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Abstract—In concurrent spectrum sharing scenarios between
radars and wireless communication systems, one strict approach
to protect the radar from undesired interference is locating the
base stations outside a guard (or exclusion) zone of the radar. As
a result, users inside that zone experience bad communication
coverage. This paper uses Reconfigurable Intelligent Surfaces
(RISs) to improve the base station coverage of users in the
radar exclusion zone. The paper shows, through analysis and
simulation, that joint optimization of base station and RIS
locations improves the probability of coverage in the exclusion
zone over the shared spectrum without disturbing the radar
operation.

Index Terms—Reconfigurable intelligent surfaces, wireless
communication, radars, spectrum sharing.

I. INTRODUCTION

One of the important features of 5G and beyond cellular
systems is band agility for they are expected to operate on a
wide range of licensed and unlicensed spectrum bands [1]],
[2]. Some of these suggested bands are already occupied
by radars (e.g., the 3.55-3.7 GHz Citizens Broadband Ra-
dio Service (CBRS) band). Spectrum sharing between radars
and communication systems is a promising solution to the
increasing demand on wireless services over the crowded RF
spectrum. However, spectrum sharing should be orchestrated
to have peaceful radar-communication coexistence in which
radars remain protected from excessive interference as they
are the primary spectrum occupants.

A. Literature Reivew

The literature on radar-communication coexistence is rich
with papers that considered different interference manage-
ment techniques. Examples include opportunistic spectrum ac-
cess [3]-[5]], interference estimation and removal [|6], [[7]], time-
frequency resource allocation [8]-[10]], and the optimization of
transmission parameters such as transmission waveform [11]],
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transmission power [12]-[14], and beamforming [15], [16].
Specifically, [3|] considered a cognitive radar that transmits
over the least noisy frequency bands that are not used for
communication, [4]] considered a joint radar-communication
transmitter that transmits its radar signal and communication
data over disjoint idle spectrum chunks, and [5]] considered a
set of base stations that are allowed to share the spectrum of
a rotating radar only when not in its beam. In addition, [6]]
and [[7] considered a communication receiver that estimates
and removes radar interference when decoding communication
data. Moreover, [8]] and [9]] used orthogonal allocation of time-
frequency resources to avoid interference between vehicular
radars and transceivers, while [[10] used non-orthognal channel
allocation under interference constraints. Furthermore, [11]—
[16] controlled interference levels by optimizing parameters of
radar and/or communication transmission. For example, [11]
optimized the radar waveform to maximize its Signal to
Interference plus Noise Ratio (SINR) subject to constraints on
its generated interference over shared communication bands.
Papers [[12]|-[|14]] optimized the transmission power of a multi-
carrier radar and a base station to alternatively maximize the
radar mutual information and the base-station capacity in [[12],
to maximize the base station capacity under constraint on the
radar SINR in [[13], and to minimize the radar transmission
power subject to constraints on the communication capacity
and the radar mutual information in [|14f]. Paper [[15[] optimized
beamforming at a base station to minimize its interference on
a nearby radar subject to constraints on the transmission power
of the base station and the SINR of its users, wherease [[16]
optimized the beamforming at a ship borne radar to minimize
its interference on a nearby cellular system.

A more strict approach to protect radars from commu-
nication interference is setting a radar guard or exclusion
zone where concurrent spectrum sharing is not allowed [17]-
[19]. Although exclusion zones protect the radar operation,
they reduce the communication coverage for User Equipment
(UE) located in these zones. In this paper, we propose using
Reconfigurable Intelligent Surface (RIS) to enhance coverage
inside the radar exclusion zone. RISs are surfaces of elec-
tromagnetic materials consisting of a large number of low-
cost reflecting elements with configurable phases. Tuning the
phases of the RIS reflecting elements passively beamforms
the incident signal, and consequently, improves coverage [20]—-
[22]. Unlike relays, RISs are nearly passive and they can be
mounted on walls, windows, billboards, etc.

RIS-assisted communication has a growing literature that
considers different optimization objectives and parameters.
Most work focused on the optimization of the phases of the



RIS (i.e., passive beamforming) and transmit beamforming
at the base station to maximize different system objectives.
For example, [23[], [24] maximized the RIS-assisted rate
where [23]] focused on a single user MISO (Multi Input Single
Output) link, while [24]] adopted a multi user MISO setup with
water-filling like power allocation. References [235], [[26] max-
imized the spectral efficiency of a single RIS-assisted MISO
and Multi Input Multi Output (MIMO) link, respectively. In
addition, [27]] maximized the SINR received at a specific user
by optimizing a three dimensional transmit beamform at the
base station jointly with the passive beamform at the RIS.
Moreover, [28] maximized the energy efficiency of a system of
base station and multiple RISs. Furthermore, [29] minimized
the symbol error probability in a single RIS-assisted MIMO
link. Finally [30] minimized the base station transmit power
in a multi-user MISO broadcast setup.

