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Abstract—The wide deployment of wireless sensor networks
has two limiting factors: the power-limited sensors and the
congested radio frequency spectrum. A promising way to reduce
the transmission power of sensors, and consequently prolonging
their lifetime, is deploying reconfigurable intelligent surfaces
(RISs) that passively beamform the sensors transmission to
remote data centers. Furthermore, spectrum limitation can be
overcome by spectrum sharing between sensors and radars. This
paper utilizes tools from stochastic geometry to characterize
the power reduction in sensors due to utilizing RISs in a
shared spectrum with radars. We show that allowing RIS-
assisted communication reduces the power consumption of the
sensor nodes, and that the power reduction increases with the
RISs density. Furthermore, we show that radars with narrow
beamwidths allow more power saving for the sensor nodes in its
vicinity.

Index Terms—Reconfigurable intelligent surface, wireless com-
munication, radars, spectrum sharing

I. INTRODUCTION

Providing ubiquitous connectivity for Internet of Things
(IoT) devices is challenging due to spectrum and power limi-
tations. One way to overcome spectrum limitation is enabling
communication over the radar spectrum [1]. For example, [2]
proposed IoT connectivity in radar bands using zone-based
spectrum sharing where IoT devices near the radar (i.e., inside
its guard zone) are only allowed temporal access to the radar
spectrum when the radar beam points elsewhere. Temporal
radar spectrum sharing was also considered in [3] and [4], in
which the downlink performance of communication systems
in the vicinity of rotating radars was analyzed. This paper, too,
assumes temporal spectrum sharing between Sensor Nodes
(SNs) and a nearby radar; however and unlike the above
works, it focuses on reducing the uplink transmission power
of the SNs over the shared spectrum by deploying Recon-
figurable Intelligent Surfaces (RISs) to assist communication
between the SNs and their Fusion Centers (FCs).

RISs are surfaces that consist of a large number of re-
configurable reflecting elements. They are considered passive
as they beamform the incident signals without transmitting
any power of their own; this beamforming is attained by
tuning the phases of the RIS reflecting elements through low
power electronic circuits [5], [6]. Thus, RISs can reduce the
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required SN transmission power by beamforming its signal to
the FC. The research body on RISs has been growing recently
with different papers focusing on different RIS deployment
scenarios [6]-[9]. For example, RIS phases were optimized to
maximize different objectives of RIS-assisted communications
in [10]-[15]. To elaborate, rate maximization in single and
multi user Multi-Input-Single-Output (MISO) setups was con-
sidered in [10] and [11], respectively. Moreover, spectral effi-
ciency maximization in MISO and Multi-Input-Multi-Output
(MIMO) setups was considered in [12], [13]. Furthermore,
SINR and energy efficiency were maximized in [14], [15].
However and to the best of our knowledge, this is the first
work that considers using RIS-assisted uplink communication
between SNs and remote FCs in a temporal spectrum sharing
scenario with a nearby radar to reduce the SNs transmission
power, which is vital due to the power limited nature of
wireless SNs.

To elaborate more, in this paper, we use tools from
stochastic geometry to analyze the SN transmission power
required for successful RIS-assisted uplink communication
between SNs and FCs over a shared radar spectrum. We
derive the Cumulative Density Function (CDF) of the SN
transmission power as a function of the RIS density and
the radar parameters. Results show that enabling RIS-assisted
communication reduces the required SNs transmission power,
which is essential to prolong their lifetime. Moreover, we
show how this power reduction is affected by different design
and system parameters such as the RIS density and number
of reflecting elements, as well as the direction and width of
the radar beam.

The rest of this paper is organized as follows: the system
model is described in Section II, the power CDF is derived in
Section III, and the results are presented in Section IV before
the paper is finally concluded in Section V.

II. SYSTEM MODEL

Consider uplink communication between SNs and remote
FCs that takes place on a shared radar spectrum. We consider,
without loss of generality, a circular region of radius Z with
the radar located at the center and the FCs on the perimeter.
The FCs locations follow a Poisson Point Process (PPP) @
with line density ¢z (m~') such that the number of FCs on
the circle perimeter is a Poisson random variable (RV) and



their azimuth locations, denoted by 0f are independent and
identically distributed (i.i.d.) uniform RVs over [0, 27] for all
f € ®p. Let Pgr denote the transmit power of the radar and
Ofr and O,, be the direction and width of the radar beam,
respectively.

