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Abstract — Communication and sensing are basically required in intelligent transportation. The combination of two
functions  can  provide  a  viable  way in  alleviating  concerns  about  resource  limitations.  To  achieve  this,  we  propose
an integrated sensing and communication (ISAC) system based on cellular vehicle-to-everything (C-V2X). We first
analyze the feasibility of new radio (NR) waveform for ISAC system. We discuss the possibility of reusing NR waveform
for sensing based on current NR-V2X standards. Ambiguity function is calculated to investigate the sensing perform-
ance limitation of NR waveform. A C-V2X-based ISAC system is then designed to realize the two tasks in vehicular
network simultaneously. We formulate an integrated framework of vehicular communication and automotive sensing
using the already-existing NR-V2X network. Based on the proposed ISAC framework, we develop a receiver algorithm
for  target  detection/estimation  and  communication  with  minor  modifications.  We evaluate  the  performance  of  the
proposed ISAC system with communication throughput, detection probability, and range/velocity estimation accuracy.
Simulations show that the proposed system achieves high reliability communication with 99.9999% throughput and
high accuracy sensing with errors below 1 m and 1 m/s in vehicle scenarios.
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 I. Introduction
The  functionalities  of  both  data  transmission  and

environment sensing  are  crucial  in  the  realm  of  intelli-
gent  transportation  [1].  Nowadays,  the  employment  of
automotive radar has become a popular means of achiev-
ing sensing capabilities [2]. Such technology utilizes radio
signals to provide high-resolution sensing for automotive
applications such as collision warning.  However,  special-
ized equipment needs to be mounted in vehicle and cer-
tain frequency bands need be set aside for the provision
of  sensing  service.  As  for  data  transmission,  vehicle-to-
everything (V2X) network makes it possible to communi-
cate  in  transportation  systems  [3]. This  network  facili-
tates the exchange of safety messages and entertainment
information for vehicle services such as localization-based
service. Nevertheless,  a  limited  amount  of  sensing  func-

tionality is  provided by such V2X network on the basis
of  raw sensor  data and channel  measurement.  With the
view of above challenge, integrated sensing and commu-
nication  (ISAC)  system  can  be  employed  for  the  next
generation V2X network.

Various  vehicular  communication  standards  have
been developed, mostly focusing on dedicated short-range
communication  (DSRC)  and  cellular  V2X  (C-V2X).
DSRC, utilizes short-range wireless transmission for vehi-
cle-to-vehicle and vehicle-to-road communication [4]. Ad-
ditionally, C-V2X  is  designed  for  vehicular  communica-
tion with cellular (Uu) and sidelink communication com-
bined  [5],  making  it  suitable  for  diverse  applications.
Compared with DSRC, lots  of  studies have demonstrat-
ed  C-V2X  superiority  in  aspects  such  as  low  latency,
high  reliability,  large  transmission  range,  and  high
throughput  [6].  Therefore,  that  will  be  a  wise  choice  to 
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realize  ISAC  system  for  vehicles  based  on  C-V2X  (i.e.,
new radio  (NR)-V2X),  which  can  reuse  existing  infras-
tructure and share available spectrum resource.

The selection of waveform plays a key role in ISAC
system. There are some research about waveform design
for  ISAC  system.  Some  loosely  coupled  designs  can  be
actualized  over  temporal  domains  by  non-overlapping
wireless  resource  division  [7], which  cannot  enable  com-
munication and  sensing  simultaneously.  Other  orthogo-
nal wireless resource designs are implemented in spectral
[8] or spatial domains [9], suffering from low spectral and
energy efficiency, which can be overcome by a fully inte-
grated waveform design [10]. Despite  with the  best  per-
formance, such a design may have difficulty in deploying
to  current  C-V2X  equipment.  Therefore,  to  fill  up  the
implementation gap, it is necessary to analyze the exist-
ing waveform for ISAC system. The existing communica-
tion waveform  has  mature  signal  transceiver  with  flaw-
less  processing  performance  for  communication  purpose.
Especially,  orthogonal  frequency  division  multiplexing
(OFDM) waveform, such as NR waveform, has been de-
signed  with  adaptive  modulation  across  subcarrier,
strong  robustness  against  multipath  fading,  as  well  as
high  extensibility  in  radio  system  design  and  resource
management [11]. Such features are well-suited for vehic-
ular  communication  scenarios.  It  can  also  be  considered
as  a  suitable  candidate  waveform  for  use  in  sensing.
Therefore, the communication waveform based on C-V2X
is investigated for ISAC system in this paper.