Vehicular systems with RISs installed on the roadside
and on buildings to improve vehicle to infrastructure (V2I)
communication were addressed in [31]-[34]. Specifically, [31]]
showed through analysis that RIS-assisted communication
reduces the outage probability on a two-lane road model.
Reference [32] optimized RIS phases to maximize the uplink
V2I rate, [33] optimized RIS phases and vehicle scheduling
to maximize the minimum average V2I bit-rate, and [34]]
optimized resource allocation and RIS phases to maximize
the V2I sum rate. In addition, communication systems with
RISs and Unmmaned Aerial Vehicles (UAVs) were considered
in [35]-[37]. To elaborate, [35] considered a ground RIS
that beamforms the signal of a UAV to a ground user, and
optimized the RIS phases and the UAV trajectory to maximize
the user rate. Reference [36] showed the reduction in outage
probability when a ground RIS phase modulates the signal of
an RF transmitter and a UAV relays the modulated signal to a
remote ground destination. Moreover, [37] suggested mounting
RISs on aerial platforms to extend coverage to remote ground
areas, and [38]], [39] suggested mounting RISs on low earth
orbiting satellites to enhance inter-satellite communication.
Recently, stochastic geometry was used in [40], [41] to derive
the probability of coverage in a cellular system with random
RIS deployment. In [40] electrically large RISs were assumed
to redirect the base station signal beyond obstacles, while
in [41] diffuse RISs were assumed to beamform the base
station signal to the served UE.

The papers discussed above have a common assumption
that the location of the RISs are either known or random.
The optimization of RIS placement was less considered in
literature. For example, [42]] optimized the RIS location to
minimize the joint probability of blocking the direct and the
indirect path between a user and a base station, [43]] optimized
the RIS location to maximize the received signal between
a transmitter and a receiver considering the beam footprint
of highly directive link on the RIS, and [44] optimized the
RIS orientation and horizontal distance from the base station
to maximize the cell coverage. In addition, [45] optimized
the one dimensional placement of RISs on road to maximize
the signal received by a vehicle from road size units, [46]
optimized the phases and location of an aerial RIS to maximize
the minimum SNR achieved in an obstructed region, and [47]]

optimized the phases and trajectory of aerial RIS to maximize
the downlink rate of a mobile user.

RIS deployment in radar-communication scenarios was only
considered in few papers that optimized the RIS phases not
placement [48[]-[50]. To specify, [48]], [49] considered a base
station with dual radar-communication function where [48]]
optimized the transmit precoding matrix and the phases of
the RIS to maximize the radar detection performance under
signal to noise ratio and power constraints, while [49] divided
the RIS elements for localization and communication. On the
other hand, [[50]] considered coordinated radar-communication
coexistence where a base station and a radar are integrated
through a central control unit. The paper optimized the trans-
mit beamforming of the base sation and the RIS phases to
maximize radar detection probability under constraints on
the communication performance; however, the effect of RIS
deployment on the radar performance (e.g., self interference)
was not considered.

B. Contribution

In this paper, we propose using RIS to improve base station
coverage of UEs located in the exclusion zone of a nearby
radar. RISs are advantageous as they are nearly passive and
able to beamform the incident signals; however, their operation
on a shared spectrum with a nearby radar has its challenges for
two main reasons. Firstly, while the RIS creates a beamformed
channel between the base station and its UEs, it also creates
extra scattering channels between the radar and the UEs
and between the base station and the radar, which increases
interference at both the UEs and the radar. Secondly, the RIS
location affects the performance of both the communication
and the radar systems as it affects the received signal at both
the UE and the radar. Thus, careful placement of the RIS
is necessary in order to benefit the communication system
without jeopardizing the operation of the nearby radar.

To the best of our knowledge, this paper is the first to
consider the deployment of RIS-assisted communication and
optimizing RIS-base station placement to improve coverage in
the presence of a nearby radar with an exclusion zone. The
contributions of the paper are, thus, summarized as follows:

e Analyzing the effect of RIS deployment on the com-
munication performance by deriving the probability of
coverage with and without the RIS.

o Analyzing the effect of RIS on the radar performance
by deriving the probability of target detection with and
without the RIS.

e Optimizing the locations of the base station and the
RIS to maximize the communication coverage of UEs
in the radar exclusion zone without affecting the radar
performance.

Our analysis and simulation results show that optimized
RIS-assisted communication improves coverage of UEs in the
radar exclusion zone while keeping the radar performance
unharmed. We also show that the optimum locations of the
RIS and the base stations depend on a number of parameters
including the UEs distribution and the frequency of signal
obstruction.



