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Abstract—Communication-sensing integration represents an
up-and-coming area of research, enabling wireless networks
to simultaneously perform communication and sensing tasks.
However, in urban cellular networks, the blockage of buildings
results in a complex signal propagation environment, affecting the
performance analysis of integrated sensing and communication
(ISAC) networks. To overcome this obstacle, this paper constructs
a comprehensive framework considering building blockage and
employs a distance-correlated blockage model to analyze in-
terference from line of sight (LoS), non-line of sight (NLoS),
and target reflection cascading (TRC) links. Using stochastic
geometric theory, expressions for signal-to-interference-plus-noise
ratio (SINR) and coverage probability for communication and
sensing in the presence of blockage are derived, allowing for
a comprehensive comparison under the same parameters. The
research findings indicate that blockage can positively impact
coverage, especially in enhancing communication performance.
The analysis also suggests that there exists an optimal base station
(BS) density when blockage is of the same order of magnitude as
the BS density, maximizing communication or sensing coverage
probability.

Index Terms—Integrated sensing and communication (ISAC),
performance analysis, blockage effect, stochastic geometry.

I. INTRODUCTION

A. Background and Motivations

NTEGRATED sensing and communication (ISAC) is a

potential key technology for beyond-fifth-generation (B5G)
and sixth-generation (6G) wireless communications and has
received wide attention from academia and industry [1], [2].
ISAC could not only share the same wireless infrastructures
to enhance the hardware utilization efficiency but also provide
sensing capabilities for wireless networks to obtain informa-
tion about the surrounding environment [3]]—[5]]. Dual-function
design of communication and radar [6] is a hot issue in
ISAC research, which transmits communication information
to the receiver and extracts sensing data from the scattered
echoes, such as position and velocity. With the development
of emerging services such as autonomous driving, industrial
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internet of things, and digital twin [[7], future dual-functional
radar and communication (DFRC) [8]] systems are expected to
provide sensing applications, e.g., target tracking [9]], intrusion
detection, and environmental monitoring [[10]. In the industry,
ISAC is developed in Huawei [[11] and ZTE [12] for wireless
network investigations. Regarding standardization, 3GPP SA1
has established research project TR 22.837 [13]] to discuss the
use cases and potential requirements for ISAC while focusing
on security and privacy.

The early development of ISAC focused on simultane-
ously achieving communication and radar functions, with an
emphasis on radar sensing [14]. Its evolution went through
stages such as coexistence of communication and radar
[15]], radar-centric communication, and communication-centric
radar, gradually evolving into ISAC [16]. In the ISAC sys-
tems, the symbiotic relationship between communication and
sensing is the linchpin for unlocking their full potential.
As these systems evolve from the early stages of exploring
communication-radar dynamics to the sophisticated integration
of communication and sensing, the need to analyze their per-
formance in real-world scenarios becomes paramount, which
is the focus of this paper.

B. Related Works

The research on ISAC performance analysis transitioned
from early single-point system performance to network-level
system performance. Initial studies concentrated on the ISAC
in individual devices or systems, emphasizing how the fusion
of these functions could enhance spectrum and energy efficien-
cies [17], [[18]], reduce hardware and signal processing costs
[19], and explore the performance limits in information theory
[20].

The characterization of the trade-off between communica-
tion and sensing performance is fundamental to ISAC theory.
In [21]], the authors derived Cramér-Rao bounds (CRB) for
direction, distance, and velocity estimation in single-station
uplink scenario, establishing the trade-off relationship between
estimation performance and communication rate. Similarly,
[22] analyzed the performance of downlink and uplink ISAC
systems from an information-theoretic perspective, discussing
communication rate (CR), sensing rate (SR), and achievable
CR-SR regions in the scenario where a single base station
(BS) serves multiple users. In [23]], the authors considered
a point-to-point model in a dual-function ISAC transmitter
scenario, depicting the two-fold trade-offs between achievable
communication rates and achievable CRB. Some researchers
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dedicated efforts to integrated waveform design, where a
full-duplex ISAC waveform scheme was devised, and the
communication and sensing performances of a half-duplex
single-base node were analyzed and optimized [24].

With the continuous advancement of wireless communica-
tion and sensing technologies, wireless networks are evolving
towards greater density, leading to the extension of ISAC
research to the network level [25]], [26]]. This involves col-
laborative work among multiple devices, sensors, or nodes to
construct more robust and intelligent communication-sensing
networks [27]]. At the network level, ISAC faces challenges
due to the simultaneous communication and sensing tasks
of multiple nodes, making the system more susceptible to
interference. The rational analysis of inter-BS interference dis-
tribution and accurate representation of network performance
are crucial for guiding network planning and optimization [28]].
Stochastic geometry is commonly employed to model and
analyze the spatial layout and location distribution of nodes in
wireless networks, providing a powerful analytical framework
[29]-[31]. In [32], the authors considered interference con-
straints in radar-communication networks, deriving the trade-
off between radar detection range and network throughput in
shared wireless channel scenarios.

However, in practical deployment, especially in urban en-
vironments, the previous works often insufficiently consider
the blockage effects introduced by buildings. These blockage
effects make interference analysis between nodes complex,
increasing the difficulty of system performance analysis. In
[33]], a new mathematical framework was proposed to char-
acterize the coverage probability and ergodic capacity of
communication and sensing in ISAC networks. The study
analyzed the downlink sensing and communication coverage
range and capacity of an ISAC network implemented with
OFDM radar. In [34], the spatial distribution of BSs was
modeled as a [-Ginibre Point Process (8-GPP), providing
insights into the collaborative detection performance of an
FD-JCAS system in a heterogeneous millimeter-wave cellular
network. In [35]], the distribution of blockages in urban areas
was modeled by analyzing geographical information system
(GIS) measurement statistics, and the successful detection
probability and communication probability of ISAC systems
were derived. When the impact of blockage was considered
in these literatures, the exponential blockage models, general-
ized LoS sphere models, average probability approaches, and
similar methods are always applied to simplify the analysis.

C. Our Contributions

To the best of our knowledge, existing research has rarely
considered interference situations simultaneously used for
communication and sensing purposes, especially the lack of
studies on the performance of ISAC networks in the presence
of blockage. In this context, this paper will focus on analyzing
the coverage performance of ISAC networks with blockage
effects, proposing a general analytical model that is easy
to handle. This model avoids mutual interference problems
between communication and sensing through the design of
time-division duplexing, simultaneously considering several

easy-to-implement special cases, resulting in easy-to-compute
closed-form expressions. The main contributions of this paper
are summarized as follows:

o Firstly, a generalized framework is proposed through
stochastic geometry theory while considering the inherent
randomness of BS deployment, signal propagation, target
reflection, environmental blockages, and interference. A
distance-dependent blockage model is adopted in the ur-
ban scenario, which integrates the effects of line of sight
(LoS), non-line of sight (NLoS), and target reflection
cascading (TRC) paths.

o Secondly, based on the proposed framework, the impact
on the ISAC networks coverage performance is evalu-
ated by solving the power loss distribution due to link
blockage and the possible interference for each path sep-
arately, and expressions for the communication and sens-
ing signal-to-interference-plus-noise ratio (SINR) and the
coverage probability are derived.

o Thirdly, special cases such as no blockage and no noise
are analyzed. Based on stripping out the influencing fac-
tors, closed-form expressions that are easier to compute
are derived. It is observed that in some special cases, the
communication coverage probability can be independent
of the density of BS deployment, but the conditions that
make the sensing BS-independent special case will be
more demanding.

