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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 l. On
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ζref1,i =

N+1∏

n=1

exp

{

−ε
θ

2π
λh

∫ sn,2

sn,1

[1 + Pd,n − Lh (sPr(n)Lref(Gl(r), Gl(x)))− Pd,nLh(sPcLref(Gl(r), Gl(x)))] dr

}

(11)

ζref2,i =

{

ε
θ

2π

∫ +∞

0

[Lh (sPr(1)Lref(v,Gl(x))) + Pd,1Lh (sPcLref(v,Gl(x)))] fV (v)dv + 1− ε
θ

2π
(1 + Pd,1)

}

I(x< 0)+

{

ε
θ

2π

∫ +∞

0

[Lh(sPr(N+1)Lref(v,Gl(x)))+Pd,N+1Lh (sPcLref(v,Gl(x)))] fV (v)dv + 1− ε
θ

2π
(1 + Pd,N+1)

}

I(x>0)

(12)

with Lh(w) = [m/(m+ w)]m, j = N + 1 if i = 1, j = 1 if
i = N + 1; and Y (x, s) can be expressed as

Y (x, s) =







ζ inc1,i

∏3

k
′
=1

ζref
k
′
,i
, si,1 < x < si,2

ζref3,i , x ≥ si,1 or x ≤ si,2
(9)

with ζ inc1,i and ζref
k
′
,i
(k

′ ∈ {1, 2, 3}) being the Laplace transform

of I inc1,i and Iref
k
′
,i

given set Φo, respectively. Here, ζ inc1,i satisfies

ζ inc1,i =1− ε
θ

2π
(1+Pd,i)+ε

θ

2π
Lh(sPr(i)Linc(Gl(x)))+

ε
θ

2π
Pd,iLh (sPcLinc(Gl(x)))

(10)

with Gl(x) =
√
x2 + l2; ζref1,i and ζref2,i are given in (11) and

(12) at the top of this page, in which r = xR − xT; and ζref3,i

satisfies

ζref3,i =







∏qi,2

q=qi,1

[(

ε
θ

2π
Lh(sPr(q)Lref (Gl(x− xTA), dr))+

ε
θ

2π
Pd,qLh (sPcLref (Gl(x− xTA), dr))−

ε
θ

2π
(1 + Pd,q)

)

I(x ∈ S(i)
q ) + 1

]

, i = 1orN + 1

1, otherwise.

(13)

Proof: The Laplace transform of the interference received

by the TV in sector i, Ir,i, can be calculated as follows

LIr,i(s)
(a)
= EPT,h

[

e−sIinc2,i

]

E

[

e
−s

(

Iinc1,i +
∑3

k
′
=1

Iref

k
′
,i

)]

(b)
≈ LIinc2,i

(s)EΦo

{

EPT,h

[

e−sIref3,i

] ∏

xT∈Φo,i

EPT,h

[

e
−sIinc

1,i|Φo

]

︸ ︷︷ ︸

ζinc1,i

∏

xR∈Φo,i

EΦs,PT,h

[

e
−sIref1,i|Φo

]

︸ ︷︷ ︸

ζref1,i

EPT,v,h

[

e
−sIref2,i|Φo

]

︸ ︷︷ ︸

ζref2,i

}

(14)

where I inc1,i|Φo
, Iref1,i|Φo

, and Iref2,i|Φo
are I inc1,i , Iref1,i , and Iref2,i given

set Φo, respectively. (a) holds because I inc2,i is independent of

other interference. If i = 1 or N + 1, vehicle xT in Iref2,i and

Iref3,i maybe the same vehicle, i.e., Iref2,i and Iref3,i 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 I inc2,i . If i = 1

or N + 1, LIinc
2,i

(s) can be obtained as

LIinc2,i
(s)

(c)
= EPT [Lh(sPT,xTA(j)Linc(dr))]

(d)
=1−ε

θ

2π
(1+Pd,j) + ε

θ

2π
Lh(sPr(j)Linc(dr))+

ε
θ

2π
Pd,jLh(sPcLinc(dr))

(15)

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

from [13], and (d) can be obtained by averaging on PT,xTA
(j).