The rest of this paper is organized as follows: we first start
by presenting the system model in Section [II} the effect of RIS
on the communication and radar performance is then analyzed
in Sections and The placement optimization of the
RIS and the base station is then formulated and solved in
Section [V] The results are presented in Section [VI| before the
paper is finally concluded in Section

II. SYSTEM MODEL
A. Network Model

Consider a network model with a rotating mono-static
pulsed radar is located at the origin, and base stations that
are only allowed outside the radar exclusion zone. RISs are
allowed inside the exclusion zone to enhance the base station
coverage of users inside the zone. Base stations and RISs can
have irregular placement or regular placement on a grid struc-
ture (e.g., hexagonal grid). As discussed in [51]], the analysis
of RIS-assisted communication is challenging and the system
performance metrics do not usually come in closed forms [41]].
This is because the received signal and interference levels at a
typical UE depend not only on the direct links between the UE
and the base stations, but also on the indirect paths through
different RISs. The analysis of RIS-assisted communication in
the vicinity of a radar is even more challenging as the network
is no longer symmetric around the UE due to the exclusion
zone and the radar rotation. Consequently, inspired by [42],
[52], we adopt the simplified one-dimensional model shown
in Fig. [1] as it is important for mathematical tractability. We
believe that a tractable analysis provides good insights into
the benefits and limitations of RIS-assisted communication in
the vicinity of a radar, especially that this is the first work
to consider such a system. The simplified model can also be
considered a good approximation for vehicle-to-infrastructure
(V2I) communication on roads [45]. A stochastic geometry
based analysis of a two-dimensional system is left for future
work.

Now, consider a one-dimensional network as shown in
Fig. [T] with a mono-static rotating pulsed radar located at the
origin. The peak transmission power of the radar is denoted by
pr and its search range by d. A base station, with a downlink
transmit power p., shares the radar spectrum and is located
at a guard distance z from the radar, which is decided by
the radar to protect it from base station interference. An RIS
with K reflecting elements is located at distance r = a X 2
from the radar, where 0 < a < 1 to ensure that the RIS
is located between the radar and the base station. A typical
UE, randomly located at 0 < U < z, receives the direct base
station signal and a beamformed signal from the RIS as shown
in Fig. [T The RIS passively beamforms the impinging base
station signal to the served UE by tuning the phases of its K
reflecting elements.

B. Channel Models

This subsection represents the statistical characterization of
the direct and indirect channels, through the RIS, between
different entities in the network.