« Finally, the theoretical accuracy is verified by simulation.
The simulation results demonstrate that increasing the BS
deployment density can help improve the communication
and sensing coverage probabilities within a specific range.
The results also show that there exists an optimal BS
density that maximizes the communication or sensing
coverage probability, and blockage can provide a fa-
vorable gain in coverage probability by blocking more
interference.

D. Outline of the Paper

The rest of this paper is organized as follows. Section II
introduces the general ISAC system model with multiple BSs.
Then, Section III evaluates the communication performance
and sensing performance, in which the coverage probabil-
ities under various scenarios are derived. Finally, Section
IV provides numerical results to verify our analysis before
concluding the paper in Section V.

Notations: We use regular, italic, bold lowercase, and bold
uppercase letters to denote function names, scalars, vectors,
and matrices, respectively. E(-) denotes the expectation op-
eration. [,,(-) denotes the modified Bessel function of the
first kind of order m. a! is the factorial of the nonnegative
integer a. I'(+) denotes the gamma function. o F; (-) denotes the
Gauss hypergeometric function. erfc(-) is the compensation
error function. For quick reference, the main mathematical
notations used in this paper are summarized in Table 1.

II. SYSTEM MODEL

As shown in Fig. we consider an ISAC system with
multiple BSs, where there are ISAC BSs, user equipment
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TABLE I
SUMMARY OF NOTATIONS
Notation Description
Ppg Set of locations of all ISAC BSs except bg.
Abs Density of ISAC BSs.
Gain coefficients of the LoS path, NLoS path and
ki, kn. kr echo path. ’ P
ar o o Path loss exponents of the LoS path, NLoS path and
L AN> OR echo path.
sens _sens Small-scale fading gain of the LoS and NLoS in-
CgoLm%’ g Nt oo | terference link from the ¢-th BS to the sensing and
9L,i >IN communication associated BS.
Ores Radar cross-section of the ST.
b, The i-th ISAC BS, where by denotes the sensing and
¢ communication associated BS.
Distance between b; and UE / ST / bo, where Rg /
R, R, R; Ro denotes the distance between by and UE / ST,
and Rop means nothing.
Independent Bernoulli random variables indicating
Si, 5‘7 R S@ whether there is a I:OS path betwgen b; and UE / ST
/ b, where Sop = Sp = 1, and Sp means nothing.
PLy, PLy, Large-scale path loss functions for LoS, NLoS and
PLg echo paths.
Prp, Pry Probability of LoS and NLoS propagation.
The parameter related to the shape and size of the
B blockage.
The proportion of the area in the region that is
P blocked.

(UEs), and sensing targets (STs). The locations of BS are
modeled as a Poisson point process (PPP) on the R? plane with
density of Aps, denoted as ®s. The ISAC BS senses based
on echoes. For simplicity, STs are modeled as point targets
and are only sensed when a LoS path is present. In contrast,
communications will consider both LoS and NLoS paths. On
this basis, the typical UE and the typical ST are both associated
with the nearest visible BS. For simplicity, it is assumed that
the sensing-associated BS and the communication-associated
BS are the same and denoted as by.

Wireless resources are temporally divided into communi-
cation slots and sensing slots, with each BS synchronized
through wired connections to ensure simultaneous execution
of communication or sensing tasks within the same time slot.
Assuming that each sensing echo returns within the sensing
slot, which isolates mutual interference between communica-
tion and sensing. Additionally, the slot allocation ratio can be
adjusted based on different service requirements to enhance
the flexibility of communication sensing functions.

A. Path Loss and Blockage Model

The large-scale path loss functions for LoS and NLoS paths
can be expressed as

PLL(’F) = kL’I"_aL, PLN(T) = k’N’l”_aN, (1)

where k7, and kpy are coefficients of the LoS path and NLoS
path, and oy and oy are the path loss exponents for both.
Similarly, the sensed LoS echo path loss can be derived from
the monostatic radar equation as

PLg(r) = kgr™ %, (2)

where kg = ky /4w is the gain coefficient of the echo path,
and ar = 2« is its road loss exponent.

BS: Base Station Z Interference Link

ST: Sensing Target <=—— Sensing Link ‘
ISAC BS ) »
by & »

e

1))
= ,———"%
w2

- -
=} L
v
'3 =2 ISACBS
|"C":1 b,
18
‘ 1%
1
1
1
1
v
3
: % o

Associated
ISAC BS

R,
S sie ‘
b;
! ISAC BS

Fig. 1. Schematic diagram of the considered system model.

Assume a Boolean scheme for blockage formation of rectan-
gles. The centers of the rectangles form a homogeneous PPP
with density Apkx. The length Lj and the width W of the
rectangles are assumed to be i.i.d. According to Theorem I in
[36], the number of blockages is a Poisson random variable
with the mean SR + p. The probability of being blocked is
related to the link length, and the LoS and NLoS probabilities
for a link of length R can be modeled as

Prp(r) = e_(mﬂ’), Pry(r) =1—Prp(r), 3)

where 8 = 2\pk (E[L] + E[W])/7 is the parameter related to
the shape and size of the blockage and p = A\ E[L]E[W]
is the proportion of the area in the region that is blocked.
Specific typical values can be selected for different scenarios
according to the 3GPP TS 38.901 standard [37].

Assuming that the number of blockages on the link is
independent, the probability density function (PDFﬂ of the

distance R, (or f%o) from the UE (or ST) to the nearest visible
BS is then [36]

fry (1) = 2 Apgre” BrHp+2minU(r) 4)

where U(r) = (e7?/B2)[1 — (Br + 1)eP"]. Its integral does
not satisfy the normalization condition and can be calculated
as

Fi, (r) = / " fr(r)dr

2P A\ ®)
=1—exp —T .
In particular, when both 3 and p tend to O,
2
o T . _r
U(r) = lim lim U(r) = =, ©6)

the nearest visible association degenerates into the nearest
association policy. The PDF of the distance Ry (or Ry) from
the UE (or ST) to the nearest BS is then [38]]

fRo (r) = lim lim fg,(r)
p—0B—0 (7)
2
= 2 Apgre T
'Note: This function does not satisfy the normalization property due to the
presence of blockages. Therefore it should not be called a PDF rigorously.

