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Abstract—In this paper, a threshold-based vehicle detection
method is proposed for decentralized integrated sensing and
communication-enabled vehicle-to-everything networks. In the
proposed detection method, a roadside unit (RSU) detects the
vehicle by comparing a predetermined threshold with the ‘en-
ergy of echo signals generated during communication b&we\en
the neighboring RSU and the vehicle, i.e., passive sensing, Td\\

determine the detection threshold for reliable vehicle detection, *

closed-form expressions for detection and false-alarm ratefare
derived. The numerical results validate the accuracy of
analytical expressions derived and demonstrate that reliablé
vehicle detection can be achieved by selecting an appropr'ajﬁn
detection threshold.

Index Terms—Integrated sensing and communication (ISAC),
massive multiple-input multiple-output (mMIMO), millimeter-
wave (mmWave), passive detection, vehicle-to-everything (V2X).

I. INTRODUCTION

EHICLE-TO-EVERYTHING (V2X) is a technology that

enables vehicles to exchange information with adjacent
vehicles, devices, and roadside units (RSUs) through wireless
communications [1], [2]. Millimeter-wave (mmWave) and
massive multiple-input multiple-output (mMIMO) technolo-
gies have been widely applied to V2X networks to enhance
performance. With these technologies, the V2X network can
adopt a highly directional beamforming, which reduces inter-
ference and improves spectral efficiency [3].

Recently, integrated sensing and communication (ISAC)-
enabled mmWave mMIMO V2X networks have been thor-
oughly studied as next-generation V2X networks [3]. The
ISAC is a framework that uses a unified radio waveform and
hardware to perform communication and sensing simultane-
ously [2], [4], [5], [6]. In mmWave mMIMO V2X networks,
the wide bandwidth and large antenna array facilitate accurate
estimation of sensing information, such as distance, velocity,
angle, and vehicle presence. Therefore, RSUs and vehicles
in the mmWave mMIMO V2X network can accurately es-
timate the sensing information when the ISAC framework
is incorporated into the network. Using sensing information,
mmWave mMIMO V2X networks can significantly improve
beamforming performance [7].
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Fig. 1: Geometrical configuration of considered V2X network.

In mmWave mMIMO ISAC-enabled V2X networks, a
backhaul for inter-RSU signaling and cooperation are gen-
erally assumed [3]; however, backhaul deployment could be
unavailable due to high costs and complexity in practical
V2X networks [8]. Furthermore, centralized operation through
coordination increases network latency. Nevertheless, decen-
tralized ISAC-enabled V2X networks, in which each RSU
independently operates based on locally observed information
[9], remain largely unexplored.

To fill the research gap, this paper proposes a passive vehicle
detection method for decentralized ISAC-enabled mmWave
mMIMO V2X networks. In the proposed detection method,
the RSU detects the vehicle by performing energy detection
on the echo signals generated during communication between
the neighboring RSU and the vehicle. To achieve reliable
detection, this paper derives closed-form expressions for the
detection and false-alarm rates in vehicle detection. The nu-
merical results validate the accuracy of the derived analytical
expressions and demonstrate that reliable vehicle detection is
feasible by selecting an appropriate detection threshold.

II. SIGNAL AND SYSTEM MODELS

Fig. 1 illustrates a decentralized ISAC-enabled mmWave
mMIMO V2X network. For simplicity, a scenario with two
RSUs, specifically a source RSU and a target RSU, is consid-
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ered where these RSUs are separated by [ without backhaul
connectivity. Due to the absence of backhaul links, the RSUs
operate independently without information exchange. Each
RSU covers an angular sector of width ¢, and the coverage
areas of two RSUs partially overlap to maintain a seamless
communication link. Each RSU is equipped with Ny transmit
and NV, receive uniform linear array (ULA) antennas. A single
vehicle travels at constant speed v along a straight road with a
lateral distance r. Wireless communication between the source
RSU and the vehicle is established through the line-of-sight
channel. The communication process comprises N discrete
time slots, each with a duration of AT. To overcome severe
pathloss and beam misalignment in mmWave V2X networks,
the source RSU and vehicle adopt the predictive beamforming
framework proposed in [7], which ensures reliable commu-
nication. In this setup, the target RSU passively detects the
vehicle using echo signals without affecting communication
link. Therefore, this paper focuses on the vehicle detection
performance at the target RSU.