Otherwise, I inc2,i = 0 and LIinc
2,i

(s) = 1, for i ∈ {2, 3, .., N}.

Then, the second item in (14) can be expressed as

EPT,h

[

e−sIref3,i

]

=
∏

x∈Φo

EPT,h

[

e
−sIref3,i|Φo

]

=
∏

x∈Φo

ζref3,i (16)

where Iref3,i|Φo
=

∏qi,2
q=qi,1

PT,x(q)hx,xTA
I(x∈S(i)

q )

L
−1
ref (||x−xTA||,||xTA||)

, and ζref3,i is given

in (13). For ζ inc1,i , we can obtain it in the same way as (c) and

(d). For ζref1,i , it satisfies

ζref1,i

(e)
≈

N+1∏

n=1

exp

{

−λh

∫ sn,2

sn,1

{

1−

EPT,h

[

exp

(

−s
PT,xT(n)hxT,xR

L−1
ref (Gl(r), || xR ||)

)]}

dr

} (17)

where (e) is obtained by approximating the MHCP with the

homogeneous PPP and applying the probability generating

functional of a PPP [11]. Then ζref1,i in (11) is derived following

from (c) and (d). And ζref2,i in (12) can be obtained similar to

ζ inc1,i . Finally, as Φo,i ∈ Φo, Y (x, s) in (9) can be obtained,

and (14) can be expressed as

LIr,i(s) =LIinc2,i
(s)EΦo

{
∏

x∈Φo

Y (x, s)

}

≈LIinc2,i
(s)exp

{

−λh

∫ +∞

−∞

1− Y (x, s)dx

}

.

(18)

■

Next, we introduce several concepts needed later. As shown

in Fig. 2, the edge of the TV’s sector i intersects the center

line of the second road at two points. If i = 2, 3, ..., N , li ∈
(li,1, li,2) represents the distance between the TA and the point

close to the TV with li,1 = 0 and li,2 = si,2 − si,1. If i = 1
or N + 1, li represents the distance between the TA and the

TV with li,1 = dh and li,2 = +∞. It is obvious that, if i = 1
or N + 1, dr = li, if i = 2, 3, ..., N , dr =

√

l2 + (bi + li)2

with bi = min{|si,1|, |si,2|, si,1+si,2
2 } denoting the horizontal

distance of the point close to the TV. The PDF of li, fLi
(li),

can be expressed as

fLi
(li) =







2λhexp(−2λhli), i = N/2 + 1 ∈ Z

fV (li), i = 1 or N + 1

λhexp(−λhli), otherwise

(19)

in which Z represents the integer set.

Lemma 2: The detection probability that a vehicle detects

a target in sector i, Pd,i has the following lower bound

Pd,i ≥ Pd,i[dr(l̄i)]

∫ l̄i

li,1

fLi
(li)dli (20)

where l̄i =
∫ li,2

li,1
lifLi

(li)dli is the average of li.
Proof: According to the definition of Pd,i, we have
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Pd,i =

∫ li,2

li,1

Pd,i(dr(li))fLi
(li)dli

(f)

≥

∫ l̄i

li,1

Pd,i(dr(li))fLi
(li)dli

(g)

≥ Pd,i(dr(l̄i))

∫ l̄i

li,1

fLi
(li)dli

(21)

where (f) is obtained because Pd,i(dr)fLi
(li) ≥ 0 and l̄i ≤

li,2, and (g) follows the fact that Pd,i(dr) is a monotonically

decreasing function on (li,1, li,2). ■

Theorem 1: The detection probability at detection distance

dr in sector i ∈ {1, 2, ..., N + 1}, Pd,i(dr), is given by

Pd,i(dr) ≈

m∑

k=1

(

m

k

)

(−1)k+1 LIr,i(kξTr,i(dr))

exp(kξTr,i(dr)N0B)
(22)

where ξ = (m!)−
1
m and Tr,i(dr) = mγr/(Pr(i)Lref(dr, dr)).