RISs are used to improve communication by providing extra
indirect paths between the SNs and the FCs. The RISs are
randomly located inside the region and follow a PPP &g with
density (s (m~2). We consider the RISs to be electrically
small and passive reflect array based with each RIS consisting
of M reflecting elements (i.e., the RIS is considered a small-
size scatterer with the size of each of its M reflecting element
being around half the wavelength) [5], [7]. Element m of
RIS s has reconfigurable reflection coefficient B, e’ dsm with
dsm € [0, 27| being the phase and S, € [0, 1] the magnitude.

Due to the azimuth symmetry of the model, we focus
our analysis on an SN located at (z,0). In order not to
interfere with the radar operation, the SN transmits only
when not in the radar beam. We denote the distance be-
tween two general points ¢ and j in the network by d;; =

r2 + r? — 2r;rj cos (0; — 0;), where (r;, 6;) are the polar
coordinates of point ¢. The signal received from the SN at
FC f € ®p through RIS s € ®g consists of two terms as
follows [5]:
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where ¢, is the transmitted signal of the SN, G is the receive
antenna power gain of the FC, and « is the path loss exponent.
The first term in (1) is the signal received over the direct
channel from the SN to FC f, denoted by h,¢. The second is
the signal received over the indirect channel through the RIS
with Agzms and hgp, s denoting the channels from the SN to
element m on RIS s and from element m on RIS s to FC f.
Since the RISs are electrically small and reflect array based,
the channels h;y,s (and hg,, ) can be considered independent
for all reflecting elements m on the RIS. Moreover, the
distances between the SN (or the FC) and the RIS can be
considered the same for all reflecting elements on the RIS.
For simplicity, we assume that all 35, have the same binary
value 8; € {0,1} such that a typical RIS is in a reflecting
mode (i.e., operating) when its 8 = 1 and silent otherwise.

To maximize the magnitude of the received signal, an FC
f tunes the values of d,,, to align the phases of the different
components of ¢ such that 6, = Zhyf — ZLhgms — Lhsmy,
where /- denotes the phase. In this case, the average power
of the received signal becomes
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where p is the SN transmission power and E(-) is the
expectation operator. The line & is obtained by assuming

independent channels with E(|h|?) = 1 and ignoring the cross
multiplication terms. Clearly, tuning the RIS parameters re-
quires knowledge of channel state information and exchanging
control messages with local Radio Frequency (RF) controllers
that reconfigure the RIS phases. Consequently and in order
to reduce control overhead and undesired interference from
RIS reflections, we assume that communication between the
SN and the FC is assisted by a single RIS, which should be
located outside the radar beam, while the rest of RISs are
kept in silent mode (i.e., 8 = 0). Opposite to that, the radar
is always active and consequently, it directly interferes with
FCs whenever they lie in its beam.

Based on the above discussion, the signal-to-interference-
plus-noise ratio (SINR) of the RIS-assisted communication
from the SN to FC f through RIS s, denoted by vy, is [5],
[16]
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where o2 and I denote the noise and radar interference powers
at the FC, respectively. We assume a perfect radar radiation
pattern such that the radar interference at FC f € ®p is
I =PrGZ~*1 (|6’chD —0g| < @BW> where 9? is the azimuth
location of FC f and the function 1(-) is a binary indicator
that equals 1 when its argument is true. Furthermore, we
assume that an FC f successfully decodes the message of
an SN at = when the SINR of the received message exceeds a
threshold 7. Hence, the minimum required SN transmit power
for successful decoding at FC f is given by
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where ®° is the set of RISs outside the radar beam (i.e.,
whose azimuth locations € [0, 27]\ [Or — ©8¥, O + S5v]).

In the next section, we derive the CDF of the minimum
SN transmission power required for successful decoding of

its message.

III. STATISTICAL CHARACTERIZATION OF UPLINK
TRANSMISSION POWER

The SN connects through the FC and the RIS that provide
the lowest pathloss, and thus, requires the least transmit power.
The minimum required transmission power of the SN at x is
denoted by P,, . and it takes the following form:

Pmin,ac = min Pmin,l‘fa (5)
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where P, . is the minimum transmission power required
for successful decoding at FC f as given in (4). Using order



statistics [17], the CDF of B, . takes the following form
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The sets @ and ®% include the FCs inside and outside the
radar beam, respectively. The line = is obtained using the
probability generating functional (PGFL) of the PPP [18],
where 0, = [Op — 28, ©p + ©¥] is the range of azimuth
angles that lie inside the radar beam, and 0, = [0, 27] \ 6, is
the range of azimuth angles that lie outside the radar beam.
Moreover, F'p,. .. (p) is the CDF of P, s, which takes the

form
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where Sy is the set of (r,0) satisfying the conditions

€1[0,7], 0 € [0,2n] \ [Or — 2% Op + 22%], and d; >

\/(Z2 +1r2 —2Zr cos (0? - 0)) (22 + 12 — 227 cosb).