At the nth time slot, the source RSU transmits the downlink
communication signals given by [7]

30 (t) = \/NixPna(Nix, éSC,n)xn(t)

where P, € R is the transmit power of the source RSU;
2n(t) € C represents the data signals; éSC,n is the prediction
of the incident angle from the source RSU to the vehicle
denoted by 0sc., € [~7, 5): and a(NV, ) denotes the steering
vector with the direction of angle 6, written as

a(N,0)=

c CN':XX17 (1)

o—im(Ng—1) cos(0) ]T eCN*l ()

\/% [1 edmeos(o) ...
Here, the antenna spacing of the ULA is set to half a wave-
length of the carrier frequency. While the vehicle moves within
the coverage of the source RSU, the target RSU observes the
echo signals reflected from the vehicle, expressed as

=V Ntx Bnej%r“n era QTG n) H(NtX7 08071’7,)
Xsn( - n) +Zn( ) CN Xla (3)

where Org, € R is the incident angle from the target
RSU to the vehicle; z,(t) is the additive white Gaussian
noise (AWGN) vector following CN (0, 021, ) with the noise
variance o?; 7, € R is the propagation delay; p, € R is
the Doppler shift given by 2v cos(6rq n)fc/c for the carrier
frequency f. and the speed of light ¢; and 5,, € C represents
the complex reflection coefficient given by m Here,
dsc.n, and drg, are the distances from the vehicle to the
source RSU and the target RSU, respectively, and € € C is
the complex radar cross section.

ITII. VEHICLE DETECTION IN TARGET RSU
A. Received Echo Signals with Monitoring Beamforming

The target RSU detects the vehicle without signaling from
the source RSU. For this purpose, the target RSU performs
receive beamforming steered to the entry angle of its coverage,
which is hereafter referred to as monitoring beamforming. The
monitoring beamforming concept enables the target RSU to

detect the vehicle while it moves within the detection region.
The detection region is defined as the angular region where the
echo signals from the vehicle can be observed, as illustrated by
the green-shaded region in Fig. 1. Specifically, the monitoring
beamformer is steered to an angle ¢ = 0.5(7w — ¢). The target
RSU applies matched filtering to the received echo signals
to estimate propagation delay and Doppler shift, followed by
energy detection to confirm the vehicle’s presence. During this
procedure, the combined echo signals are given by

Tn(t): eraH(erﬂ/J)Tn(t)
=V KnCTG,ngSC,nxn(t - Tn)ej%runt +2zn (t) cC, 4

where K,, = Ny N P, 32 is the effective array gain; z,,(t) =

Nix@'? (Nyy, 1)z, (t) is the combined AWGN distributed
as CN(0,02); (ran = af' (N, ¥)a(Nyx,0rc.n) repre-
sents the receive beamforming gain of the target RSU; and
€scm = aH(NtX,Gsc,n)a(Ntx,éscm) denotes the transmit
beamforming gain of the source RSU.

To estimate propagation delay and Doppler shift, the target
RSU can adopt the matched filtering approach with a shifted
version of transmitted signals [7]. However, noting that the
source and target RSUs operate independently without any
information exchange, full information of s,,(¢) is unavailable
at the target RSU. In this paper, it is assumed that the target
and source RSU share common reference signals contained in
Zn(t), denoted by c(t). Using these common reference signals,
the target RSU performs the matched filtering as follows:

AT _
T (T, u)z/ rp(t)c*(t — T)e I2mHntdt
0

=V KnCTG,né.SC,ni‘n(T; ,Uf) + gn(’ra ,Ll,) € (C7 (5

where Z,(7,u) and Z,(7, ) correspond to the signal and
noise components in the matched filtering output, respectively,
written as

AT
T (T, u):/ T (t—Tp ) (t—7)e 72T =mn)tqt € C, (6)
0

AT ‘
Zn(T, u)z/o 2, (t)c* (t—T)e I2™Hdt € C. (7

Here, Z,,(7, ) can be modeled by a zero-mean complex Gaus-
sian random variable following CN(0, ac?), where a € R is a
scaling factor to include the effect of matched filtering on noise
[7]. Typically, reference signals have a pseudorandom structure
with impulse-like correlation properties [10]. In this case,
matched filtering amplifies the noise by the matched-filtering
gain [11]. Therefore, the scaling factor can be represented as
a = pG where p denotes the power ratio of ¢(t) to x,(t)
and G = f |, (¢)|?dt represents the matched filtering gain
with respect to x, (¢ ) Using 7, (7, 1) in (5), the target RSU
estimates 7, and pu, as

