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Abstract—To alleviate the shortage of wireless spectrum for
vehicular communications, integrated sensing and communica-
tion (ISAC) technology is expected to be applied to vehicular
networks. In this paper, we design a dual-beam ISAC scheme
that allows 360° radar detection and directional communication
simultaneously. We then develop a stochastic geometry-based
performance analytical framework to evaluate both sensing and
communication performance of the dual-beam ISAC vehicular
network. The detection probability and communication coverage
probability are modeled by capturing the impact of both the
incident and reflected interference. Furthermore, to improve the
sensing performance of 360° radar detection while guaranteeing
communication performance, we study two power allocation
optimization problems. Simulation results not only validate the
accuracy of the proposed analytical models, but also show
the advantages of the proposed power allocation schemes in
improving average detection probability.

I. INTRODUCTION

Autonomous vehicles constantly sense the surrounding en-
vironment via radar and other sensors, and the sensed data can
be shared with other vehicles by communication technologies,
improving driving safety. Instead of having two separate
systems, developing integrated sensing and communication
(ISAC) technology to integrate the two functions into one can
not only achieve the benefits of reduced cost, size and weight
of the hardware equipment and better spectrum efficiency,
but also benefit by sharing information mutually, e.g., the
sensed information can be used to assist beamforming, and
the communication can help radar reduce interference [1].

However, the ISAC system needs to meet various require-
ments to enable simultaneous sensing and communication.
The ISAC system is expected to provide a high data rate for
communication and a high resolution for sensing. Thus, the
millimeter wave (mmWave) is more competent than the sub-
6G band for the ISAC system due to its large bandwidth [2].
One fundamental challenge in ISAC is that sensing requires
time-varying scanning beams, while communication requires
accurately pointed beams to overcome the large propagation
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loss. While many sensing implementations [3-5] are limited
to the direction of communication signals, the multibeam
framework in [6] is proposed to achieve 360° radar detection
and directional communication.

Introducing sensing capability to vehicular networks re-
quires us to consider simultaneous communication and sensing
functions design. To this aim, developing tractable models
that can evaluate communication and sensing performance is
of critical importance. Stochastic geometry has been applied
widely to analyze the performance of vehicular networks, but
most works are limited to only the communication systems
[7, 8] or radar systems [9-11]. Although [12] evaluates both
functions’ performance of ISAC vehicular networks, the di-
rections of sensing and communication are both limited to
the front and only the incident interference is considered.
However, reflected interference in mmWave networks is not
negligible [11]. Inspired by the studies above, we aim to fill
the gap by proposing an analytical model for the dual-beam
ISAC vehicular network supporting 360° radar detection and
directional communication capturing the impact of both the
incident and complex reflected interference.

In this paper, we first design a dual-beam ISAC scheme sup-
porting 360° radar detection and directional communication
for vehicular networks. Then, adopting the Matérn hard-core
process (MHCP) to model the vehicle positions, we propose a
stochastic geometry-based performance analytical framework
to evaluate the sensing and communication performance of
the networks by capturing the incident and complex reflected
interference in a dual-direction and two-lane scenario. Then,
to improve the sensing performance of 360° radar detection
while guaranteeing communication performance, we study
two power allocation optimization problems. Finally, Monte
Carlo simulations are conducted to validate the analytical
results. Simulation results also verify the advantages of the
power allocation schemes in average detection probability
(DP) enhancement.

II. SYSTEM MODEL
In this section, we introduce the research scenario, the
power allocation setting, the channel model, and the signal
model of the ISAC vehicular network.
A. Research Scenario
We consider a dual-direction and two-lane scenario as
shown in Fig. 1, with the width of each lane equal to [. On
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Fig. 1. Illustration of the proposed ISAC equipment working mode.
each lane, the locations of vehicles are modeled by a one-
dimensional (1D) MHCP of type II with the same density
An = [1 —exp(—2Apdn)]/2dn [8], which is generated from a
1D Poisson point process (PPP) with density A,. Here, dj, is
the hard-core distance, i.e., the minimum separation between
two proximate vehicles. We denote the sets of the vehicles on
the first and second lane as ®5 and ®,, respectively. Without
loss of generality, we focus on the vehicle located at the origin
and name it the typical vehicle (TV), which is considered a
receiver receiving its own radar echo signals or communication
signals from communication vehicles (CVs). We assume that
radio resources are allocated to each vehicle randomly at the
medium access control layer and the probability of a vehicle

using the same time-frequency resource as the TV is €.