However, the probability hypothesis density (PHD) can be used to describe
this non-normalized measure.
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B. Desired Signal Model

Assuming that the communication-associated BS transmits a
constant mode unit signal and that there is a LoS path between
the UE and by, the downlink communication received signal
is

Scomm —

970" PLL(Ro)So, (®)

where R is the distance from by to UE, and if Sy = 1
then it means that there is a LoS path between by, and UE.
Besides, g7°g"™ is its small-scale fading gain, which obeys
Rician distribution.

The sensing is carried out based on the echo signal, where
the transmitted signal arrives at the receiver after round-trip
large-scale fading and target reflection attenuation, and the
received sensing signal can be modeled as

551 = 5 . PLR(Ro)So, 9)

where RO is the distance from by to ST, and o, is the ST’s
radar cross-section (RCS). If Sy = 1, it indicates the existence
of a LoS path between by and ST, otherwise, it is a NLoS
scenario.

According to the previous assumptions, communication and
sensing are conducted when LoS is present, so Sy = S =1
holds constantly.

C. Interference Model

The interference of the communication considers the down-
link interference at the UE, so the UE at the origin is chosen as
a typical UE. The interference it suffers is mainly composed of
two parts, interference from LoS paths Ifo¢"™ and interference
from NLoS paths I{75g!, which can be expressed as

ICOIHIII — comm + C(}JII’IOISII7 (10)
wherein
IEo™ = ) giormPLL(R;)S;, (T0h)
1€ D
Ig = > gV PLy(R:)(1 - S:),  (I0b)
1E€EDP

where by is the communication-related BS. g7°*™ and gi77™
are the small-scale fading gains on the LoS and NLoS in-
terference links, respectively. Furthermore, R; is the distance
from b; to UE, and S; ~ Bernoulli(Pry(R;)) are independent
Bernoulli random variables indicating whether there is a LoS
path between b; and UE.

Since the sensing results are obtained at the BS, according to
Slivnyak’s theorem, without loss of generality, the BS located
at the origin is chosen as the typical sensing analysis node. The
interference generated by other BSs can be composed of three
parts. If there is a LoS path between the interfering BS and the
typical BS, the interference is denoted as I3, otherwise it is
expressed as I{joq. In addition, when there is no collaboration
between BSs, the interference ITRE generated at the sensing
BS by the signal transmitted by the interfering BS after
reflection from the ST should also be considered. Accordingly,
the aggregated sensing interference can be derived as

I = [+ RS + B,

(1)

wherein
L =D g PLL(R)S;, (Th)
ie‘bbs
Ilss = D gNIPLy(Ri)(1 - 5y), {Th)
1€PKs
I"bfelg% = Z UrcskRRi_O(L Sz X RJaLgo, @)
1€Pps

where by is the sensing-associated BS, which is assumed
to be the same as the communication-associated BS for
convenience. g77;° and g\ are the small-scale fading gains
on the LoS and NLoS interference links respectively. Be-
sides, R; is the distance from the i-th interfering BS b; to
bo, Rl is the distance from b; to ST. Furthermore, S ~
Bernoulli(Pr,(R;)) are independent Bernoulli random vari-
ables indicating whether there is a LoS path between b; and by,
and S; ~ Bernoulli(Prz(R;)) denote the existence of a LoS
path between b; and ST. Notice that Sy = 1 holds constantly.

D. Small-scale Fading Model

For the LoS interference link, assuming that its small-
scale fading obeys a Rician distribution and the corresponding
instantaneous signal power obeys a scaled non-central chi-
squared distribution with two degrees of freedom, its PDF can
be expressed as

fore (@) = (L4 K) e 00002 (9 /K (1+ K) ),
(12)
where “c/s” means “comm” or “sens”, K is the Rician factor,
denoting the ratio of the power in the dominant component to
the average power in the diffuse components, Iy(-) denotes
the modified Bessel function of the first kind and zero order.
The PDF can be approximated by a finite exponential series
as [39]

(x € [0,W]), (13)

o /s Z wy, eun T
where N is the number of terms in the exponential series to
achieve the desired accuracy, usually a good approximation
can be achieved by setting N = 4. Both wX and uX are the
real coefficients of the n-th term related to the Rician factor
K under the uX > 0,(n =1,2,--- ,N) and Zn Jwk =1
constraints, and [0, W] is the range of . So, the complemen-
tary cumulative distribution function (CCDF) of the desired
signal power is approximated by [40]

Fgc/s ($) = f L/h( )

L,i

N (14

For the NLoS interference hnk, assuming that its small-
scale fading obeys a Rayleigh distribution, the corresponding
instantaneous signal power obeys an exponential distribution,
and its PDF and CCDF can be expressed as

c S _ c/a
Fpope (@) = piPe (15)
N,i
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and o
Fyn @ = [ @)y
N,© z N,i

c/s
— e HN T

(16)

respectively, where u%s is the Rayleigh fading parameter.

For self-receiving and BS;-sending BS,-receiving reflection
paths, the returned signal power per pulse is assumed to be
constant for the time on target during a single scan, but
fluctuate independently from scan to scan, following i.i.d.
exponential distributions. This corresponds to the Swerling
I model commonly used in radar settings [41]. Under this
assumption, the PDF for o, in Egs. (9) and (I1E) can be
expressed as follows

Jores (0) = =

O-I'CS

1 -
e 7 (0> 0),

a7

where 7,5 18 the average of RCS. Its CCDF can be expressed
as

Fy. (o) = / o)y = ¢ 75 (0 2 0). (18)

E. Performance Metrics

Communication performance is measured using the tradi-
tional coverage probability metric, which is defined as the
probability that the SINR of the communication SINR“™™ is
greater than the threshold 7°°™™. It is related to the detection
threshold, the density of BSs, the road loss exponents, and the
blockage-related parameters, which can be denoted as

pgomm(T:comm7 )\bsa ay,, N, ﬁ)p)

19
— ]P)[SINRCOIIHII > TCOInm]- ( )

The SINR™™ can be directly expressed as
SINR®™™ — 5 (20)

" Jcomm 4 Ncomm’

where N°°™™ is the additive noise power of communication.

The sensing task is divided into target detection and parame-
ter estimation, with detection performance characterized by the
probability of detection and estimation performance described
by the accuracy of the parameters. When the false alarm
probability is fixed, the detection probability obtained using
the Neyman-Pearson detection criterion is directly related to
the SINR of sensing SINR**"™® [3]].