Radar

Base station

0  Rislocatedat r=az,0<a<1 |

UE randm;llly located at U

1
Base station located at z (i.e., exclusion zone=z)

~ ~
~~~~~~ TS

\\

Base station signal  Base station interference
at the UE at the radar

~.
Radar interference at Radar self-interference

the UE at the radar

Fig. 1. A one-dimensional model of RIS-assisted communication near a radar.

1) direct channels: We assume that all direct channels
experience slow flat Rayleigh fading [41]], such that all direct
channels follow a Circularly Symmetric Complex Gaussian
(CSCQG) distribution CN (0,1/2). Let h denote the direct
channel between the base station and the UE, h" denote the
direct channel between the radar and the UE, and h denote the
direct channel between the radar and the base station. Also,
let ﬁk (ﬁ;) denote the direct channel between the base station
(radar) and the kth reflecting element of the RIS and hy, denote
the direct channel between the kth reflecting element of the
RIS and the UE.

2) indirect channels through the RIS: The channel from the
base station to the UE through the RIS is denoted by ¢ and is
calculated as follows [41]]:

K A~
g= Z D,
k=1
where |-| and Z- denote the magnitude and phase, respectively,
and the vector ¢ = [¢1 ¢ o K]T is the phase vector
of the K reflecting elements of the RIS.

Now, the RIS reinforces downlink communication as it
beamforms the base station signal to the UE by tuning the
phases of its reflecting elements such that the beamformed
base station signal is aligned with the direct base station signal
at the UE (ie., ¢ + Zhr + Zhe = Zh). We denote the

beamformed channel from the base station to the UE through
the RIS by g*, which takes the form [41]]

K
el = 3 e (P <) )
k=1

K
g =&Y ||l )
k=1

Since the RIS usually has a large number of elements and from
the Central Limit Theorem (CLT), |¢g*| can be approximated
by a Gaussian random variable (r.v.) that has the Probability

Density Function (PDF)
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exp (_ (9 — 1g~)

2
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where pg- = KE {|ﬁk\|ﬁk|} and o2. = KVar ||| P
with E[-] being the expectation operator and Var[-] denoting
the variance. From the analysis of double rayleigh channels

in [41], 53], p1g+ and o are given by
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Since the phases of the RIS are not tuned to beamform the
signal from the radar to the UE, the phases are considered
random and the RIS scatters the signal. Consequently, the
channel between the radar and the UE, denoted by g", can
be approximated using the CLT as a CSCG CN (0, K/2) (see
Proposition 2 in [41]). The same approximation can be applied
to the channel between the base station and the radar, denoted
by g", and the channel experienced by the radar signal that is
scattered from the RIS back to the radar, denoted by ¢g"", such
that g" ~ CN(0, K/2) and g"" ~ CN(0, K).

C. Received Signals

The signal received at the UE, denoted by R°(t), is given
by

Re(t) = AVPC C<Vdd Tl Kmﬁﬁ)eﬂ%1“a>
+ 7/\ ”f; . (h’“U—% + gr(rcf)%a) T ()67 (t) +
(5)

where 7¢(t) and T7(t) are the transmit signals of the base
station and the radar, respectively, G, is the base station
antenna power gain, A is the wavelength, « is the pathloss
exponent. The first term in (3) represents the base station
signal received through the direct path and the RIS where
do = z — U is the distance between the base station and the
UE, d = z — r is the distance between the base station and
the RIS, and d = |r — U] is the distance between the RIS and
the UE. The second term, on the other hand, represents the
interfering radar signal received through the direct path and
through the RIS. Also, p, = p,T,v is the average observed
power of a pulsed radar where T}, is the pulse duration and
v is the pulse repetition frequency. 0" (t) is a binary function
that takes the value 1 if the UE is in the beam of the rotating
radar and 0 otherwise. Finally, the term n°(t) represents the
additive white Gaussian noise (AWGN) with zero mean and
variance 2.

Similarly, the signal received at the radar receiver, denoted
by R"(t), consists of

R(t) =

GG A2 /= o a
])7 (hz 2 —I—g(dr)_2)Tc(t)+

prG A

r'r‘ 7aTr + n ( ) (6)
where the first term is the radar signal reflected from an aerial
target that has a radar cross section 2 at distance d from the
radar, the second term is the base station interference received
at the radar through the direct link and the RIS and the third
term is the radar signal scattered from the RIS. Finally, the
term n” () represents the AWGN with zero mean and variance
2. In the above equation, we assume that the signal reflected
from the aerial target on the indirect path through the RIS is
negligible due to the longer propagation distance, and hence

né(t),

the higher path loss, as RISs are usually installed at lower
levels than aerial targets [|SO]

III. COMMUNICATION PERFORMANCE ANALYSIS

In this section, we analyze the RIS effect on the probability
of coverage of UEs that are located in the radar protection
region. In particular, we derive the probability of coverage in
the absence of an RIS in Section [[[I-A] and in the presence of
an RIS in Section

A. Probability of Coverage Without an RIS

In this subsection, we consider a traditional communication
model (i.e., without an RIS) where the desired base station sig-
nal and the unwanted radar interference are received through
the direct links between the base station, the radar, and the UE.
The SINR at a UE located at a distance U from the radar in
the absence of an RIS is denoted by 3% and has the following
form:

peGelhPdo”"
oI,
where the numerator is from the direct (first) component of
the base station signal TC( ) in (B) and the denominator is
the noise term o2 = (47)?/A\%252 added to I°_,, which is