The ISAC devices on the vehicles have two working modes:
the single-beam mode and the dual-beam mode [6]. We assume
that the beamwidth is 6, then there are 2N = 27 /6 sectors for
a 360° radar. The sectors are numbered from 1 to 2V in the
counterclockwise direction starting from the forward sector. At
first, a vehicle is in the single-beam mode and subsequently
detects whether there are other vehicles around it, to achieve
360° radar sensing. If a vehicle is detected in a certain sector,
the working mode is switched to the dual-beam mode, i.e., one
beam used for detecting the next sector and the other beam
used for communicating with the detected vehicle if required.

B. Power Allocation Setting
We denote P.(i) as the radar signal transmission power

of sector ¢ € {1,2,...,2N}. Here, we consider that, if
the radar signal is sent in the forward sector, ie., ¢ = 1,
then P.(i) = Py, otherwise P.(i) = P,. Notice that in

general, we have Ps > P,5. How to appropriately set P;(7)
is to be studied in Section IV. To ensure the communication
performance of vehicles in all sectors, we set the communi-
cation power of each sector to be the same, i.e., P.(i) = P,
1€{1,2,...,2N}.

Assume that Prx, (7) is the transmission power of vehicle
at coordinate Xt in sector ¢ using the same time-frequency
resource as the TV, with T = “r”, “c”, or “no”, indicating
transmitting radar signals, transmitting communication signals,
or not transmitting signals, respectively. The probability of
vehicle xp transmitting radar signal and communication signal
in sector ¢ using the same time-frequency resource as the TV

is P[Pry.(i) = P(i)] = gz and P[Pry (i) = Pe(i)] =
E%Pdﬂ;, respectively, with Py ; being the detection probability
that a vehicle detects a target in sector 1.

C. Channel Model

1) Small-Scale Fading: The mmWave radar and communi-
cation channels are both modeled as the Nakagami-m fading
with shape parameter m [10]. We denote hy, and hy x, as
the channel gain of the link from vehicle x1 to the TV, and
the link from vehicle xt to the TV via the reflection of vehicle
XR, respectively, where xp is the coordinate of the reflector
vehicle. The cumulative distribution function (CDF) of the
channel gain can be expressed as Fj,(z) = % where
we denote h as channel gain for simplicity, and I't,(m, mz) =
fomm tm~Lle~tdt is the lower incomplete Gamma function [13].

2) Large-Scale Fading: For the incident signals, the
path loss model can be expressed as Linc(dinc) =
(4m)2GrGr(c/ f.)?d,S [12], where Gt and Gr are the
transmitting and receiving main beam gain, respectively, « is
the path loss exponent, c is the light speed, f. is the carrier
frequency, and dj, is the distance between the transmitter and
the receiver. As the signal power after multiple reflections is
severely attenuated, only the single reflected signals are con-
sidered in this work. The path loss model of reflected signals
is Lref (dref,la dref,Q) = (47T)73GTO—GR(C/fc)2d;£i1d;e?i2 [9],
where o is the average radar cross-section (RCS) of vehicles,
dref,1 (dres,2) is the distance between the transmitter (receiver)
and the reflector vehicle.

D. Signal Model

1) Radar Echo Signal: The power of the radar echo
signal received by the TV in sector i is S;;(d;) =
P,(4)hxpy xpa Lret (dr, dy), where d; is the distance between
the TV and the target vehicle (TA). Here, we consider the
TA as the nearest vehicle in the sensing area of the TV.
xpy = (0,0) is the TV’s coordinate, X, is the TA’s coordi-
nate, and ||xra || = d, denotes the Euclidean distance between
the origin and Xra.

2) Communication Signal: Assuming that the CV is d. me-
ters away from the TV, the power of the communication signal
received by the TV in sector 7 is S; ;(dc) = Pohxgy Line(dc),
where xcv is the CV’s coordinate, and ||xcv|| = de.

