) = 777 (5). ®)

where I (+) is the Gamma function, (-, -) denotes the lower
incomplete Gamma function [2(2), Eq. (8.350.1)], with shape

7(y(-0)
——— % and scale parameter § =
1+e—Z (L 1 (— 5))

i) 0) , in which L

parameter k = N

VK s 7 = q () is the Laguerre
polynomial defined in [21, Eq. (2.66)].
Proof: See Appendix B. |

By applying Lemma I, we can obtain the CDF and proba-
bility density function (PDF) of yp, respectively, as

F,, () = Fla (\/ fC/Pd) = F(lkﬂ (k, : J;/pd> .9

and
e—Vze/pd (\/I/Pd>k
dF. o
fo () = L @) (10)




B. Distribution of the Received SNR at

Before calculating the effective SNR of the independent and
homogeneous PPP distributed eavesdroppers, we first derive
the SNR of the m-th eavesdropper E,,. The signal received
at F,, is formulated as

(1)

where ng,, ~ CN(0,0%) is AWGN at E,,, with variance 0%,
The received SNR at E,, is given as follows.
Proposition 1: The received SNR at E,,, is expressed as

TE,, = thmG)HSRfS +ng,,,

2
16, = pe [Blks, OHsnf [ = pkv |26, (12

where p, £ f—g denotes the transmit SNR and we define the
RV Zpg,, ézle Wy, (n)e d<han (),

According to Proposition 1, we present Lemma 2 before
deriving the distribution of vg, .

Lemma 2: The RV Zg, follows a complex Gaussian dis-
tribution with mean Mpg_ and variance Vg, , where Mg, =

o g i 4K i o4 V)
%(6+1)(L%(—6)> sin (Trxél)sm (Fxlsz)

2
=Nug, |1- <
g Fe4n)(Ly(-0)
—singy sinYgy and d2 =cosPgy —Ccos Py .
Proof: See Appendix C. ]
As disclosed in Lemma 2, we conclude that g, is a non-
central Chi-squared RV with two degrees of freedom. Then,
the CDF of g, is given by

Ve 7 |, 01 =sinYgp sin Py

m

5“3, (13)

Py (0)=1-Qu (2,22

o
peKvpg,, e
where s = E 5
T (e+1) (L% (—6))

UQZ%peKNV‘LLEm 1-—-

sin (ﬁ%\/ﬁ&l) sin (ﬂ%\/ﬁé2)

sin (Tr%él) sin (77%62)

2

—< |, and Q1(a,b) is
Fern)(L(-0)
the first-order Marcum Q-function [22].

In the case of non-colluding eavesdroppers, the eavesdrop-
per with the strongest channel dominates the secrecy perfor-
mance. Thus, the corresponding CDF of the eavesdropper SNR
is derived as

F,, () =Pr { max vg,, < x}

med,

(a)
= Eq’c H F’YEm (I)

MEPe,rm <re

© exp {—277)\8/ ) (1-F,, (x) Td’l’:|
0

© " = /2

= exp [—271'/\6/ Q1 (w,:\/ET 2 )TdT:| , (14)
0

where (a) follows from the ii.d. characteristic of the
eavesdroppers’ SNRs and their independence from the point

process ®., (b) follows from the probability generating
functional (PGFL) of the PPP [23, Eq. (4.55)], and

c) 18 obtaine usin . = Por~* and defining @w =
is obtained by using pp, @ and defining w £

|sin (ﬂ'%\/ﬁél)sin (F%m52)| %(6-’1—1)([/1/2(—6))2 _ B

\/5‘ sin (ﬂ%él)sin (71'%62) | N €2 1
dZ2 V2 ( NKvBope |1 — ——<

an \/— vBop [ %(E+1)(L1/2(7€))2

From the characterization in [22, Eq. (2)], we have a tight
approximation for the Marcum Q-function in (I4), that is,

a ap \ (@)
Q1 (’(D,E\/ET%) ~ exp {—e”(w) (E\/Er%) }, where
v (w) and p(w) are polynomial functions of w defined as
v (@) = —0.840+0.327c0—0.74025%+0.0833 —0.004cw* and

w(w)= 2.174—0.592ww+0.593c%—0.092c0°4+0.0050*. Then,
(L4) is further calculated as