The probability that SINR**™® is greater than the signal
processing threshold 7" is defined as the sensing coverage
probability (or successful detection probability), which can be
given by

piens(TsenS) AbS? aL) aN7 aR? B’p)
= P[SINR*"® > T,

The sensing SINR is defined as

SSGI}S
sens __
SINR - Jsens [Nsens’
where N°" is the additive noise power of sensing.
In the time-division multiplexing system, assuming that
the communication and sensing utilize the entire spectrum
and power resources in each time slot, allowing for the

21

(22)

evaluation of the snapshot performance of the ISAC network
at a specific moment. In this configuration, the proportion of
communication to sensing time slots does not directly impact
the SINR values for each measurement but may result in
a macroscopic loss of achievable communication rates. Its
impact on sensing detection probability is reflected in coherent
or noncoherent cumulative gains, while its effect on estimation
accuracy manifests in the allocation ratio of time-frequency
resources and the configuration of frame structures.

III. PERFORMANCE ANALYSIS
A. Communication Coverage Probability

Theorem 1: For specific detection threshold T¢omm, LoS
and NLoS path loss exponents «j and oy, and blockage
parameters p and /3, the communication coverage probability,
pgomm (eomm o ar, an, B,p), can be calculated as (23) at
the top of the next page, where

_ [T wp(a)
F (e, o, p(z), h) —/h de' (25
Proof: The proof is provided in Appendix A. |

It is interesting to note that, when o > 2, there exists a
quasi-closed-form solution to the F(-) function

R
F(e,a,1,h) :/ dx
h ex® + 1
h=(e=2), Fy (1, 7“;2,2 — %a —L:) (26)

g(a—2) ’

where oF;(-) is a hypergeometric function which can be
calculated using the Gamma functions and finite integral as

F(C) 1 Zb_l(l _ Z)c—b—ld
T(b)I(c — b) /0 (I—tz)e
27)
where T'(z) = [;°t*"e~'dt, and it can be computed by
modern computers almost as quickly as the basic function.
More particularly, when o = 4, there exists a closed-form
solution to the IF(-) function as

2Fi(a,bi¢t) =

< x
F(e,4,1,h) = /h p—— ldx
7 — 2arctan(h?,/e)
4/ '

Due to the presence of blockages, the distribution of dis-
tances between the accessing BS and the served UE is related
to the BS density, so even if noise is not taken into account,
the derivative function of Theorem 1 with respect to Apg
is still not constantly 0, and the communication coverage
probability varies with the BS density A,s. However, because
of the existence of quasi-closed-form expressions at o > 2,
the optimal BS deployment density for a given parameter can
be computed quite easily.

Next, the special case of no blockage is discussed. When
8 — 0 and p — 0, the probabilities of LoS and NLoS prop-
agation become Prp(z) — 1 and Pry(x) — 0 respectively,
and we have F (¢, «,0,h) = 0. The PDF of the distance Rg
from the UE to the nearest BS is then fr,(r) — f3, ().

(28)
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K, .« comm A\Jcomm
uy rET N

pgomm (Tcomm >\bS7 ar, N, Ba / Z w,, €Xp l

kr

23
N X ’LLK M%(])Inka ’ ( )
— 2T A\ps mz:lme ('[WI’ ar, Pr[,(l‘)y 7“) +F (M7 an, PI“N(CU)7 0) fRO (7“) dr
0 rQRTSENS \Tsens ul oy k
psens (Tsens >\b%7 arn,an, R, 67 ) /0 exp [— —6rCSkR — 27 Aps Z wn (T,QRThzflbllj ,ar, Prp («77)7 ’I")
, (24)
Msensa.rcs kR TaL
+TF (M,aMPrN(x),O) +TF (W,QL,PrL(x),T) ] fa,(r)dr
Corollary 1: When blockage is not considered, the commu- and (b) is according to
nication coverage probability in Theorem 1 degenerates to
[es) 2
—r—bz? 1 /m a a
comm /rcomm de = =4/ — - fc | ——
P (T Ny -, 0,0) f e 2\/;“"[(2\/5) ]{m}
(32)

N K e’} qu(,raL peomm pjcomm
= E w,, exp | — i
n=1 0 L

N K
U’m o
=21 [Z Wi F (Wﬂb 177“)] ‘|fRo (r)dr

(29)
In the non-blockage scenario, Corollary 1 leads to some
exciting conclusions at a; > 2 or even ay = 4, so the

main simplifications of the various combinations considered
are (1) noisy networks with path loss exponent oy = 4, (2)
interference-limited no noise network with path loss exponent
ar > 2, and (3) interference-limited no noise network with
path loss exponent oy, = 4.

Special Case 1: No blockage, Noise, oy, = 4. Substituting
Eq. (28) into Eq. 29) yields the coverage probability of
communication in the non-blockage case as

ngIIlIIl (TCOIIII’II’ Abs7 47 ‘o ()7 O)

K 4TcommNcomm

o N
unr
:/ g wffexp[— " 3
0 n=1 L

K
N m— 2arctan(\/%)
[ V]t (ar
4\/%

o0
@ TAp Z wf/ exp [—mA, (1 + 295) v — ﬁnKv2}dv
0

® %W)\b Z wK /19K exp {()\blllf)z} erfc [Abe] ,

n=1

— 2’/T>\b7’2

(30)
where (a) uses the substitution 2> — v, and

uhy

ug Tcémm )

74 )
4 Yim
u{f Tcomm

m—2arc tan (

K _ N K
en - Zm:l wm
19K B ufchommNcornm

n - kr, )
_ w(1420fF)

2,/9K

3D

2 . .
wherein erfc(z) e~ dt is the compensation error

=%
function.

This expression is effortless to compute, requiring only
a simple erfc(z) value, and can actually be described as a
closed-form expression.

Further, some interesting conclusions can be obtained under
this model when noise is not taken into account.

Special Case 2: No blockage, No Noise, oy, > 2. When the
blockage is not considered and the noise power N ™™ — 0 or
the interference is much larger than the noise, and the path loss
exponent «y, is greater than 2, the communication coverage
probability is

comm
pc noiseless

:/ waexp l?ﬂ')\b
0

(Tcomm7 )‘bsa ar, -, Oa 0)

n=1
|3 e (s )
w, F ,aL,l,T) fe (r)dr
— uKTaLTcomm Ro (33)
N oo
© T\p Z wf,(/ exp [—mApv] exp [—2m A& v]dv
n=1 0
N
T —
1428k

where (c) uses the substitution 72 — v, and

K rpcomm

T
N 2F1(1 oL— 272_la_u"71()

K _ K ag, oy, um

gn - W,

— (34)
W%(OZL — 2)

In this case, the communication coverage probability is
independent of the BS density Aps. It only relates to the
detection threshold 7°°™™ and the path loss exponent «,.