To implement ISAC system by leveraging C-V2X in-
frastructures,  receiver  is  required  to  decode  information
from communication  signal  and  to  detect/estimate  tar-
gets from echoes concurrently [12]. However, communica-
tion networks,  such as  V2X networks,  are  primarily  de-
signed for  communication function only [13],  which lack
the  ability  to  process  information  for  target  detection/
estimation. To complete  the  sensing  function  with  com-
munication waveform, specialized received signal process-
ing methods need to be developed. It is possible to learn
from the idea of passive radar system used for detection
task  as  a  model  for  ISAC  receiver.  Such  systems  have
been researched  employing  typical  communication  sys-
tem,  including  frequency  modulation  (FM)  system  [14],
digital  audio  broadcasting  (DAB)  system  [15],  digital
video  broadcasting  (DVB)  terrestrial  transmitters  [16],
DVB satellite system [17], global system for mobile com-
munications (GSM) base stations [18], Wi-Fi networks [19],
and global navigation satellite system (GNSS) [20]. Addi-
tionally, a passive radar system has been designed using
long  term  evolution  (LTE)  network  downlink  reference
signals (RS) and synchronization signals (SS) in [21]. A 5G
NR waveform-based OFDM radar has been investigated
in [22].  As for  vehicular scenarios,  IEEE 802.11ad-based
system has  been  proposed  for  communication  and  sens-
ing in [23].

In this paper, we propose an ISAC system based on
C-V2X  network,  with  NR  waveform  considered.  The

main contributions of this paper are as follows.
a)  We  investigate  the  sensing  performance  of  NR

waveform. First, we overview the NR waveform based on
NR-V2X standard and then such waveform is  leveraged
for ambiguity analysis;

b) An ISAC system based on C-V2X network is pro-
posed.  Communication  and  sensing  links  are  modeled
with signal description in detail. Special limitations such
as the velocity and distance range of vehicle and the re-
quirement of vehicular network are considered in this re-
search;

c) Receiver signal processing algorithm is developed
for communication  and  sensing.  Particularly,  communi-
cation processing leverages standard time-frequency (TF)
synchronization and  channel  estimation  techniques.  Af-
ter  communication  preprocessing,  target  detection  and
range/velocity  estimation  are  realized  with  periodogram
and multiple signal classification (MUSIC) method;

d) Simulations  are  carried  out  to  evaluate  the  per-
formance of  the  proposed  ISAC  system  in  C-V2X  net-
work.  In  particular,  the  proposed  ISAC  system  can
achieve  m-level  range  and  m/s-level  velocity  estimation
for sensing and reliable throughput for communication;

The rest of the paper is organized as follows: In Sec-
tion II,  standard-based  NR  waveform  sensing  perfor-
mance is analyzed by ambiguity function. System model
is  described in  Section III.  Then,  receiver  processing for
communication  and  sensing  is  developed  in  Section  IV.
Section  V  evaluates  the  performance  of  proposed  ISAC
system. Section VI concludes the work.