" ap \ ()
F,p (z)=exp [—27"/\e/ exp [—e”(w) (E\/ETT)M :|Td7’:|
0
[ I (t1) _F(tlat2$t3)}
_to ,

=

1

2

=exp (15)

xta

where the last equality is obtained from [20, Eq. (3.326)] with

27 Ae

the definitions ¢ty = e 1 = %, to =
22 )y (w)e@2h(®) T oz 2
P Z@)y, Frl) g = BE) and gy = 2.

Therefore, the PDF of the overall eavesdropper SNR could
be further derived from (13) as

dF.,, (2)

fre () = ar tox™ "7 (tay (t1, t22™)

—t (ta™)" e_t”ts) e~tor (tnt2a®) (1)

IV. SECRECY OUTAGE ANALYSIS

In this section, we apply the derived statistical properties of
~vp and g in the above section section to conduct the secrecy
outage analysis of the RIS-aided MISO system.

A. Theoretical SOP Analysis

A popular metric for quantifying the PLS is the SOP, which
is defined as the probability that the instantaneous secrecy
capacity falls below a target secrecy rate Cyj,. Mathematically,
the SOP is evaluated by

SOP =Pr(In(1+9p) —In(1+vge) < Cn)
[ Fut@rae- D@ an

where ¢ £ ¢Cn
In order to analyze the secrecy performance, a closed-form
expression for the SOP is presented in Proposition 2.
Proposition 2: When r. — oo, the SOP can be approxi-
mated by the following

1 p%qk_%
SOP ~ 1—
N
tol (t1) ™))" |-
XGgﬁﬁg((o () ¢"™) A)’ as)

P (4q/pat) "



where G} (2) is Meijer’s G function [20], p,q € Z*, p/q =

— 1 p—1 k k41 k+4q—1
O[Q,andA—{O,;,...,T,Ll—q,él—q,...,él—q}.
Proof: See Appendix D. ]

A number of interesting points can be noted from (I8).
Remark 1: From (I8), we see that the transmit power Pr
2

P q
affects only the term tT"qoc( %) . Thus, we see that the SOP

is not a function of Pr ,dand increasing the transmit power does
not improve the secrecy performance. This is intuitive since
an increase in Pr yields a proportional increase in both the
transmit SNRs at the legitimate user and the eavesdroppers.

Remark 2: Acoording to (I8), we obtain that (;quoc(EH)%q,
where =6 = LN, and the coefficient x is independent of N
and K. This implies that the SOP is mainly affected by the
number of RIS reflecting elements, N, and the impact of the
number of transmit antennas, K, is marginal.

In addition, we see that Proposition 2 is the general analysis
for any rational path loss exponent. Some specific case studies
are reported as follows.

Corollary 1: For the special case of as = 2, i.e., p = 2 and
q = 1, which corresponds to free space propagation [24], the
SOP in ({I8) reduces to

2+1 3,0 (tor (t1) e

SOP = 1 — s Gis (7,

7T ) o) @

Corollary 2: For the special case of as =4, i.e., p =4 and
q = 1, which is a common practical value for the path-loss
exponent in outdoor urban environments [24]], the SOP in (18]
simplifies to the following expression

2 (Rl (h) B tol (1) V& 2
or =t P<k>< N >K’“<2< N >>

(20)

where K, () denotes the v-th-order modified Bessel function
of the second kind [20, Eq. (8.407)].

Remark 3: From (20), we obtain that the SOP is a monoton-
ically increasing function w.r.t. — = \/%)‘ed%’Dﬂ (N, e)

Nz
with fixed k, where [ (IV,¢) consists of parameters N, e,

and constant terms. We note that the SOP increases with the
density parameter )., which implies that a larger density of
randomly located eavesdroppers leads to a negative effect on
the secrecy performance. Moreover, we can also see that the
SOP is only related to the distance of the RIS-D link, i.e.,
drp. Therefore, when the locations of the eavesdroppers are
unknown, this suggests that the RIS should be deployed closer
to the legitimate user than to the base station.