the direct radar interference at the UE. I? ,,, comes from the
direct (second) component of the radar signal 7" (¢) in (3)) as
follows

ﬁU ) (7)

with prob. T,

Dy rhr2 704’
10 _{pa||U )

0, with prob. 1 — 7.

As seen in (8), the interference at the UE depends on the
radar direction relative to the UE position. Specifically, the
parameter 7 in (8) is the time portion when the UE is in
the radar direction, which depends on the radar beamwidth as
well as its full scan time. Unlike traditional communication
systems, the randomness in I, should be considered when
calculating the probability of coverage over a shared radar
spectrum. The probability of coverage of the UE, denoted by
722, is the probability that the SINR 30 exceeds some threshold

B (e, n = P(BY > /3), which is calculated as follows
5 4o
0 —(1— h 2 6 0 2
0 =(1-np Q| > 2 g2 )+

P |n]? > cg o2 + p.G WU ))1

< exp ( fjgj ) ((1 —7)+
B, G hrz)] )

Epr —
T. |hT|2 [exp( pCGCUO‘
T
-7+ ———
T r d @
) L S ()

TE'th?

b —BdS‘UQ

=exp | —= )
( pGe

The first (second) term of (9) averages over the case when

the UE is (is not) in the radar direction and the expectation

operator is over |h"|2, which is the power gain of the direct




channel between the radar and the UE. In addition, the line =
results from substituting with the complementary cumulative
distribution function (CDF) of |h|?, the power gain of the
direct channel between the base station and the UE, which
is an exponential r.v. with mean 1 since we assume Rayleigh-
faded direct channels in Section Finally, the line L s
a result of averaging over |h"|%, which is also an exponential
r.v. with mean 1.

B. Probability of Coverage With an RIS

In this subsection, we consider a beamforming RIS located
at r as explained in the system model. Unlike the previous sub-
section, a UE receives the base station signal combined from
the direct and the indirect paths through the RIS. Similarly, an
additional component of the radar interference is received at
the UE because of the scattered radar signal through the RIS.
The SINR of the UE in the presence of an RIS is denoted by
B¢ and takes the following form:

Bl _ pCG |f|2
U—0-2 +Il

T—U

. (10)

where the numerator is the beamformed base station signal
from the direct and the indirect paths. In the denominator, the

term I}, is the combined radar interference at the UE given
by
no- prGr| 7%, W%th prob. T, (11
0, with prob. 1 — 7,

where |f7|? is the combined direct and indirect scattering
channels (i.e., through the RIS) between the radar and the
UE. It is obtained from the 77 (t) term in (3)) as follows
TP =U"2h" + (rd) * g"|*. (12)
Knowing from Subsection [II-B] that A" ~ CN(0,1) and that
g" ~ CN(0,K), then |f7|? is an exponential r.v. with mean
(U= + K(rd)=
Going back to (10), | f|? represents the combined direct and
indirect beamformed channels between the base station and the
UE. It is obtained from the T°(¢) term in (5) as follows

P = (|h|d0 T4y (czcz)g)z

= g |hl? +2 (dodd) " [hllg*| + g ? (dd)
(13)
According to [41], the combined channel between a base
station and a UE in RIS-assisted communication can be
characterized by the Gamma distribution whose scale and
shape parameters w and v are, respectively, given by

E[If"] -E*[If]?
i o
2
E [|f] }’ as)
w
where E [|f|?] is the first moment of | f|? given as [41]
u —|—0
Bl =&t ~ae a9

and E [|f|*] is its second moment, which has the following
form [41]]

2 3K73 6(pg- + 0p-)
I:‘f| ] d?a + 3a R A\ &
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37173 2
+ 2\/%37& (Wéf +Z7rK3 <1—71r6>>
g (dd) ’
1 mK* K3 2 2
1— Sl1—=1)).
+ (256 4 ( 16)+3K (1 16))

(dd)™

7)

Following the same approach to deriving the probability of
coverage in Subsection the RIS-assisted probability of
coverage of a UE at a distance U from the radar is denoted by
ni; and is defined as 7}, = P(8} > f3), which is calculated
as follows

= (=P (1> 2802 )
" peGe "
(10> 3% i)
a 1 BO’Q
La-7)(1-=— n
e ( i pcacw)> *
. (1 By (02 + DG P)
where < follows by substituting with the complementary CDF
of the gamma-distributed | f|?, I'(+) is the gamma function and
v(+,-) is the lower incomplete gamma function. To put the
probability of coverage in (I8) in a closed form, we substitute

with the power series expansion of the lower incomplete
gamma function as follows:

; B8
T\ peGow
( Bpr
v

E|f7‘|2

1 B
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where & is a result of neglecting the noise power compared
b
to the radar interference and = results from averaging over

¢ where ¢ = 51’&; = |f"|* is an exponential r.v. with mean

(U= + K(rd)~

>\< _ BprGr

= peGow ). The probability of coverage



is thus given by
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In deriving the expression above, we assumed that there is no
blockage on the path between the RIS at r and the UE at U as
we substituted with the power gain of the combined (direct and
indirect) channels between the UE and the base station, and
between the UE and the radar. In reality, obstacles between
the RIS and the UE may block the signal path and in this case,
the problem reverts to the traditional system without the RIS
(i.e., n{; =~ nd). The probability of path blockage Pyjock is an
increasing function of the distance between the UE and the
RIS, namely d= |r — U] in the equations, such that

Pyrock(d) = 1 — exp (—¢d) ,

where 1 > 0 is a parameter that depends on the density of
obstructions in the environment [42]. In the special case ¥ =
0, the probability of blockage is always zero between the RIS
and the UE. Taking the effect of Py, in the analysis, the
average 7, takes the following form

~do¢ 2
— (1—exp (- wd»exp< ;iéfn> ‘

¢ i + L
G, \U~ (rd)a

Ul
(-
- -1
1-— 1 —7) v -7
" peGew B3P
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IV. RADAR PERFORMANCE ANALYSIS
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1_