 II. NR Waveform Analysis
As the second section of C-V2X technology, NR-V2X

has completed standardization work [24]. In this section,
we overview the waveform structure of NR-V2X and an-
alyze  ambiguity  function  to  assess  it  suitability  as  an
ISAC waveform for vehicular scenarios.
 1. NR-V2X waveform

µ = {0, 1,
. . . , 4}

∆fµ =2µ × 15 µ = 0, 1, 2

µ = 3, 4

NR standard’s flexible  signal  strategies  offer  oppor-
tunities  for  both communication and sensing  usage  [25].
In NR waveform, to support different application scenar-
ios and enable flexible deployment, variable cyclic prefix
(CP) duration and scalable subcarrier spacing (SCS) are
defined in frequency range 1 (FR1) and frequency range
2  (FR2)  [26].  OFDM  waveform  numerology 

 plays  a  key  role  in  the  design  of  SCS  and  CP.
Specifically, SCS is defined as a superset of 15 kHz, de-
noted  by  kHz.  For  FR1,  are
used, corresponding to 15 kHz/30 kHz/60 kHz SCS and
up  to  100  MHz  single  carrier  bandwidth.  are
used in FR2 with 120 kHz/240 kHz SCS and up to 400
MHz single carrier bandwidth. These parameters have in-
fluence on  the  performance  of  communication  and  sens-
ing.

For NR-V2X,  TF resource  element  (RE)  is  allocat-
ed  in  both  NR  Uu  and  sidelinks  [27].  Specifically,  the
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T M
N

subframe includes some timeslots depending on .  Each
timeslot  involves  14  OFDM  symbols  with  normal  CP
(nCP) or 12 symbols with extended CP (eCP), which de-
termines  the  duration  of  symbols .  So -length com-
plex baseband OFDM waveform with  subcarriers is,

 

x(t) =

M−1∑
m=0

Nµ−1∑
n=0

xm,nej2πn∆fµt rect
(
t−Nµ

sym,mTc

Nµ
sym,mTc

)
(1)

xm,n

Tc =
1

∆fµ
minNFFT

NFFT

Nµ
sym,mTc =

Nµ
cp,mTc +Nµ

s,mTc Nµ
s,m = (m− 1)× 2−µ+11

where  is the  transmitted  symbol  sequence  corre-
sponding to RE; OFDM basic time unit is ,

where  is the  size  of  fast  Fourier  transform (FFT)
matrix; and  symbol  duration  with  CP  is, 

,  where  is
non-CP symbol duration.

To  get  better  matched  filter  gain,  using  an  OFDM
waveform  with  pseudo-random  code  provides  a  better
self-correlation  performance  than  that  without  code,
which  is  beneficial  for  sensing  processing.  As  for  NR-
V2X, both Uu and sidelink (PC5) interfaces support SS
and RS [28],  which are suitable  for  sensing task.  In NR
downlink  transmission,  sidelink  primary-SS  and  sidelink
secondary-SS are  collected  to  construct  SS block.  Phase
tracking-RS  (PT-RS),  channel  state  information-RS
(CSI-RS),  and  demodulation-RS  (DM-RS)  are  used  to
construct  RS  block.  These  signals  are  viewed  as “con-
stantly  available”,  which  can  be  utilized  for  conveying
sensing information. Besides, physical broadcast channel,

including  physical  sidelink  broadcast  channel  (PSBCH)
in  sidelinks  and  physical  downlink  shared  channel
(PDSCH) in Uu links, is used for the transmission of da-
ta payload and hyper-layer signal, which carry communi-
cation  and  sensing  information.  Another  benefit  is  that
the deployment of SS and RS blocks can be adjusted in
TF domain via hyper-layer parameters.
 2. Ambiguity function analysis

We employ  the  ambiguity  function  to  evaluate  the
feasibility of NR-V2X waveform for sensing [29] as

 

A(τ, fd) =
1

Ex

∣∣∣∣ˆ ∞

−∞
x(t)x∗(t− τ)ej2πfdtdt

∣∣∣∣ (2)

Ex

Ex =
´∞
−∞ x(t)x∗(t)dt =

∑M−1
m=0

∑Nµ−1
n=0 |xm,n|2 x(t)

τ fd
x∗

where  is  the  squared  norm  of  the  signal,  calculated
as .  is
the  NR  waveform.  and  are  the  time  delay  and
Doppler shift, respectively. And  denotes the complex
conjugate.