B. Secrecy Diversity Order Analysis

In order to derive the secrecy diversity order and gain further
insights, we adopt the analytical framework proposed in [25]
where the secrecy diversity order is defined as follows

log SOP*®

dg = — lim —=22—

21
pa—oo  log pqg

where SOP represents the asymptotic value of the SOP in
(18) for pg — oo, and the transmit SNR p, is set to arbitrary
fixed values.

According to [26] Eq. (07.34.06.0006.01)], the SOP in (18]
can be expanded as

1 prghe 144,0 —
SOP ~1 — T (k) 92 —2h 2 x Gooitia L @ A
1 1 p%qk_f y
T (k) o7 2y 1
pt+4q ptiq
> Il TG -a)22® (1+0(2), @2
=1 j=1,j#
t P
where © :M — 0, and O denotes higher order terms.
p? (4qv/pat)™"

When the transmit SNR p; — oo, only the dominant terms
l=0and [ =1 in the summation of (22) are retained, which
yields the asymptotic SOP as

oo 1 pigi3 Ay 0
SOP :1_F(1€)2#7%W#71 [[r@au)e=

j=2

+ pﬁq r <A(j) - 1) zv

J=1,j#2 b
2
W) T (k-2)
= T (pa) *2, (23)
67T (k)

where the last step is calculated by applying Gauss’ multipli-

cation formula [27, Eq. (6.1.20)].

Remark 4: By substituting 23)) into 1)), the secrecy diver-
sity order is obtained as 0%, which only depends on the path
loss exponent of the RIS-to-ground links. This implies that the
secrecy diversity order of this system improves when the RIS

is deployed to provide better LoS links to the terminals.

V. SIMULATION RESULTS

In this section, Monte-Carlo simulations are illustrated to
validate the analytical results. Fig. 2] depicts the SOP versus
the transmit SNR p, for different values of N and K.
The analytical expressions in (I8) match very well with the
numerical results. Furthermore, as expected from Remark 2,
the SOP obviously decreases as /N increases. However, the
SOP remains almost the same when K increases with fixed
N, which means that the impact of the number of transmit
antennas on the secrecy performance is negligible.

Fig. B3 shows the SOP versus the transmit SNR pg for
different values of the path loss exponent as. It can be seen
that the negative slope of secrecy outage curves becomes less
steep as ap increases. Furthermore, the secrecy diversity order
presented in Remark 4 can be verified by calculating the
negative slope of the SOP curves on a log-log scale.
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VI. CONCLUSION

In this paper, the secrecy performance of an RIS-assisted
communication system with randomly located eavesdroppers
was studied. The exact distributions of the received SNRs
at the legitimate user and the eavesdroppers were presented.
Then, closed-form expressions for the SOP and secrecy diver-
sity order were derived. It was demonstrated that the secrecy
diversity order primarily depends on the path loss exponent of
the RIS-to-ground links. The impact of other key parameters
was also analyzed to provide insightful guidelines.

APPENDIX A
PROOF OF THEOREM 1
For the transmit beamformer f = , we compute the

optimal reflecting phase shifts at the IQIS Ly maximizing the
received signal power as follows

C] —argmax’ng’ —argmax}OHdlag{hH tay, SR’ , (24)

where (d) follows by defining 07 =[e7%1, ... e .. efv].
Therefore, the optimal RIS phase shifts are given by
0, = —Z(hpp (n) an,sr (n)), (25)

and the phase shift matrix can be easily obtained as (7).
APPENDIX B
PROOF OF LEMMA 1

Since |hrp (1|, |hrp (2)],--.,|hep (N)| are iid. RVs,
the mean and variance of |A| are calculated as E{|A|}=

VEVNE{|hgp (n)|} and Var{|A|} = KvNVar{|hrp (n)|},

where |hpp ()| ~ Rice ( /227, %:L-i]-)l

the Rician distribution, whose mean and variance are given
as E{|hgp (n)|} =/ £2 \/_Ll (—¢) and Var{|hgp (n)|} =

e+1 2
] |:1+€—— (L1 (—e ))2}, respectively.