ITI. INTERFERENCE ANALYSIS OF ISAC NETWORKS

In this section, we analyze the incident and reflected inter-
ference that the TV suffers from, based on which the network
performance is to be characterized in the next section.

A. Incident Interference

Assume that the TV receives the radar echo signal or
communication signal in sector ¢ € {1,2,..., N + 1}. Other
sectors are not analyzed because of the dual-direction and two-
lane road setting. As shown in Fig. 2, there are two cases of
incident interference described as follows.

Case 1: As shown in Fig. 2(a), located in sector ¢’s sensing
area of the TV, the oncoming vehicle x1 sending signals in
sector ¢ may generate incident interference to the TV. Sector
1’s sensing area of the TV is the segment of the second lane
covered by the TV’s beam, denoted as S; = {x = (z,l)|z €
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Fig. 2. Illustration of the incident interference.

(si1,8i2)}, where s;1 = I/tan[$(2i — 1)] if 1 < i < N,
8;1 = —00if i = N+1, 5,0 =+occif i =1, and s;5 =
I/tan[4(2i — 3)] if 2 < i < N + 1. Then, the power of the
interference from vehicles in @, ; = {x|x € S;,x € ®.}, I},
can be obtained as

0% = 3" Prag(Dhep Line(|] x7 |])- (1)

x7€P,,;

- . . .
<:__I Communication signal

Case 2: As shown in Fig. 2(b), the TV sensing in sector
= 1 (N + 1) may be interfered by the TA, if the latter is
transmitting signals in sector 7 = N + 1 (1) simultaneously.

Then, the power of the interference from the TA, I énf satisfies

PT,XTA (j)hXTA Linc (dr) (2)
LNV,

inc
12,1' =

and Ié‘}f =0if i € {2,3,
B. Reflected Interference
Next, we study the reflected interference sent by the interfer-
ers and reflected by other vehicles. Assume the TV receives the
desired signal in sector ¢ € {1,2,..., N + 1}. Next, we detail
three cases of the reflected interference, shown in Fig. 3.
Case 1: As shown in Fig. 3(a), a vehicle xt on the first lane
sending signals in sector n € {1,2,..., N + 1} may generate
reflected interference to the TV through the reflection of a
vehicle xg located in sector ¢’s sensing area of the TV. Let
Sk ={x=(2,0)|ar — x € (Sn,1,Sn,2)} be the area that the
signals of vehicle x7 in sector n can reach vehicle xg. Here,
2R is the horizontal coordinate of vehicle xgr, s, 1 and s, 2
can be obtained similar to s;; and s;9. Then, the power of
the interference from vehicles in @, = {x|x € S}, x € .},
which is reflected by vehicles in ®, ;, can be calculated as

N+1
- Pr XT (n)th XR,

K
rcf HXT XR H HXRH)

XRED,,; n=1 xTEDs p
Case 2: As shown in Fig. 3(b), a vehicle x that is sending
signals in sector 1 (N 4+ 1) on the second lane may also
generate the reflected interference to the TV through the
reflection of a vehicle xg in front (behind) it. In this case,
the power of reflected interference Iéi—f can be calculated as
=3 Pr . (D)I(zr< 9)1+PT,xT (N + D)I(zr>0)
LG Lol xn 1))
where v is the distance between the potential interferer and the
reflector, with the probability density function (PDF) fy (v)
derived from Proposition 1 in [8], and the indicator function
I(X) equals 1 if event X occurs, otherwise equals 0. In (4), if
zr < 0 (zr > 0), the TV is only interfered by the oncoming
vehicles that send signals in sector 1 (INV + 1).
Case 3: As shown in Fig. 3(c), if the TV is receiving radar
signals in sector ¢ = 1 (N+1), the TA as a reflector scatters the

3)

hsrsn (4)

1-st lane SO paiPee s o i m o=t =

(a) Case 1

(b) Case 2

Typical vehicle <) Radar signal
S Target vehicle

~<] Other vehicles

2-nd lane —
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Fig. 3. Illustration of the reflected interference.