In this section, we analyze the RIS effect on the radar per-
formance, represented by the probabilities of target detection
and false alarm. As explained in Subsection the signal
R"(t) received at the radar receiver consists of the radar signal
reflected from the target in addition to interference and noise.
Following the Rayleigh channel model in Subsection [lI-B
and assuming a fluctuating target [54]], the magnitude of the
received signal |R"| follows a Rayleigh distribution whose
conditional PDF in the presence of a target is

21 12
N L
o2+ 02402 P o2+o02+02)’

(23)

Jirr (I]target) =

where 02, 02, o2 are the powers of the radar signal reflected

from the target, the interference, and the noise, respectively.

Similarly, the conditional PDF of the received signal in the

absence of a target
l2
—— . 24
W<U%09 ey

Given a detection threshold 7', the probability of target detec-

tion, denoted by Py, is
0o T2
Pdel = /T f‘R7|(l|target)dl = exp (_Wl> s
(25)

21
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and the probability of false alarm, denoted by Fga, is

00 2
Pry = /T firr|(I|no target)dl = exp (—Jgj_;_agl) . (20)

_ We assume that the radar keeps Fra fixed at some required
Pra by adjusting the detection threshold 7' according to the
interference level as follows [54]

T= \/ (02 +02)log (PFA)

This adjustment is important because high false alarm rates
overload the radar and drain its resources. Substituting with T’
from in (23) gives the relation between Pra, Piyer, and ¢,
the SINR at the radar receiver, as follows

27)

2
o? log (Pra)

7T o702 log(Pu) @

In the above expressions, 02 = (47/\)%52 and 02 = %

is the power of the reflected radar signal from the target
(i.e., the first term of R"(t) in (6)) Where ny, is the number
of coherently processed pulses. As for o2, its value changes
depending on whether there is an RIS or not. In the following
two subsections, we derive the probability of target detection
in the two cases with and without an RIS in the system.

A. Probability of Target Detection Without an RIS
2

In the case without an RIS, the interference power, o7},
comes solely from the direct (first) component of the base
station interference in R (t) in (6) as follows

Ui,O = pchGrz e, (29)

Consequently, the probability of target detection given a fixed
target false alarm probability Pga is obtained by substituting

with in as follows

log Pfe[ = > log PFA
o2 +‘”z‘2 ,0
1

n,prG2Q
1+ And? (02 +pc.GGrz—®)

log Pra.  (30)

Generally, the radar operator sets a protection distance z in
order to achieve an acceptable Py From 28), (29), and (30),
the guard distance without an RIS, denoted by zy is lower

bounded by
1
pCGCGT °
20 2 <nppTG%Q 2) ,
= — O'n

4mpd?
where ¢ is an SINR threshold calculated from to achieve
the required Pye and Pga.
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B. Probability of Target Detection With an RIS

From the received radar signal in (6)) in the presence of an
RIS, the interference power denoted by 01»2’ Y

071 =070+ AL, + AL, (32)

where AT, is the additional interference from the scattering
of the radar transmit signal back to the radar through the RIS,
and AI,, is the additional cellular interference from the base
station through the RIS. The two terms are given as follows

— 2

AL, = PG 2o (33)
47

AL, = p.G.G K (rd) . (34)

Substituting with the interference from (32) in 28] gives the
probability of target detection in the presence of RIS-assisted
communication, which is

1 ~
1
log Py, = = log Pra
S

02402 (+ AL +Al
o IOg P]:A
- 1+ npprG2Q

— P
4md? (o’ﬁ+pCGcG,.z*“+%Kr*2“+pCGCG,,.K(Td) )

(35)

It is seen from (32) that, for the same z, the radar always
experiences higher interference, and hence lower probability of
target detection, when an RIS is used. Accordingly, in order to
make up for the extra interference caused by the RIS, the guard
distance between the radar and the base station should increase
if the base station is to use RIS-assisted communication. In
addition, the RIS location between the base station and the
radar affects not only the communication coverage of the
base station, but also the radar performance as it affects the
observed interference at the radar receiver. Consequently, the
locations of the base station and the RIS should be optimized
to maximize the performance of RIS-assisted communication
without degrading the radar performance as presented in the
next section.

V. OPTIMIZATION OF BASE STATION AND RIS PLACEMENT

In this section, we optimize the placement of the base
station and the RIS to maximize the probability of coverage
of RIS-assisted communication while keeping the target de-
tection probability at the radar unchanged compared to the
traditional system without an RIS. The optimization problem
is formulated as follows

maximize /ﬁifU(u)du (36)
subject to Py, = P2, (37)
r=az (38)
0<a<l1 (39)

The objective in (36) is the probability of coverage averaged
over the UE positions over z and fy(u) is the PDF of the
UE distribution. Constraint guarantees that the radar
probability of detection is unaffected by installing the RIS

while constraints (38) and (39) indicate that the RIS should
be installed between the base station and the RIS.

In order to keep P, in the same as PY in (30), the
optimum value of z (denoted by z*) should be chosen such
that

0-1'271|z:z* = 01‘2,0|ZZZO- (40)

Substituting with (29) and (32) in {@0) gives the following
polynomial of (z*)™“:

() ()T =0

_K 1 + jes
1= 4 (1—a)*  4rp.Gea> )’

and the required (z*)” is the positive root of (@T) as follows

(41)

where ¢ is

(42)

a

2q

—l+ 1+

As seen from (@2) and @3)), z* is a function of a. Conse-
quently, substituting with z = z* and r = az* in (36) leaves
only a to optimize such that the objective (36) is maximized