Therefore, according to [28, Lemma 3], the RV |A| can
be approximated by a Gamma distributed RV with shape
parameter k = % and scale parameter § = %,
which yields the desired result in (8).

), and Rice denotes

APPENDIX C
PROOF OF LEMMA 2

From (), we see that hg; (n)NCN( LhRi (n), E‘jril),
and |hpg; (n)|~ Rice (1 [ &5, %6-‘1-1)' Then, it can be easily
obtained that E{hRZ( )} = 1/€+1aN Rz( ) E{|th(n)|} =

P \/2_L1 (—€), and E{|hpg; (n)]*} = ps. It follows that
Efe74hrp(m)) — ( E{hkp (n)} )* _ Vean rp (n) 2%
{e &l 1) T EL, o @7

Therefore, the mean and variance of the RV xz, =
hig,, (n) e 74Prp(") can be calculated, respectively, as

2 aj} n)a n
E{r,} /uEmi N,RE\;%( )an,rp ( )7 o
€+ TL% (=€)
and
2
Var{z,} = pug,, |1-— (28)

et ) (Ly ()

It can be seen from @27) that for different n, E{x,, } is related
to n, which means that z,, is not identically distributed. We
first define a new RV z,, —E{x,,}, and it can be easily verified
that ¢, — E{Jil}, To — E{l‘g}, ey IN — E{xN} are i.i.d. RVs
with zero mean and variance Var{z,, }. By virtue of the central
limit theorem (CLT) [29], 22;1 (2, — E{x,}) converges in
distribution to a complex Gaussian RV with zero mean and
variance N - Var{z,}. Then, we can obtain that Zp A ~

CN (zfj:lE{xn},N-Var{xn}), where SN E{z,} =

By, € j27ri(w61+u52)

— HPmt e2m ‘ by map-
\/%<e+1>(L1/2<e>)2 20sry< V-1 Y
ping the index n to the index (z,y), d1 = siny, sin§p —
sinygp sinYgp , and 62 = cosYPip — cosYgp

APPENDIX D
PROOF OF PROPOSITION 2

Using the asymptotic expansion of the upper incomplete
gamma function [27, Eq. (6.5.32)], when r. — oo, the CDF
of the overall eavesdropping SNR in (I3) can be given as
follows

F,, (%) ~ exp [—toz "I (t1)] . (29)



Therefore, the SOP in (I7) is further rewritten as
+oo 1
SOP=1- / Fyp (— (1+2z)— 1) fyp (x)de
0 ¥
1 —k
~1- 3T (F) (Vpat) " 1, (30

whereI:foJr x%xp [—b —vﬂdx a=%-10b=
toF(tl) ta C—t4—2? andv— pd9

By applying the Mellin convolution theorem [30], we can
get the Mellin transform of I as

2p ps
M[I,S]:Wr (2q)f‘(28+2a+2) (31)

Therefore, we can calculate I using the inverse transform as
follows

u+1i00
1 —s
:#/ - T(ps)T (4q (s—i—%)) (v P) "ds

() prg?ets 1 [uticc /o plapp \TF
_U2a+22 29 _gq—5 %—1ﬁ/u , <pp256qq4q)

—1100
4q—1
n +2a+ 2
p2 q2a+2 p+4g.0 viapr | —
T 2a+2925 —da—5 2Ete g T 0pHAa \ yporgagda A )7

(32)

where (e) follows from Gauss’ multiplication formula [27,
Eq. (6.1.20)], and the last equality is derived by applying the
definition of Meijer’s G function. Subsequently, by substitut-
ing (32) into (3Q), the SOP is obtained as shown in (I8).
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