(s fin) = arg __max |7 (7, 12)|?, (8)

TET ,neEM

where the search regions are given by 7 = (0, Tyax] and M =
[—max;, ftmax) for the maximum propagation delay Tpax and
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the maximum Doppler shift fi,ax. In this paper, Tnax and
Imax are assumed to be known in the target RSU.

Based on propagation delay and Doppler shift estimates,
the received echo signal power is obtained at the target
RSU. Specifically, the target RSU measures the energy of the
received echo signals as follows:

Rn:|7zn(7cmﬂn)|2

:|\/K7n§TG,n£SC,na~7n (727“ ﬂn) + 2n (7A'n7 ﬂn)‘Qa (9)
As confirmed in [7], predictive beamforming provides highly
accurate angle prediction, leading to |£sc,,|? & 1. The moni-
toring beamforming gain (rq,y, is significant when the vehicle
approaches the entry angle of the overlapped region, since
the monitoring beam is steered toward this direction. With
accurate beamforming, the mmWave mMIMO V2X system
attains a substantial array gain from the large antenna array.
This gain enables reliable estimation of the propagation delay
and Doppler shift, such that 7,, ~ 7, and [, ~ u,, which
yields a matched filtering gain close to the ideal case, i.e.,

(10)

Furthermore, the array gain sustains a high effective signal-
to-noise ratio (SNR) in the estimation of 7, and u,, ie.,
Kn|Cra.n|? > o2 Therefore, Z,(%, fin) in (9) is negligible
and R,, can be approximated when the vehicle is near the
entry angle of the overlapped region as follows:

Rn ~ KnGnKTG,n 2
(;)KnGn |[A(Nyx, cos(Ora,n) — COS(’(/J))|2 , (D

where (a) is derived from that the mismatched beamform-
ing gain, i.e., (tq,, in this case, is generally represented
with respect to the Dirichlet sinc function A(N,x) given by

A(N,z) = % [12]. Fig. 2 illustrates Rn in (11) across

the location of the vehicle. As the vehicle approaches the target
RSU, 0r¢ n gradually aligns with 1), accordingly, increasing
R,,. Furthermore, R,, maintains non-negligible values while
the vehicle moves within the detection region. This observation
indicates that the target RSU can detect the vehicle before it
reaches the overlapped region.

|9~3(7ﬁnvﬂn)‘2 ~ |j(7—n7ﬂn)|2 = pG.

B. Detection Performance Analysis

Vehicle detection can be achieved through the energy de-
tection of the received echo signals. Herein, we omit 7, u,
0, and associated parameters to avoid clutter unless otherwise
specified. When the vehicle is present in the detection area, the
vehicle echo signal arrives at the target RSU, increasing the
received echo signal energy in (11). If the vehicle is absent, the
target RSU measures the energy of the received echo signal as
|Z,|%. Therefore, the vehicle detection problem is formulated
as an energy detector in R, [13]. In this problem, the detection
threshold is determined by the detection rate and the false
alarm rate. Specifically, the detection rate and the false alarm
rate are defined as

Pp(T)
Pp(T)

P(|3n + 2a)* > T),
P(|z,)* > 1),

12)
13)

>l

333

100

90 -

Energy of received echo signal dB, R,

Source RSU |

coverage

Target RSU

coverage

Overlapped

region
80 - ¢

70 -
60 -
50

40

Source/RSU position

Target RSU position

30

20

Detection

10 region

-60 -40 -20 6 2‘0 4‘0 60
Vehicle position in x-axis

Fig. 2: Energy of received echo signal across vehicle position

when Ny = Nyx = 128, r = 6 m, ¢ = 160°, v = 10°,

I = 50 m, and source and target RSU positions at 25 m and

—25 m, respectively, in x-coordinate.