Special Case 3: No blockage, No Noise, oy, = 4. Combin-
ing the first two special cases and substituting oy, = 4 make
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the closed-form expression as follows

(Tcomm7 )\bsv 47 "y 07 0)

comm
pc noiseless

= / Z wff exp | — 2mAyr?
0 n=1
N 2 t ( ’ILK )
T — zarctanl 4/ uﬁ‘Tig’mm o
X {Zwﬁ — HfRO (r)dr
m=1 41/ Wﬁgmm
N oo
=TAp Z wﬁ( / exp [fw)\bs (1 + 205) v] dv
n=1 0

al 1

= ’u)Ki,
2w 1+ 20K
n=1

where 6% is given by Eq. (BI). Similar to conventional
communication results, this is a very easy-to-compute closed-

form expression that relates only to the detection threshold
TCOmII]'

(35)

B. Sensing Coverage Probability

Theorem 2: For specific detection threshold Tiens, LoS,
NLoS and echo path loss exponents oy, any and ap, and
blockage parameters p and /3, the sensing coverage probability,
pEens(T™e™ Aps, ar, an, aR, 3, p), can be calculated as (24)
at the top of the last page.

Proof: The proof is provided in Appendix B. ]

Similarly to the communication coverage probability, the
derivative of Theorem 2 with respect to Apg is not constantly
zero. So, under specific parameter configurations, an optimal
deployment density of BSs that maximizes the probability of
sensing coverage exists here. In particular, there is a quasi-
closed-form solution at oz, > 2 and a closed-form solution at
oy = 4.

Corollary 2: The sensing coverage probability in the non-
blockage scenario is given by

pzenb(Tsensv )‘ba ar,:, R, 07 0)

/00 pORTSENs \rsens
= exXp|—————
0 Oreskr
A Uy, UrcskR
— 27 Aps Z w,, W sarp, 1,r
roL o
+F<7WS,C¥L,1,T> fRO(r)dr

No matter how the configuration parameters are chosen, it is
only possible to make a closed-form solution for Corollary 2
if a further simplification is made - disregarding the effect
of reflection path interference and the direct and reflective
path loss exponents being equal. This is reasonable in some
scenarios, such as in collaborative sensing networks, where
signals from other BSs that are reflected past the target can
be used as useful signals rather than interference.

Special Case 4: No blockage, Noise, ITR% = 0, ap =
ar = 4. Substituting Eq. @28) into Eq. (36), and assuming

(36)

roL

F (=semeems, 0z, 1,7) = 0 yields the coverage probability of
sensing in this case as

SCnS(TSCnS Ab5747 ’4 0 0)

oo T,4Tscnstons
0

5rCSkR
N m — 2arc tan <m)
potts
= 77)\1,/ exp [ (1 + 20)v — 9o°] dv
0

uK &k
4 iTeakn
© L /E 2
= 27r)\b 5 exP {()\bW) ] erfc [A\p?],

— 22

[l 00

where (d) uses the substitution 7% — v, (e) uses Eq. (32)), and

K& sk
m—2arc tan W
V L
N K

0=> w
n=1"n — ’
! 4 u-fL(UrcskR
Trsensk;

(33)
9 = T Nms
. Tr(ffze)
V= 2V9

This expression is similar to the result in Special Case 1
and is even more straightforward to compute. Further, an even
simpler expression exists for the calculation of Corollary 2
when the noise is not taken into account.

ISCHS

Special Case 5: No blockage, No Noise, I$%¢, =0, ap =
apr > 2. When the blockage is not considered and the noise
power N*"¢ — ( or the interference is much larger than the
noise and the path loss exponent is greater than 2, the sensing
coverage probability is

Sens Sens
Pe, nomelebb(T s Abs, L, 5, 0, 0)

:/ exp | — 27y
0

i u Orcs kR
— roLn Tsens k

0L, 1,7")] ]fl%o (r)dr (39)

2 7r)\b/ exp [—mAp(1 4 2&)v] dv
0

1
1+2¢°

where (f) uses the substitution 72 — v, and

N ;2 _ 2 _ Tk
K2F1 (1’ 2 aL uKUmkR) 40
£= Wn u:’,‘arcska (40)
n=1 TSerAskL (OCL - 2)

In this case, the sensing coverage probability is independent
of the BS density Aps and is only related to the detection
threshold 7™ and the path loss exponent ..
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TABLE II TABLE III
RICAIN FADING SIMULATION PARAMETERS PARAMETER SETTING OF THE NETWORK
Term KK =1 . KK =5 . KK =10 - Parameters Values
Index Wy Uy Wy Up Wn Up Gain coefficient of the LoS path, kr, —75dB
n=1 -0.8993 1.2475 42.243 2.9576 177.75 3.8741 Gain coefficient of the NLoS path, ky ~90dB
n=2 5.9324 1.4298 | -189.99 3.7559 | -338.04 | 4.3761 Gain coefficient of the echo path, kr —86dB
n=3 | -5.4477 | 1.7436 192.97 | 4.1436 | 297.00 | 5.3985 Path loss exponent of the LoS path, oz, P
n=4 1.4145 | 2.0326 | -44.229 | 4.7715 | -135.71 | 5.9937 Path loss exponent of the NLoS path, oy 392
Path loss exponent of the echo path, ap 4
Rayleigh fading parameters, p%™™, pf"* 1
Special Case 6: No blockage, No noise, IS5, = 0, af, = Rician fading factor, 10
L. . Density of ISAC BSs, g 107°m—2
agr = 4. Combining special cases 4 and 5 leads to a closed- Transmit signal power, P, 3dBm
form solution expressed as Noise power spectral density, Py, —174dBm/Hz
Total bandwidth of the system, B 100 MHz
sens Sens
P (T3, Aps, 4, +,4,0,0) Average RCS of the ST, Gres 20 dBsm
00 Parameter related to the blockage, 8 0.008
— exp | — 27-‘-/\177«2 Parameter related to the blockage, p 0.1
0 Number of Monte Carlo simulations 10000
The radius of the area 1km

N ™ — 2arc tan <\/W>
> wn
n—= TSel’lSkL
o0
71')\1,/ exp [—mAp(1 + 26)v] dv
0
1

1+20°

where 6 is given by Eq. (38). Similar to conventional com-
munication results, this is a very easy-to-compute closed-form
expression that relates only to the detection threshold 77",

X

[, (r)dr (4D

in order. The Monte Carlo simulation results are very close to
the analytical formulations, confirming the correctness of the
proposed model and theoretical formulations.