unwanted signals back to the TV, and the potential interferer
xT = (wr,1) is behind (in front of) the TA and on the second
lane, i.e., x17 < xTA (T > TA). We denote 5(5“ as the area
that the signals of vehicle xr in sector ¢ € {g; 1,...,¢; 2} can
reach vehicle xpa. If ¢ = 1, S(’) = {x = (a,l)]x —xma €
(8q,158¢,2), < xTA} with ¢; 1 = [%] +1land g2 =N+ 1
Ifi=N+1, S ={x = (z,l)|x —zra € (Sq,1,5¢,2), 2 >
xra} with ¢;1 = 1 and ¢;0 = N +1 — {%] Here, s41
and s, 2 can be obtained similar to s;; and s;9, x7 is the
horizontal coordinate of vehicle xr, and [-] represents round
up. Then, if i = 1 or N+1, the power of the interference from
vehicles in ®' q = {x|x € Sq ,x € ®,}, can be obtained as

Z 3 Prxp (@) hxp xra
=0 ypeal) L (I1xr — xza ], ||x7a])
and I3¥ = 0 if i € {2,3,...,N}. Notice that, if the TV is
rece1v1ng communication signals in sector 1 or N + 1, we
only need to replace xta in the above equation with xcy.

rcf
13 i

&)

IV. PERFORMANCE ANALYSIS AND OPTIMIZATION

In this section, we analyze the radar and communication
performance of the vehicular networks, in terms of detection
probability and communication coverage probability (CCP).
A. Detection Probability

We study the radar performance of the ISAC vehicular
networks in terms of the detection probability [9], which is
defined as the probability that the signal-to-interference-plus-
noise ratio (SINR) of the radar echo received by the TV is
no less than the radar SINR threshold ~,. Then, the detection
probability at detection distance d, in sector i, Py ;(d,), can
be defined as

St,i(dr)

Pd,i(dr):P{m Z’Vr} (6)

where I, ; = S5 I3 0 1 ]zef is the interference signal
power at sector ¢ of the radar receiver, Ny is the noise power
spectral density, and B is the bandwidth. For I, ;, we have the
following lemma.

Lemma 1: The Laplace transform of the interference re-
ceived by the TV in sector i, I ;, is given by:

400
Lr . (s)~ L',I;n_c (s)exp {,)\h/ 1-Y(z,s)dx @)

where the Laplace transform of incident interference /5’ jne

- (1+Pd,3)+s | L0(P(G) L) +

Lipe(s)= ggipd,jch(sPCme(dr)) i=1oaoN+1 &
™

1, otherwise
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N+1
f
Gy =

Céf’f:{e
{e

Yo ¥l *

/JroO Ln (SP]r(l)Lref(v7 G (x))) + Py Lh (SPCLref(U, G (:L‘)))] fv(v)dl) +1-— 6% (1 + Pd,l)} ]I(:J;’< 0)+

[
+oo
A [Eh(sPr(N—l—l)Lref(u Gl(r)))+Pd7N+1£h (SPCLref(’l)7 Gl(l')))} fv (v)dv +1-— E% (1 + Pd,N+1)}]I(ZE> 0)

H exp {_EAh / T Pan — L0 (8P (0) Luet(Gi(r), Gi()) — Pan £(PeLnet (Gi (), G (2)))] dr} (11)

12)

with L (w) = [m/(m+w)]™, j=N+1ifi=1,5j=1if
t= N +1; and Y(z, s) can be expressed as

inc 3
Y(.’L‘, S) _ {Cl,i Hk/:

ref
(3,i,Z > 8i1 0r T < 82

ref
L Ck’i"si’l <z <S8i2

(€))

with ¢}’ and ;! (k" € {1,2,3}) being the Laplace transform
of I i“f and I}5 ref ; given set &, respectively. Here, (7' inc satisfies

¢ 9 0
=1 eq (P beg LR LGl
6
STPd’i[’h (SPcLinC(Gl(x)))
Yis
with G(z) = Va2 + 12 ref and Cef are given in (11) and

(12) at the top of this page, in which r = TR — xT; and Cref

satisfies
th,2

a=q;,1

0
€%Pd,q£h (SPchef (CTVl(z - :ETA), dr))i

[(%ﬁh(sPr(q)me (Gi(@ —zra), di))+

£
G =

13)

27
1, otherwise.