subject to the constraint (39). Although the objective in (36)
does not have a closed form, the optimization domain is small
as 0 < a < 1 and consequently, search-based solutions can
be adopted. Algorithm [I] presents a simple selective search
inspired by the heuristic evolutionary algorithms.

¥ =

(43)

Algorithm 1 Selective Search Procedure

: Initialize A to have N members in the range (0, 1).
for a € A do
Calculate the fitness of a.
end for
for i =1: N, do
Sort A in an ascending order according to the
element value.
7: Set B = 0.
8: for j=1:2: N do
9: Generate z ~ U(0, 1).
10: Generate child b = 2z A(j) + (1 —z)A(j +1).
11: Update B = B + 0.
12: Calculate the fitness of b.
13: end for
14: Sort the members of A U B in descending order
according to their fitness.
15: Update A to be the NV fittest members from Step
16: end for
17: Choose a* = A(1).

AN A

In Step 1, the algorithm initializes the parent population to
include N samples from the interval (0,1). Step 2 calculates
the fitness of population A. The fitness is taken to be the
objective in (36). Steps 6-13 use A as a parent population to
generate a child population B with N/2 members. First, the
members of A are sorted in an ascending order according to
their values. Then, in Steps 9-10, each two successive points



TABLE I
SIMULATION PARAMETERS

Radar
Radar wavelength, A 0.0833 m
Radar transmission power, p, 850 kW
Radar antenna power gain, G 32 dBi
Reduction in antenna gain at the RIS/UE level —2 dB
Radar range, d 50 km

Radar cross section of target, 2 100

Pulse repetition frequency, v 1.1 kHz
Pulse width, Tp 0.9 pus
Number of coherently processed pulses, np 100
Required probability of false alarm, Pra 1x 1074
Required probability of target detection, Pdel 0.8
Communication
Base station downlink transmit power, p. 43 dBm
Base station antenna power gain, G 14 dBi
Number of RIS elements, K 1000
Noise power, o2 9 x 10710
Cellular SINR threshold, ,/3’ 5 dB
Pathloss exponent, a 4
Frequency of UE exposure to radar interference, 7 0.25

are merged to generate a point that is randomly located in
between (i.e., a child b with random traits from its parents).
The newly generated point is added to the child population B
(Step 11) and its fitness is calculated (Step 12). After that, in
Step 14, the members of AUB are sorted in a descending order
according to their fitness and the new parent population A is
updated in Step 15 to consist of the IV fittest members (i.e.,
the survivors) from Step 14. The algorithm ends after N,
iterations, and the optimum a (denoted by a*), in Step 17, is
chosen to be the fittest member of the surviving population.

VI. NUMERICAL AND SIMULATION RESULTS

This section compares the analytical results with the results
obtained from Monte-Carlo simulations using the simulation
parameters in Table |l All simulations were conducted using
MATLAB.

In the following two subsections, we show the effect of
RIS deployment on the radar and communication performance
compared to a traditional system without an RIS.

A. Radar Performance

Figure [2] shows how the RIS position between the radar
and the base station affects the radar performance, represented
by the interference at the radar receiver in Fig. [2(a) and
the probability of target detection in Fig. 2(b)] As observed
from the figure, the deterioration in the radar performance
is caused mainly by the A, term in (32), which is the
interference from the radar transmit signal scattered back to
the radar through the RIS, and consequently the interference is
particularly high (and the probability of detection is low) when
the RIS is close to the radar. Furthermore, the interference
increases slightly when the RIS gets close to the base station
as it increases the interference through the indirect channel
between the radar and the base station.

Figure [3] shows the optimum base station location z* calcu-
lated using (43) for each relative position of the RIS a (i.e.,
r = az¥). The newly calculated z* guarantees that deploying

2
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(a) Relative increase in the interference at the radar receiver.
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(b) Reduction in the probability of target detection.

Fig. 2. Effect of RIS relative position on the relative increase in the
interference observed at the radar receiver.

an RIS does not increase the interference at the radar receiver
compared to the traditional case without an RIS. As expected,
if the RIS is located closer to the radar than to the base station
(i.e., a is closer to 0), then z* should be large in order to keep
the RIS far enough from the radar. On the other hand, if the
RIS is located closer to the base station than the radar (i.e., a is
closer to 1), the term AI,.,. can be neglected and consequently
the protection distance does not need to increase (i.e., z* ~ z()

Finally, Fig. [] shows the interference at the radar receiver
without an RIS, aiz) o and the interference 01-2’0 when an RIS is
located at » = az. For each value of a, the value of z (base
station location) is adjusted according to ([@3). As seen from
the figure, using an RIS to assist the base station does not
affect the interference level at the radar receiver, and hence its
performance, as long as the base station location is optimized
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using @3).

B. Communication Performance

Fig. 5] shows the effect of RIS-assisted communication
on the probability of coverage at different UE positions. It
compares the case of non RIS-assisted communication (1}
in (9)) with the case of an RIS deployed at 7 = az (n{; in (20)).
We consider four different locations a = 0.25,0.5,0.75, and
0.95. In each case, z is calculated using {3)) to keep the radar
performance unaffected. Fig. [5(a)] shows the case when the