A. Impact analysis of RCS of ST

Fig. [2| depicts the variation of sensing coverage probability
with detection threshold for different ST’s average RCS,
and the purple dashed line in the figure indicates the com-
munication coverage probability under the same parameters.
The figure shows that the effect of RCS on the coverage

CRLBS™ — ct 24 (2N, + 1) probability is proportional, andcgvery 10 dB increase in RCS
"7 32r2A2Af2SINRS™ NN, (N, + 1) (TN.N, — Wil Nso-bijng 4440 AB\ FAN3W, SiNR6Verage probability.
CRLB™ ct 24 (2N, + 1)H0wever, since sensing is a twegagay attenuation, the coverage

~ 3272 A2T2 f2SINR*™ NN, (N, + 1) (TN.N,
(42)

IV. SIMULATION RESULTS AND ANALYSIS

In this section, numerical and Monte Carlo simulation
results are given to evaluate the performance of communi-
cation and sensing. Unless otherwise specified, the generic
parameters are set as follows: the area radius is set to be 1 km,
the BS density is set to be 1075 m~2, the system bandwidth
is set to be 100 MHz, the noise power spectral density is set
to be —174 dBm/Hz, the transmit power is set to be 43 dBm,
the gain coefficients of LoS, NLoS and echo paths are set to
—75dB, —90dB, and —86 dB, respectively, and the path loss
exponents are set to 2, 3.2, 4, respectively, the Rayleigh fading
parameters are set to 1, the average RCS of the ST is set to
20 dBsm (i.e. 100m? in radar settings [42]), the values of the
Ricain fading coefficients uX and wX, mainly borrowed from
[40], are shown in Table [II} The main parameters are listed in
Table [T}

The main simulation results are given in Figs. 2-5, where
the lines indicate the numerical results, and the markers are the
same color as the lines, indicating the Monte Carlo simulation
results. In addition, solid lines are used to represent the results
related to sensing; dotted lines are used to describe the results
related to communication; and the size of the parameters
represented by black, red, black, green, and purple increases

— Wob_awgty_ %I) seaniggrwAH:pf}gﬁeﬁfg Gi&gpverage probability

of communication, no matter fiow lasrge the RCS is under the
same other parameters.

In addition, the coverage probability cannot reach 1, no
matter how small the detection threshold is. In traditional
models, the integration result should be equal to 1. However,
since the blockage modeling is equivalent to the blockage
of a portion of the BSs on the original distance function,
Eq. @) does not satisfy the normalization condition, which
leads to a coverage hole. From the theoretical formulation, as
the detection threshold approaches 0, the coverage probability
becomes an integral of the distance function fg,(r), the result
of which can be obtained from Eq. (3).

B. Impact analysis of BS deployment density

Fig. [3] and Fig. [ show the trend of communication and
sensing coverage probabilities with detection threshold for
different BS deployment densities. In these figures, two un-
conventional phenomena can be observed.

Firstly, coverage holes only occur when the BS density is
below a certain level, but conversely, when the BS density is
high, the coverage probability at a low detection threshold still
tends to approach 1. Secondly, the lines on the graph are not
strictly arranged from large to small, and there are intersections
between the lines, confirming the differential performance of
coverage probability at different BS deployment densities.
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Fig. 2. Variation of sensing coverage probability with detection threshold for
different ST’s RCS and comparison with that under communication coverage
probability with the same parameters.
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Fig. 3. Variation of communication coverage probability with detection

threshold for different BS deployment densities.

To further clarify this variability, Fig. [5|plots the variation of
communication and sensing coverage probability with BS de-
ployment density for different detection thresholds. The figure
shows that the communication coverage probability exhibits a
basic trend of initially increasing and then decreasing with the
change in BS density. Due to the access strategy of the nearest
visible access, as the BS density increases, the probability
of users accessing closer visible BSs increases, leading to an
increase in coverage probability. However, on the other hand,
increasing the BS density also increases the number of visible
interfering BSs. As the gain of useful signals slows down
and the attenuation caused by interfering signals gradually
becomes dominant, the coverage probability will decrease.

In contrast to the observed communication scenario, sensing
coverage probability has two peaks, and the peak points for
communication and sensing are not the same. The first peak in
sensing occurs near the communication peak. The two peaks in

10§ B Simu.result, Ay = 1075 m 2|

I —— Theo. result, A\, = 10 6 m2]1

09 F ® Simu.result, Ay = 107° m 2|

2 0.8 -_ |—— Theo. result, \p = 107° m 2 _-

= "1 A simuresult, \p = 107 m 3| ]

'8 0.7 —— Theo. result, \p = 104 m? ]

-8 1 v Simu.result, \p = 103 m? |

E 06 |—— Theo. result, \p = 107° m 2|

[ ¢ Simu.result, \ = 10 2m 2

8 05 Theo. result, Ay = 1072 m 2|

ol L ]

. 0.3 | .

2] - i

@ 0.2 - Gradual increase -

I in BS density A\, 1

0.1 N -
0.0 - =

P R S TR SN N (N (R N R T
-60 -50 —-40 -30 -20 -10 0 10 20 30

SINR Threshold (dB)

Fig. 4. Variation of sensing coverage probability with detection threshold for
different BS deployment densities.

sensing result from the competition between the useful signal
and three interfering components (i.e. interference from LoS,
NLoS and TRC links). However, unlike communication, the
path loss of the useful signal is a two-way attenuation, so it
is more slowly affected by density. Initially, as the BS density
increases, the probability of accessing visible BSs increases,
leading to an increase in sensing coverage probability. How-
ever, since LoS path loss is one-way, the attenuation caused
by its interference becomes dominant earlier, resulting in the
first peak in sensing, which occurs earlier than the peak in
communication. Subsequently, the impact of LoS interference
gradually diminishes, and the useful signal again becomes
dominant, continuing to increase the coverage probability,
resulting in the second peak in sensing coverage probability.
Finally, interference from target reflection signals gradually
becomes dominant, causing a slight decrease in coverage
probability.

Under the current parameter settings, the main peaks of both
communication and sensing are concentrated between 107>
and 10~ m~2, which happens to be on the same order of
magnitude as the blocking density. Therefore, through reason-
able BS deployment and threshold settings, it is possible to
simultaneously achieve good sensing coverage while ensuring
communication coverage.

C. Impact analysis of environmental blockages

Figs. [6] and [7] compare the variation of sensing and commu-
nication coverage probabilities with BS deployment density for
blockage and non-blockage cases, respectively. Since closed-
form solutions exist for Corollary 1 and Corollary 2 only when
ar > 2, the parameters are set to oy, = 2.4, ap = 4.8 and the
rest of the parameters are kept constant for the simulations. An
interesting conclusion is that the blockage effectively improves
both sensing and communication coverage. This is because
we assume that STs and UEs consistently access the nearest
visible BS, so the interfering link must be longer than the
link of useful signals. The longer the blocked link, the higher
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different detection thresholds.
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Fig. 6. Variation of communication coverage probability with BS deployment
density for blockage and non-blockage scenarios (o, = 2.4, ay = 4.8).

the probability of being blocked, so the presence of blockages
makes the interference from the LoS path decrease. As the BS
density converges to infinity, both sensing and communication
coverage probabilities converge to the non-blockage case,
which is the same as the previous conclusion. This is because
we also modeled blockage as a PPP independent from the BS,
and increasing the BS density to infinity for a fixed blockage
density is equivalent to reducing the blockage density to zero.
Since the impact of noise on coverage probability is minimal,
Fig. [f] already shows that communication coverage probability
is independent of BS density in the no blockage case, further
confirming the conclusions of theoretical analysis.