Proof: The Laplace transform of the interference received
by the TV in sector i, I, ;, can be calculated as follows

inc —s(rre4y3, st
'CIr,i(S) (i) ]EPT,h [ 75121} E [e ( +Z “1 ki >:|

(b) s
~ ﬁlénic(S)Ed)O{EPT,h [ 5, 1]

sﬁu +Pd$q)) I(x € S) + 1} yi=1lorN +1

H Eppn [e e,
X1 €D M (14)
cine

—s1ref —srref
H ]Eq)s:PT,h [e ? 1'1‘@0] EPTVUJL [e 52,1120

xR €%, 7

Cref Cl;,}f
where 11" 7’C|(I> , I{ N and 12 o, are Iilnf, I{eif, and Igef given
set @, respectively. (a) holds because Ii¢ is independent of
other interference. If 7 =1 or N + 1, vehlcle XT in I;ef and
I §ef maybe the same vehicle, i.e., Igelf and I. §er are correlated.
But the probability of this event is small. So, to facilitate the
analysis, we assume that they are independent. Then, (b) can
be obtained by the above assumption and the fact that the
small-scale fading of each interfering link is independent.

Next, we calculate the Laplace transform of I377. If i =1
or N+ 1, Lyinc(s) can be obtained as

(©

L:I;x?c( ) EPT [[/h(SPT XTA( ) lnc(d ))]
D12 (14 Py + e LR Eane i) (15)

0
E%Pd,]’[«h (SPcLinc(dr))

where (c) follows the PDF of the Nakagami-m channel gain

from [13], and (d) can be obtained by averaging on Pr x., (j)-

Otherwise, I3"¢ = 0 and Line(s) =1, for i € {2,3,..,N}.
Then, the second item in (14) can be expressed as

—slI —sI5" ref
Eppn |e [ 3’] H Epr,n [ 3'”%] = H €¥
xed, xed,

where Tt qi,2 PT,x(Q)hx,xTA]I(xeséi))
. 3,i|®o a=qi,1 Lr_ei(H.XﬁXT{ﬂLHXTAH)
in (13). For ¢I"¢, we can obtain it in the same way as (c) and

(d). For ¢}, it satisfies

(16)

f
, and (3% is given

N+1

(% = e H exp{—)\h/ w'72{1—
n=1 Sn.1
E ex Pro () hxp an )}}dfr}
P[ p< LG, I xa ]

where (e) is obtained by approximating the MHCP with the
homogeneous PPP and applying the probability generating
functional of a PPP [11]. Then (% ref in (11) is derived following
from (c) and (d). And Cref in (12) can be obtained similar to
C“C Finally, as ®,; € <I>O, Y (z,s) in (9) can be obtained,
and (14) can be expressed as

a7

L1,,(5) =L rpe (3)Ea, { [ v }
X (18)
+o0
AL pine (s)exp {*)\h/ 1-Y(x, s)dx} ) -

Next, we introduce several concepts needed later. As shown
in Fig. 2, the edge of the TV’s sector ¢ intersects the center
line of the second road at two points. If 1 = 2,3,.... N, [; €
(lm, li,Q) represents the distance between the TA and the point
close to the TV with [;; =0 and l;2 = s;0 —s5;1. If i =1
or N + 1, [; represents the distance between the TA and the
TV with [; ; = dy and [; 2 = +o00. It is obvious that, if ¢ =1
or N+ 1,d, =1;,if i =2,3,....N, dy = /1?2 + (b; +1;)?
with b; = min{|s; 1], |s;2|, 2232} denoting the horizontal
distance of the point close to the TV. The PDF of I;, fr,(l;),
can be expressed as
2)\heXp(—2)\hli),i = N/2 +1€Z
fvi),i=1lor N+1
Anexp(—Anl;), otherwise

fri(li) = 19)

in which Z represents the integer set.
Lemma 2: The detection probability that a vehicle detects
a target in sector %, Py ; has the following lower bound

I;
(@) / e

where I; = fl “21;fr,(1;)dl; is the average of ;.
Proof: Accordmg to the definition of Py ;, we have