µ = 1

To  assess  the  performance  of  NR-V2X  waveform
[30], we  generate  an  NR  downlink  signal  based  on  cur-
rent standards. Specifically, NR waveform is constructed
with , where the bandwidth of each subcarrier is 30
kHz with nCP. The bandwidth of 20 resource blocks at 30
kHz is 7.2 MHz. We further configure SS and RS blocks
with PDSCH as slot-wise mapping type and modulation
scheme  16-quadrature  amplitude  modulation  (16QAM).
Its  TF resource  including  PDSCH,  DM-RS,  and  PT-RS
configuration is mapped as Figure 1.
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Figure 1  Time-frequency resource grid.
 

The ambiguity function is shown in Figure 2, which
resembles “pin”. This shape shows its advantageous cor-
relation  properties,  which  offer  a  very  narrow  mainlobe
width (leading to high resolution) and an extremely low
sidelobe power (deriving to high dynamic range). The ze-

ro-Delay  cut  is  depicted  in Figure  3,  which  has  a  peak
time  in  0  kHz.  This  indicates  that  NR waveform has  a
perfect  auto-correlation  with  no  obvious  sidelobe  along
Doppler  axis  and  strong  clutter  suppression  capability,
making it ideal for velocity estimation.

  1106 Chinese Journal of Electronics, vol. 33, no. 4



In Figure 4,  we examine delay domain performance
by zero-Doppler cut. The second peak locates in 33.34 μs,
which is  related  to  the  duration of  OFDM symbol  with
SCS 30 kHz. The corresponding sensing range ambiguity
is  5  km,  which  can  be  ignored  for  targets  in  vehicular
scenarios. With the above view, standardized NR wave-
form  shows  its  good  sensing  performance  for  multi-tar-
get detection/estimation.

 III. System Model
In this section, we design the ISAC system based on

C-V2X and formulate end-to-end model for the proposed

NTx

NRx

system.  The system scenario  assumes that  every vehicle
and road side unit (RSU) serves as an ISAC transceiver.
For  ease  of  explanation,  we focus  on one  RSU as  ISAC
transceiver, which  sends  an  OFDM-based  ISAC  wave-
form to  a  vehicle  receiver,  and  receives  echo  signal  re-
flected from a single vehicle target, as shown in Figure 5.
A multiple-antenna is mounted with -element trans-
mit antenna array on RSU and -element receive an-
tenna array on both RSU and vehicle.  Furthermore,  we
assume that the acceleration and the relative velocity of
target  vehicle  to  RSU  are  negligible  enough  to  provide
constant velocity  and quasi-stationary presumption dur-
ing  one  interval.  With  the  above  assumption,  firstly,  a
signal  model  based on OFDM waveform is  generated at
the RSU, which serves as the transmit signal for commu-
nication  and  sensing  functions.  Then,  we  describe  one-
way communication channel  and two-way sensing  chan-
nel  reflected  from  target  in  detail.  Finally,  the  received
signals  are  formulated  in  communication  and  sensing
sides, respectively.
 1. ISAC Tx signal

(m,n, p, µ) m ∈ {0, 1, . . . ,M − 1}
n ∈ {0, 1, . . . , Nµ − 1}

The  ISAC  waveform  is  generated  based  on  current
waveform  design  for  NR  Uu  and  PC5,  which  supports
OFDM baseband  signal  uniformly  defined  by  4-dim  tu-
ple ,  where  is  OFDM
symbol index in T-domain,  is sub-
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p = NRx

µ
carrier index in F-domain,  is antenna port, and

 is SCS configuration parameter, expressed as
 

s(p,µ)(t) =

M−1∑
m=0

Nµ−1∑
n=0

x(p,µ)
m,n ej2πn∆fµtg(t− nT ) (3)

ATx ∈
CNTx×1

Tinv

The carrier  configuration  is  created  as  the  descrip-
tion in  Section  II.  Such  frequency  domain  OFDM sym-
bol is transformed into T-domain by CP-OFDM modula-
tion. To transmit the waveform with multi-antenna, the
Tx/Rx frequency-flat analog beamforming vectors 

 into baseband  model.  Therefore,  in  the  process-
ing interval , the transmitted signal is