V. CONCLUSION

In this paper, we apply a stochastic geometry approach to
perform a comprehensive coverage probability performance
analysis of ISAC networks, considering the inherent ran-
domness in device deployment, signal propagation, target
reflections, environmental blockage, and interference. More
specifically, we consider the ISAC networks in the urban

T T
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Fig. 7. Variation of sensing coverage probability with BS deployment density
for blockage and non-blockage scenarios (af, = 2.4, an = 4.8).

scenario in the presence of blockages. First, a unified, easy-to-
handle system model is developed, which integrates the effects
of LoS, NLoS, and target reflected paths. It’s also considered
the possible blockage effects in ISAC systems and analyzed
their impacts on system performance. Then, based on this
model, the expressions for the communication and sensing
SINR are given separately, and the coverage probability is
obtained as a function of BS and blockage densities, detection
thresholds, and other system parameters. Last, the special cases
of no-blockage noise and no-blockage no-noise are analyzed,
the influencing factors are stripped out, and a more easily
computable closed-form expression is derived. The simulation
results confirm the accuracy of the theoretical results and
demonstrate that deploying more BSs is beneficial to improve
the communication and sensing coverage probabilities within
a certain range. There exists an optimal BS section density
and it decreases as the detection threshold increases. On the
other hand, the presence of blockages produces a favorable
gain in coverage probability. This approach provides valuable
insights for designing and optimizing the performance of ISAC
systems in real-world scenarios.

APPENDIX A
PROOF OF THEOREM 1

In this section, we give the proof of Theorem 1. According
to the definition of the coverage probability by the Eq. (19),
conditioning on the nearest visible BS being at a distance Ry
from the typical UE, the communication coverage probability
can be obtained as

PR (TEOm N gy, B, p)
— E g, [PSINR®™™ > T°0m™]|R]

:/O P {Icomm " Neomm >T || fRro(r)dr

(o) comm TCOmm (ICOmm _|_ NCOmm)
= / P |:gL,O >
0

kpr—oL

|r} fro(r)dr,
(43)
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where ¢7°"" is the small-scale fading gain of the com-
munication desired signal, and substitution into the CCDF
approximation of the Rician distribution in Eq. (T4) leads to

Tcomm (Icomm + Ncomm)
I[]) comm >
[gL,O kpr—oL |T]

WK pap pcomm (Icolnn1+Ncom1n)

N
~ Elcomm E w,rlfe_ kL

(a) N M uffpor peomm
e kL L -n -
Tcomm k' ’
el L

(44)
where (a) follows from the definition of Laplace transform,
and the Laplace function of °°™™ then can be expressed as

Lcomm (8) = / Pty A F (1e0mm)qeomm
0

g [

—E [efsus;';‘%f&z“;g] }

(45)

= Lrggpm (8) Lrggmy (5).-
Since the random variables g7°™™, S;, and the point process
®y,5 are independent of each other the order of the expecta-

tions and the cumulative multiplication can be exchanged

Elizxsnm (S)
=5 ica, QZ‘mePLL(Ri)Si}

I e

Li€ Dy
[T Ecsi [Bpgpommy [
ie‘bbs )

(b) _ggCommp  pTOL
= 9L.,i L
Efbbs | I E{g%?xinm} €
1€ P

x Prp(R;) + Pry(Ri) |,

Eq)bb){gcomm} {Sb} _e

comm —aL
—E SgTy kL R; S
@bh,{gcomm} {51}

—
=597 kL RO E

— Ea,, 5[] @o)

where (b) uses S; ~ Bernoulli(Pry(R;)). Further, the small-
scale fading of the LoS path is modeled as Rician fading,
whereupon the expectation of the e-exponent with respect to
gri™ can be calculated as

S

oo e

o 7(¥L
— /O efs:rkLRi, fg;ﬁ,?m (gg)dgj

© N 0o

c

4 K K

~ E w;, / Uy, €
n=0 0

9L

—skaR;QL e—uffzdx (47)

where (c) is obtained usmg the approximate PDF of g7 in
Eq. (13). Substituting Eq. (@7) into Eq. ([@6) yields that

Elﬁggmx (S)

N Kk uhPrp(Ri)
~ Eg,, ll’[ [Z N K ko R + Pry(R;)

1€EDPLs Ln=1

_

ulPry(z)

() > K Un
< — 2 A 1— _An T
exXp [ T Ab [ .’L‘[ ;wn UnK‘i‘SkaiaL
—PrN(m)] dx]

SkLPI‘L( )

N %)
_ K _SRLTTLAT)
p[ QW)\szwn/ x<u§$aL+skL)dx]
K
= QWAbewK]F< iy sar, Prp(z )7“> )
(48)

where (d) uses the probability generation functional [3§]]
(PGFL) of PPP, which states for some function f(z) that

>] — exp [— L a=r@ <dx>} .

(49)

Since the associated BS is the nearest visible BS and there

will be no other visible BSs closer than the associated BS,

the integral starts at » when using PGFL. The last step in the

derivation defines a new function F(-) which can be expressed
as

E‘I’bs

II 7@

1€EPpg

oo

]F(&:,oz,p(z),h):/ L(I)das.

50
n cx*4+1 (50)

Similarly, for the Laplace transform of the NLoS interfer-
ence, since the random variables gComm S;, and the point
process ®p are independent of each other, we have

Liggme (5)

e 8 Dicay, QVTI?HIPLN(RI')U*SI')}

I e

Li€Dyg

:E%[ H Es,y |E
ie‘i’bs )

©

E@bm{qcomm} {Sz}

LOIIllnk R f’N(l S)
E(I)bs {gsemm}.{S:} ‘|

—sg?@,‘f“‘kNR;"‘Nu—si)H

{osomm} [6

comm —QaN
E [6*591\1,1‘ kN R, }
[T [Eqiry

1EPLg

Eq)bs

X PI‘N(RZ) + PFL(Ri):|

(51
where (e) uses S; ~ Bernoulli(Pry(R;)). The small-scale
fading of the NLoS path is modeled as Rayleigh fading, after
that the expectation with respect to g7’ can be formulated
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as follows

_ggSomm R*O‘N
E{g%)‘?m} [6 Ini BN

oo —an
—srkN R,
:/0 e STRN 11 fg?\(f)’];'nm (I)dx
—a 2
(i) ,ug\(;mm /OO efw(/t(z:\cf)mm“’SkNRi N)dz (5 )
0

comm

_ U
L 4 sk RN ’

where (f) holds because Eq. (I3) and p$o™™ is the Rayleigh
fading parameters for the communication NLoS interference
path. Hence,

‘Clcomm (5)

NLoS
‘ucommPrN (Rz)
:ECP ’ |: comm —« +PrL(RZ)
b LI;I S 4 sk Ry N

oo (53)
W exp [—270\1)5/ x < skyPry(z) ) dx}
0 PR TON + sk

— exp [-%Absw (”g{ ,ozN,PrN(a:),O)] :

where (g) uses the PGFL, but the integration starts from 0
because there may be other BSs without direct paths within a
circle of radius r under the nearest visible access policy.