Pas > Pyld (20)
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Ui,
sz(

(f)
/sz
7.1

where (f) is obtained because Py ;(dy)fr, (! l) >0and [; <
l;,2, and (g) follows the fact that Py ;(d,) is a monotonically
decreasmg function on ({;1,1;2). [ |
Theorem 1: The detection probability at detection distance
d, in sector i € {1,2,..., N + 1}, P4 ,(d,), is given by
= m k+1 EIr,i(kgTr,i(dr))
Fai(d:) %Z<kz)(1) exp(k&Tyi (d) No B)

k=1

szf v (1) fr; (Li)dl
(21)

fL()dl>Pdl de (1)) / fr,

(22)

where € = (m!)~w and T} ;(dy) = m~y/(Pe(i) Lyet (dy, dy)).
Proof: One can calculate Py ;(d;) as follows
Tr (3 dr Jr [3
Pd,i(dr) =P {thVaXTA > %}
(b) I'r(m, Tii(dr) Jr,i)
=1-E,,, { T(m) (23)

S <m> (1)1 Lt (RETi(d))
2\ k exp (k€T (dr)NoB)
where J;; = I, ; + NoB, (h) is from the CDF of the channel
gain, and (i) follows Appendix G in [13]. ]
As L (k€T ;(d,)) depends on Py ;, which generates
difficulty to find Py ,(d.) directly, in this work, we replace
Py ; with its lower bound to calculate Py ;(d,).
B. Communication Coverage Probability
Next, we study the communication coverage probability
[12], defined as the probability that the SINR of the com-
munication signal received by the TV is no less than the
communication SINR threshold ~.. Then, the communication
coverage probability at communication distance d. in sector
i, P i(d.), can be defined as
Sc,i(dc)
Poi(de) = p{m > %}
where I ;=1 i“f +373, w1 ;?f is the total power of interference
signals received at the communication receiver in sector i.
Theorem 2: The communication coverage probability at

(24)

communication distance d. in sector i € {1,2,.... N + 1},
P.(d.), is given by
i 1 Lr, (k€T i(de))
. ~ m _1\k+1 I, s
Pealde) 3 g | exp[k€T..i(d.)NoB] 25

where Toa(de) = me/ (Po(i) Line(d.))-
Proof: Theorem 2 can be proved similar to Theorem 1. W
It is noteworthy that, to avoid complex numerical calcula-
tion, we can use the lower bound of Py ; in deriving P ;(d.).

C. ISAC Performance Optimization

In the proposed ISAC framework, the total system power P;
should be properly allocated between radar and communica-
tion to maximize the detection probability while guaranteeing
communication performance. Typically, the optimization prob-
lem (OP) can be formulated in the following two forms.

Comprehensiveness: One can maximize the average detec-
tion probability of N + 1 sectors at the required maximum

TABLE I
SIMULATION PARAMETER SETTINGS
Symbol | Value | Symbol Value Symbol Value
[ 15° B 100 MHz fe 28 GHz
P 10 W Ny -174 dBm/Hz l 10 m
Pt/ Prs 8 W IE] 0.6 Yr 0 dB
P 2W o 10 dBsm Ye 20 dB
Gt/Gr 16 « 2.2 l¢ 120 m
dy, 10 m m 3 Is 75 m

detection distance, for which the power allocation problem
can be formulated as

B T Pl @
st Poi(dmaxs) > Bri= 1,2, N +1, (26a)
Py + P. = P, (26b)

0< Ps < Pr,s (26¢)

where 3 is the threshold of communication coverage prob-
ability, Py ;(dmaxi) (Pe,i(dmax,i)) is the detection (commu-
nication coverage) probability of sector i at the required
maximum detection distance dpax,;. Here, we consider that
dmax,i = /max([s;1],[si2])2 +12 for i € {2,3,..,N},
dmax,1 = l¢, and dmax nv+1 = ls, where ¢ and [ are preset
constants. Constraint (26a) ensures the communication quality
of each sector, (26b) gives the total power budget, and (26¢)
is to improve the safety of the front radar.

Fairness: Another is maximizing the minimum detection
probability of N + 1 sectors to ensure fairness, and then the
power allocation problem can be expressed as

max

min{PdJ (dmax,l), veey
Py, Prs
st. (26a), (26b), and (26¢).

Because of the complicated analytical expressions under 1D
MHCP, the OPs in (26) and (27) can hardly be directly solved.
So, we solve the OPs by using exhaustive search.