Generally, Fp,, ..(p), and hence Fp, . (p), do not have
closed forms. Thus, we derive in Theorem 1 a closed form
expression for the CDF of the worst case SN transmission
power, which occurs when (s =~ 0. This worst case CDF
serves as a lower bound to the exact CDF Fp,  (p).

Theorem 1. In the case when (s ~ 0, Fp,, .(p) has the
following closed form
Fp,,.(p) =1 —exp(—(rZI), €))
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and ©™ is the same as ©™ but with I = 0.

Proof. When (s ~ 0, we can assume that the SN signal
received at FC f over the direct link dominates that received
over the indirect link such that v,,¢ ~ pGd_ /(0?4 I) and

p( 2+I)>;>, (14)
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which can be written as

Fp,,.,(0) =1(07| < 0™ ™) Vf € B, (15)
and thus,
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and
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Knowing that A\ B = A — AN B, and that for two disjoint
sets Band C, AN(BUC)=ANB+ ANC, we can write
Fow @s 20 — O, 27] — [wi™, Q"] + [0, 0] — [ws", 23] and
Fa as [wy, OF] + [ws, 23], 0

IV. NUMERICAL RESULTS

This section presents the numerical results. All figures are
generated from MATLAB Monte-Carlo simulations using the
parameters in Table I, unless stated otherwise.

Figure 1 shows the effect of RIS deployment density, (s,
on the SN transmission power CDF. As seen, Theorem 1 well
approximates the CDF at low (g. The figure also shows that
increasing (s reduces the SN transmission power required
for successful communication (i.e., shifts the CDF to the



TABLE I
SIMULATION PARAMETERS

Parameter Value
Radius of region of interest, Z 2 km
Density of FCs, (¢ 0.4 km—1!
SINR threshold, 4 5dB

Path-loss exponent, o 2
Noise power, o

FC receive antenna gain, G
Number of RIS reflecting elements, M 100

SN location, = 1 km
Density of RISs, (g 0.8 km—2
Radar wavelength, A 0.0833 m
Radar transmission power, Pr 22 kW
Radar direction, © g 90°
Radar beamwidth, Ogw 30°
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Fig. 1. Effect of RIS deployment density on the CDF of required SN

transmission power.

left). This is because increasing (g increases the number of
available RISs, and consequently allows the SN to connect
through the RIS and FC that provide the lowest pathloss.
Figure 2 shows that increasing the number of reflecting
elements, M, per RIS reduces the required SN transmission
power because it increases the number of parallel channels
between the SN and FC, and consequently, improves the
received signal strength. However it should be noticed that
increasing M means bigger RISs and more phases to tune.
Next, Fig. 3 shows the CDF of the required transmission
power of two SNs located at x = 0.5 km and 1 km. As seen,
the SN near the zone perimeter (e.g., x = 1 km) generally
requires less transmission power as it is closer to FCs, and
therefore has lower path-loss. Increasing (s generally reduces
the required transmission power of the two SNs. Moreover,
it reduces the gap between the power CDFs of the two SNs
as the SN at x = 0.5 (which is far from FCs) benefits more
from the SINR improvement of RIS-assisted communication.
Finally, Figs. 4 and 5 show the effect of the radar direction
and beamwidth on the required SN transmission power CDF.
As seen in Fig. 4, the SN needs less transmission power
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Fig. 2. Effect of the number of reflecting elements per RIS on the CDF of
required SN transmission power.
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Fig. 3. CDF of required transmission power of SNs at different locations.

when the radar direction is opposite to the SN location (i.e.,
©pr = 180°) because the radar does not interfere with the
FCs near the SN as they are not in its beam. Moreover, the
RISs near the SN are not silent for the same reason. Finally,
as observed from Fig. 5, a wider radar beamwidth increases
the required SN transmission power as the beam covers more
FCs and RISs, and consequently, interferes with more FCs and
silences more RISs. However, as seen from Fig. 5, increasing
the RIS density reduces the effect of the radar beamwidth
on the required transmission power as it offers the SN better
connection links, in terms of path-loss, to the FC.

V. SUMMARY AND CONCLUSIONS

This paper shows that using RIS-assisted uplink communi-
cation between sensors and fusion centers in wireless sensor
networks reduces the required transmission power of the
sensors, and consequently prolongs their lifetime. The results
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show that the amount of reduction depends on many factors
including the RIS density, the number of reflecting elements,
and the parameters of the radar with which the spectrum is
shared. The work in this paper can be extended to include the
overhead of channel estimation and phase tuning of the RISs.
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