 

xTx(t) = ATxs
(p,µ)(t), t ∈ (0, Tinv) (4)

The average power constraint is given by
 

1

PNM

P−1∑
p=0

N−1∑
n=0

M−1∑
m=0

E
[∣∣∣x(p,µ)

m,n

∣∣∣2] ≤ Eavg (5)

 2. Sensing and communication channel

r
v m2

We  build  one-way  communication  and  two-way
sensing  channel  model,  including  the  contributions  of
fading factor,  scattering  clusters,  interference,  and  clut-
ter. Concretely,  fading  factor  is  predominantly  deter-
mined by fading channel  and radar  cross  section (RCS)
of target vehicle. To mitigate self-interference, we utilize
a  combination  of  Tx  and  Rx  antenna  array  separation,
self-interference cancellation mechanisms, and beamform-
ing, which provide effective isolation and cancellation for
communication  and  sensing  functions.  Furthermore,  5G
NR medium access control  (MAC) protocol  is  employed
to  avoid  inter-user  interference  [31].  The  clutter  arises
from the processing of unwanted scatter and clutter can-
cellation, which  is  typically  treated  as  noise.  We  pre-
sume that  beams  transmit  without  any  obstruction.  So,
the communication and sensing channel is  modeled as a
dominated  line-of-sight  (LOS)  path  between  RSU  and
vehicles.  To provide  less  clutter,  lower  interference,  and
longer  detection  range,  narrow  beams  are  utilized  with
larger beamforming gain. We also assume that beams are
wide  enough  to  cover  the  center  of  target  vehicle  and
narrow enough to meet the requirements of communica-
tion. Therefore, the recipient vehicle is defined as a sin-
gle point target with distance of  and moving with rela-
tive radial velocity of ,  RCS of which is 1 .  Due to
the  quasi-stationary  assumption,  range  and  velocity  are
viewed to be constant.

1) Sensing channel

K

The sensing channel is assumed to be a sum of con-
tributions from direct path scatters. We consider the di-
rect path and corresponding reflected echo signal as two-
way  channel  path.  That  channel  model  with  targets
is given by 

hsen(t, τ) =

K−1∑
k=0

hsen,kδ (τ − τk) ej2πfd,kt (6)

τk k fd,k
hsen

hsen,k gsenGsen gsen
Gsen

Gk =
λ2σRCS,k

(4π)3r4k
σRCS,k k

rk
T rk ≫ vkT

hsen,k

where  denotes the th target round-trip delay,  is
the Doppler shift, and  denotes the channel gain, giv-
en  by  = ,  where  is small-scale  com-
plex channel gain.  is large-scale channel gain, which
is assumed as free-space path-loss model considering tar-
get RCS derived by radar equation, , where

 is  the  RCS corresponding  to  the th  target.  We
consider a distant target whose  is  large compared to
the  distance  change  of  duration ,  that  is .
Therefore,  is constant during a correlated duration.

τk
fd,k k

It is noted that the round-trip delay  and Doppler
shift  corresponding to parameters of the th target
echo are related to its range and velocity,

 

rk =
τkc

2
, vk =

fd,kc

2fc
(7)

c fc
Ω(τk, fd,k) = (rk, vk)

where  is the speed of light and  is the center of fre-
quency. The transfer function is .

2) Communication channel
Transmit  waveform  through  a  clustered  delay  line

(CDL) channel model with delay profile CDL-C. The de-
lay spread and maximum Doppler shift parameter is con-
figured as the 3rd Generation Partnership Project (3GPP)
standard  [32].  By  taking  the  time  frequency  selective
channel  into  consideration,  the  one-way  communication
channel is given by

 

hcom(t, τ) =

K−1∑
k=0

gcomGcomejπfd,ktδ
(
τ − τk

2

)
(8)

gcom Gcomwhere  and  denote  the  small-scale  and  large-
scale communication channel gain, respectively.
 3. Receive signal

We  consider  the  communication  signal  received  by
recipient  vehicle  and  sensing  echo  signal  received  by
RSU, with ISAC waveform propagated after the commu-
nication channel and sensing channel, respectively.