Pi nt1(dmax,N+1)} (27)

V. PERFORMANCE EVALUATION

In this section, Monte Carlo simulations are conducted to
validate the analytical results and study the impact of power
allocation. We consider a 10 km-long straight segment for a
dual-direction and two-lane scenario, and the vehicles with a
speed of 60 km/h are dropped according to 1D MHCP. The
simulation is repeated at least 5,000 times, and the granularity
of the exhaustive search is 0.25W. Unless otherwise stated, the
simulation parameters are given in Table I [5, 8, 9, 14].

Fig. 4 shows the radar (communication) performance of
each sector versus the distance between the TV and the
TA (CV), under different probabilities of spectrum resource
collision € and vehicle densities A,. One can observe from
the figures that the analytical results match with the simulation
results. It can also be seen from the figure that the reflected
interference is not negligible. As compared with the CCP, the
DP is more susceptible to reflected interference. Further, the
reflected interference has a greater impact on the performance
of the side direction from the directional perspective. For the
radar performance of each sector, it is observed from Fig. 4(a)
that the front DP remains greater than 0.9 when the distance
between the TV and the TA is less than 110 m, at A, = 0.01
cars/m and £ = 0.01. The DP of the side direction shown
in Fig. 4(c) exceeds 0.9 even under A\, = 0.1 cars/m and
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Fig. 4. The radar and communication performance: (a) Front DP vs. distance
between the TV and the TA; (b) Front CCP vs. distance between the TV and
the CV; (c) Side DP vs. horizontal coordinate of the TA; (d) Side CCP vs.
horizontal coordinate of the CV.

€ = 0.1. As compared with the side DP, the front DP decreases
more sharply with the growth of A\, and ¢ due to more signal
interference suffered. For communication performance, thanks
to the low path loss of incident signals, the CCP of the front
direction in Fig. 4(b) can remain higher than 0.8 even at
150 m except for € = 1, and the minimum of side CCP in
Fig. 4(d) is about 0.82. The simulation results of the backward
direction are similar to those of the forward direction, thus
omitted for space limitation. From the simulation results, we
find that the radio resources of the network need to be allocated
rationally to alleviate spectrum resource collision, especially
under severe traffic (i.e., Apdn, > 1) and scarce radio resources
(i.e., € > 0.1).

Fig. 5 studies the impact of optimizing power allocation.
The performance of the proposed schemes is compared with
a heuristic power allocation scheme, in which the power of
radar signals is allocated according to dmax i, i.€., Pr(i)
d;ii’ipfn Specifically, Fig. 5(a) shows the average DP versus
vehicle density A,, and Fig. 5(b) shows the relationship
between the DP of TV in each sector and A,. As shown
in Fig. 5(a), it is obvious that scheme Comprehensiveness is
the best, and scheme Fairness performs slightly worse than
Comprehensiveness but has a huge improvement as compared
to scheme Heuristic. It is shown in Fig. 5(b) that, the DP
of scheme Heuristic is the smallest in most sectors, while
scheme Comprehensiveness is the opposite, generating the
huge performance gap between them as shown in Fig. 5(a).
From Fig. 5(b), we can also observe that, scheme Fairness
improves the DP of sector 1 by sacrificing the performance of
other sectors, as described by the objective function in (27).

VI. CONCLUSION
In this paper, a dual-beam ISAC scheme allowing 360°
radar detection has been designed for vehicular networks.
To analyze the performance of the ISAC networks, we have
studied two cases of incident interference and three cases of
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Fig. 5. Comparison of three power allocation schemes: (a) Average DP vs.
Ap; (b) DP of each sector vs Ap, with e = 0.05.

reflected interference in a dual-direction and two-lane scenario.
Further, stochastic geometry has been applied to study the
performance of the ISAC vehicular networks. Then, we have
studied the power allocation between radar and communication
among different sectors to optimize the performance of the
ISAC networks. Simulation results not only verify that the
reflected interference is not negligible and the radio resources
of the network need to be allocated rationally to alleviate
spectrum resource collision, but also show the effectiveness
of the proposed power allocation schemes in improving the
average detection probability of 360° radar.
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