Multiply the results of (@8] and (33), then substitute them
into (#4) and then into (#3) yields the proof. [ ]

APPENDIX B
PROOF OF THEOREM 2

In this section, we give the proof of Theorem 2. According
to the definition of the coverage probability by the Eq. (21)),
conditioning on the nearest visible BS being at a distance Ry
from the typical ST, the sensing coverage probability can be
calculated as

sens

pc (Tsens )\bsaaLaaN7aR7B p)
= Ej, [P[SINR*™ > 7| R

/ SINRsens Tsens]fRo ( )
UTCSPLR(RO) ~
/ Jsens 4 sens fRO (T)d’]"

TSenS ([Sens _|_ NSenS)
= [T pfoe > T g g

o o0 FQ R SEns (Isens +Nsens)
\ "/ - Gresk ~
= /O E fsens [e R ] fg, (r)dr
o sens pysens QR sens
(b) _ r®Rgsens i rORT
= e ,Clsens — fﬁio (T)d?”
0

JrcskR
where (a) follows from the CCDF of the RCS in Eq. (I8),
(b) follows from the definition of Laplace transform. With

Tsens |r

(54)

—~
=

GreskR

the considered interference model in Eq. (TI), the Laplace
function of 7°°"¢ then can be expressed as

E]sons (S) = / efslsensf (ISenS)dIsens
0
-E [eislsens:|

—E [ (Izi";+za?;s+f%?sé>]

(55)

= Lz () Lrggess () Lrgge, ()

Since the random variables g7, S; and the point process

®y,5 are independent of each other, similar to the proof process
for Theorem 1, we have

Lrige ()
[ —S$ Zie«pbs gic,]rjisPLL(Ri)Si}

= Bo {oim) {5} |
N
(56)

sens . R
<I>b< {gbem} {S} [ H & —S9L,i kL
sgielzskLR :|

1E€EPs

[T [y [

1€ D

= Eq)bs

X PI‘L(]%Z) + PI‘N(Rz)]

where (c) uses S; ~ Bernoulli(Pry(R;)). The small-scale
fading of the LoS path is modeled as Rician fading, so the
expectation in Eq. (36) with respect to g1 can be computed
as

Bl |
> —szk R_O‘L
— e STRL fgsl'/exzs ({E)dx
0 .
(d) & >
= E wff/ uffe_
0

n=0

7sgzcr‘kaR :|

(57)

skaR;aL e—uffwdl,

N K
n=1 U’fl{ + SkLR;aL
where (d) is obtained usmg the approximate PDF of ¢7°}® in
Eq. (13). Substituting Eq. (57) into Eq. (56) yields that
Ligzye ()
Uy, PI"L R) ~
~E K_n_ =% 4 Pry(R;
oo | 1 {3t 2200 oy

i€Pps Ln=1

oo N K
() x unPrp(z)
= exp [ 27r)\bs/r x [1 - w;, —Uﬁ( e p——

n=1

—PrN(x)] dm]
N
x [ skrPrp(x)
P lm’sz“’" [ (s ) o
n=1 r n

N K
= exp l2ﬂ)\szw§F <:}:L,OLL,PI‘L(I’),T)‘| )

n=1

(58)
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where (e) uses the PGFL of PPP, F (e, a,p(z),h) =
/, ;o :fa(f_)l dz. Note that when using PGFL, the lower bound of
the integral starts at 7 rather than at 0. This is because sensing
is associated with the nearest visible BS, and no other visible
BS will exist within a circle with radius r and center ST. This
fraction needs to be shaved from the plane when calculating

LoS interference.

Similarly, Laplace transform of NLoS interference links can
be derived as

Lrggss ()

= Eu,, {srh 8} [¢

—5Tea,, X TPLy (R)(1-S; >}

—s as-n:k R XN (17341_)
@bb’{qsens} {S } H e 9N N
1€Pps (59)
( ) s sens
= Eg,, H [E{g?ve[?} [e INTkN R ]

1€EDPs

x Pry(R;) + PTL(Ri)} ;

where (f) holds because S; ~ Bernoulli(Pry(R;)), and N
S’ ; and the point process Py, are independent of each other.
The expectation with respect to gx';® can be formulated as

follows
_ qg:.euskNR__"‘N
Blgry [
o0 —a
— efsszRi z\rfg?\?’r;S (x)dx
0

(9)  sens /00 e*:p(u?\?“5+skNR;aN)dx (60)
0

sens

HN
s 4 sky RN ’

where (g) holds because the the PDF of g3} in Eq. (I3).
Hence,

Liggns, (s)
g, [ I [
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@) exp | —2mwA /Oox skyPr(z
= P bs o ’uﬁ\?nsxoq\; + sk

N
'usens
= exp |:—27T)\bsF ( s]I::]N an,Pry(z )

)]
|

where (h) uses the PGFL. The integration starts from 0 because
the association policy is only relevant for BSs where LoS is
present and does not affect NLoS BSs.

In the same vein,
Lrssze (5)

E ‘e(pb:. UrcskRR giXRO_aLgo
ébbval‘(‘§7{s }

SUrCSkRé;uLS'iXR(;uLS'O

=Es,, 00, {5} [
1€EPs
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1€EDPg
+ PYN(Ri):|
j Pr.(R; N
Y, | ] 2 7) +Pry(R:)
e, |1+ skrOwesRR; LR oL

3 bs
® exp | =27\ - T skrPry(z
B P bs r UrcéxaLTaL + SkR

roL
=exp |27 ApsF | —,
SkRUrcs

aL,PrL(x),rﬂ ,

(62)
where (i) holds because S; ~ Bernoulli(Pry,(R;)) and Sy =
1, and (j) uses the CCDF of RCS in Eq (I8). Since the
sensing association strategy is the nearest visible BS, no other
visible BS will exist in the circle centered on ST with radius
r. Therefore, when PGFL is used in step (k), the integral is

calculated from 7.

Plugging (58), (6I) and (62) into (33) and then into (54)

gives the desired result. |
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