where 5, = VK,(1c nésc.n®n and I' denotes the detection
threshold. Invoking that 3, + 2, follows CN(3,,pGo?),
|3, 4+ Z,| is distributed as a Rician distribution. Furthermore,
from Pp(T) = P(|3, + Z,| > VT), the detection rate can
be represented by the complementary cumulative distribution
function of the Rician distribution. Consequently, Pp(T") is
obtained as [14]

2R, or
Po(T) = Q1 | 4/ s
p(I') = Q1 pGo2’ \| pGo2 |’

where Q1 (z,y) is the first-order Marcum-Q function written
as Q1(x,y) = fyoo uexp (—#) Iy(uz)du for the zeroth-
order modified Bessel function of the first kind Io(-). Subse-
quently, Pr(T) is the special case of Pp(T") with &, =0 or

equivalently R,, = 0. Therefore, the false alarm rate is given

by [15]

[ 2D T
PF(F)*Ql (07 pGUf) =exp ( pGag

By examining both (14) and (15), the detection threshold T'yy,
is selected to achieve a low Pg(T',) while maintaining a
sufficiently high Pp (T'yy,) [13]. With the chosen T'yy,, the target
RSU determines the presence of a vehicle if Rn > I’y at least
one time during the vehicle’s movement within the detection
region.

(14)

15)

IV. SIMULATION RESULTS

To verify the availability of vehicle detection, detection
and false alarm rates are evaluated across different threshold
values. During the simulations, the source RSU transmits the
signals to the vehicle using the predictive beamforming in [7],
while the target RSU detects the vehicle with the echo signals.
The simulation parameters are listed in Table I. Specifically,



TABLE I: Simulation Parameters

Parameters Values
Distance from RSU to raod r 5m
Distance between RSUs [ 50 m
Position of source RSU in x-coordinate 25 m
Position of target RSU in x-coordinate —25m
RSU coverage angle ¢ 160°
Vehicle speed v 160 km/h
Initial incident angle at target RSU O7q o 4.0843°
Initial distance at target RSU drq o 84.2416 m
Initial reflection coefficient Bg \f + g J
Time slot duration AT 1 ms
Carrier frequency f. 30 GHz
System SNR P, /o2 10 dB

Matched filtering gain of transmit signals G~ 10
Ratio of reference signals p 0.1

the perpendicular distance from the road to each RSU is
r = b m. The separation between the two RSUs is [ = 50 m.
The x-coordinates of the source and target RSUs are set to
25 m and —25 m, respectively, with the origin at the midpoint.
The angle of coverage of each RSU is set to ¢ = 160°. The
speed of the vehicle is fixed by v = 160 km/h. The initial
vehicle location is set to have an incident angle of 10° relative
to the source RSU. Accordingly, the initial geometry of the
vehicle relative to the target RSU is given by the incident
angle g0 = 4.0843° and the distance drq,o = 84.2416 m.
Other parameters include: 5, = g + gj, AT = 1 ms,
f. =30 GHz, SNR P, /0? =10dB, G = 10, and p = 0.1.

Fig. 3 presents Pp(T") and Pp(T") in T for Nix = Ny = 16
and 32. The shaded region labeled by threshold region indi-
cates the range of I' that simultaneously achieves a negligible
Pp(T") while preserving a high Pp (). By selecting a value
in this region as I'y,, the reliable detection of vehicles at
the target RSU can be achieved through the thresholding
method. If no such threshold region exists, I'y;, is chosen
according to alternative criteria, e.g., constant false alarm
rate or generalized likelihood ratio test [13]. Furthermore, the
close agreement between the Monte Carlo simulation and the
theoretical expressions validates the accuracy of the formulas
derived in (14) and (15). Consequently, a precise threshold
selection can be achieved for reliable vehicle detection from
(14) and (15).

V. CONCLUSION

This paper proposed a passive vehicle detection method
for decentralized ISAC-enabled mmWave mMIMO V2X net-
works. In the proposed detection method, the target RSU
detects the vehicle without signaling from the source RSU,
using the monitoring beamforming at the entry angle of its
coverage. For threshold selection, closed-form expressions for
detection and false-alarm rates are derived. The numerical
results validated that reliable vehicle detection can be achieved
by selecting an appropriate detection threshold based on the
derived expressions of the detection and false-alarm rates.
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Fig. 3: Detection and false alarm rates across threshold value
when Ny = N, = 16 and 32.
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