Proof: One can calculate Pd,i(dr) as follows

Pd,i(dr) = P

{

hxTV,xTA ≥
Tr,i(dr)Jr,i

m

}

(h)
= 1− EJr,i

[
ΓL(m,Tr,i(dr)Jr,i)

Γ(m)

]

(i)
≈

m∑

k=1

(

m

k

)

(−1)k+1 LIr,i(kξTr,i(dr))

exp(kξTr,i(dr)N0B)

(23)

where Jr,i = Ir,i +N0B, (h) is from the CDF of the channel

gain, and (i) follows Appendix G in [13]. ■

As LIr,i(kξTr,i(dr)) depends on Pd,i, which generates

difficulty to find Pd,i(dr) directly, in this work, we replace

Pd,i with its lower bound to calculate Pd,i(dr).

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 γc. Then, the communication

coverage probability at communication distance dc in sector

i, Pc,i(dc), can be defined as

Pc,i(dc) = P

{
Sc,i(dc)

Ic,i +N0B
≥ γc

}

(24)

where Ic,i=I inc1,i +
∑3

k
′=1I

ref
k
′
,i

is the total power of interference

signals received at the communication receiver in sector i.
Theorem 2: The communication coverage probability at

communication distance dc in sector i ∈ {1, 2, ..., N + 1},

Pc(dc), is given by

Pc,i(dc) ≈

m∑

k=1

(

m

k

)

(−1)k+1 LIc,i(kξTc,i(dc))

exp[kξTc,i(dc)N0B]
(25)

where Tc,i(dc) = mγc/(Pc(i)Linc(dc)).
Proof: Theorem 2 can be proved similar to Theorem 1. ■

It is noteworthy that, to avoid complex numerical calcula-

tion, we can use the lower bound of Pd,i in deriving Pc,i(dc).

C. ISAC Performance Optimization

In the proposed ISAC framework, the total system power Pt

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

θ 15° B 100 MHz fc 28 GHz

Pt 10 W N0 -174 dBm/Hz l 10 m

Prf/Prs 8 W β 0.6 γr 0 dB

Pc 2 W σ 10 dBsm γc 20 dB

GT/GR 16 α 2.2 lf 120 m

dh 10 m m 3 ls 75 m

detection distance, for which the power allocation problem

can be formulated as

max
Prf ,Prs

1

N + 1

∑N+1

i=1
Pd,i(dmax,i) (26)

s.t. Pc,i(dmax,i) ≥ β, i = 1, 2, . . . , N + 1, (26a)

Prf + Pc = Pt, (26b)

0 ≤ Prs ≤ Prf , (26c)

where β is the threshold of communication coverage prob-

ability, Pd,i(dmax,i) (Pc,i(dmax,i)) is the detection (commu-

nication coverage) probability of sector i at the required

maximum detection distance dmax,i. Here, we consider that

dmax,i =
√

max(|si,1|, |si,2|)2 + l2 for i ∈ {2, 3, ..., N},

dmax,1 = lf , and dmax,N+1 = ls, where lf and ls are preset

constants. Constraint (26a) ensures the communication quality

of each sector, (26b) gives the total power budget, and (26c)

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
Prf ,Prs

min{Pd,1(dmax,1), ..., Pd,N+1(dmax,N+1)} (27)

s.t. (26a), (26b), and (26c).

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.

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 ε and vehicle densities λp. 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 λp = 0.01
cars/m and ε = 0.01. The DP of the side direction shown

in Fig. 4(c) exceeds 0.9 even under λp = 0.1 cars/m and
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