user experiences radar interference for 25% of the time (i.e.,

= 0.25), and Fig. 5(b)| shows the case when 7 = 0.75. As
observed, generally, the probability of coverage improves as
the UE moves closer to the base station and away from the
radar due to increased signal strength and reduced interference.
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Fig. 5. Effect of RIS-assisted communication on the probability of coverage
versus the UE position (at 1p = 0).

Also, the probability of coverage drops when 7 increases as
the radar interferes with the communication at the UE over a
longer interval. Generally, communication is improved in the
local region around the RIS due to signal improvement through
beamforming. However, locating the RIS very close to the
base station (e.g., a = 0.95) improves the coverage over the
whole region because it minimizes the indirect pathloss from
the base station to the UE at any location (i.e., (dd)~® ~ dg®).
Moreover, it also maximizes the indirect path loss from the
radar to any UE as the RIS is as far from the radar as possible.
It is worth noticing that the results at a = 0.95 are quite
optimistic as we assume that 1) = 0 (i.e., the path from the RIS
to any UE is always unobstructed) and that there is no physical
limitation to how close an RIS can be placed to the base
station. Therefore the results at a ~ 1 serve as an upper bound
to the potential performance of RIS-assisted communication.
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We now focus our attention on the optimization problem
in (36). We assume, without loss of generality, that UE
positions follow a scaled Beta distribution whose PDF is

r—1
fulu) = Tty u _
L(x)I(y) =
The distribution has a flexible shape that is controlled by the
z and y parameters as shown in Fig. [§] From (4) and, as
shown in Fig. [6} a UE is most likely to be in position u =
(x—1)/(x+y—2). The uniform distribution is a special case
of (#4) when z =y = 1.

Figs. [T} [I0] show the effect of UE distribution on the
optimum placement of the RIS. Different values of x and
y are considered to represent different UE distributions over
the exclusion zone. The figures sketch the average probability
of coverage (i.e., the objective function (36)) versus the
RIS relative location, a (i.e., the optimization variable). For
each a, the base station location z is recalculated from @)
to keep the radar performance unaffected (i.e., to keep the
constraint (37) satisfied). We also consider different values of
Biiock at ¥ = 0,0.005, and 0.05. The average probability of
coverage of non-RIS assisted system appears as a horizontal
line in the figures and is used as a baseline for comparison.

As seen in the figures, using a small a reduces the prob-
ability of coverage for two reasons: 1) the increased radar
interference over the scattering channel between the RIS and
the UEs and 2) the reduction in base station signal strength
due to larger z (as shown in Fig. [ and calculated from (#3)
to satisfy constraint (37)). As expected from Fig. 5} when
1 = 0, the RIS should be placed near the base station. The RIS
improves the average probability of coverage by approximately
15%, 31%, 6%, 24%, respectively, in Figs. [7]-[I0] We see that
the highest improvements take place in the scenarios where
most UEs are located close to the radar with bad base station
coverage.

Obviously, increasing 1) limits the service or visibility range
of the RIS, and consequently at ¢y = 0.005, the optimum

(1_5)1,_17 0<u<z (44)
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placement of the RIS depends on the peak position of the
UE distribution. For example, in Fig. 8] when z = 1 and
y = 3, UEs are concentrated nearer to the radar than to the
base station and consequently the best RIS location is closer
to the radar than to the base station. Contrary to Fig.[8] the UE
distribution considered in Fig. 0] has most of the UEs located
near the base station not the radar, and consequently, the RIS
should be placed near the BS where most UEs are located. In
Fig. 10} the optimum RIS location is around 0.2Z where most
UEs are located. Due to the limited visibility of the RIS, the
improvement in the average probability of coverage drops to
approximately 4%, 10%, 5%, 12%, respectively, in Figs. [7] -
LLO)

By increasing v further more to 0.05, the visibility range of
the RIS becomes too limited such that it no longer affects the
probability of coverage in most cases, and the improvement
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in the average probability of coverage drops even more to
approximately 1%, 2%, 3%, 3%, respectively, in Figs. [7] - [I0]
This case of frequent obstruction may require the installation
of multiple RISs rather than a single RIS to guarantee that
UE:s in different locations can still connect to a nearby RIS.

VII. CONCLUSIONS AND FUTURE WORK

This paper proposed using RISs to improve communication
coverage near radars. Throughout the paper, we analyzed the
effect of RIS deployment on the communication coverage and
on the radar operation. We showed that optimizing the RIS and
base station placement can enhance communication coverage
without affecting the radar operation. The optimum locations
depend on many factors including the UE distribution, the fre-
quency of UE exposure to radar interference, and the required

radar performance. A single RIS can improve communication
coverage by 6-31% depending on the UE distribution, however
the improvement diminishes by frequent obstruction of the
path between the RIS and the UEs. In this case, it could be
beneficial to use a number of RISs rather than a single RIS.
A 2D stochastic geometry based framework to optimize the
density of deployed RISs shall be considered in future work.
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