1) Sensing received signal model
The echo signal received after sensing channel is
 

ysen(t) =

ˆ
hsen(t, τ)xTx(t− τ)dτ

=

K−1∑
k=0

hsen,kxTx (t− τk) ej2πfd,kt + n(t) (9)

n(t)where  is  the  sum  of  contributions  from  noise  and
clutter, which is assumed to be an i.i.d complex gain ad-
ditive white Gaussian noise.

T/MBy sampling every  and removing the CP, we
obtain  the  discrete-time  signal.  Then,  after  discrete
Fourier transform (DFT), the received signal correspond-
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m ning to the th symbol in the th SCS is
 

Ysen,n,m =

K−1∑
k=0

hsen,kej2πnTfd,ke−j2πm∆fτkXn,m +Nn,m

(10)

Nn,m

N
(
0, σ2

)where  is  discrete  clutter-plus-noise  distributed  as
.

2) Communication received signal model
The communication received by recipient vehicle af-

ter propagation channel is
 

ycom(t) =

ˆ
hcom(t, τ)xTx(t− τ)dτ

=

K−1∑
k=0

hcom,kxTx

(
t− τ

2

)
ejπfd,kt + n(t) (11)

After  time/frequency  synchronization  and  symbol
rate sampling, the discrete-time received communication
signal at the recipient vehicle is

 

Ycom,n,m =

K−1∑
k=0

hcom,kej2πnTfd,ke−j2πm∆fτk/2Xn,m+Nn,m

(12)

Signal-to-noise ratio  (SNR)  of  the  received  commu-
nication and sensing signal is defined as average SNR ev-
ery  RE per  receive  antenna.  Because  of  guard bands  or
zero padding, signal allocation can occupy only a part of
available grids,  while  noise  occupies  all  REs.  Consider-
ing  these  definitions,  SNR  in  RSU  and  vehicle  receiver
are respectively given by

 

SNRsen =
H2

senE
[
|xm,n|2

]
N2

=
λ2σRCS,kgsenE

[
|xm,n|2

]
(4π)3r4kσ

2

(13)
 

SNRcom =
H2

comE
[
|xm,n|2

]
N2

=
λ2gcomE

[
|xm,n|2

]
(4π)2r2kσ

2
(14)

where overall received power over all antennas is one.

 IV. Receiver Processing
We consider  the  communication  receiver  processing

in recipient vehicle,  which is  also applied in the sensing
preprocessing in RSU. The sensing receiver processing is
then used for target detection and range/velocity estima-
tion step.  Such  proposed  algorithm  meets  the  require-
ment of ISAC system using conventional C-V2X devices
with minimal receiver modifications.

Based  on  the  above  signal  and  system  analysis,
when performing a sensing task, the algorithm considers
two observation scenarios: 1) Mono-static sensing scenar-
ios: NR base  station is  used as  RSU to  sense  surround-
ing environment. Therefore, the received echo signal can
be processed via known transmitted NR waveform direct-

ly. 2) Bi-static sensing scenarios: The transmitter and re-
ceiver  are  separated  in  RSU.  The  transmitted  signal
structure can be predetermined as a prior with SS blocks
and  we  can  treat  the  transmitted  waveform  as  known
signal after communication processing. So as for the sens-
ing processing  in  receiver  side,  we  can process  echo  sig-
nals  considering  transmitter  signal  and  the  influence
caused by Tx/Rx.

As is shown in Figure 6, the following processing is
exploited to  realize  communication  and  sensing  func-
tions:  1)  Communication:  Conventional  communication
processing is used with TF synchronicity and channel es-
timation; 2) Detection: After communication preprocess-
ing, target  vehicle  is  detected  using  a  threshold  algo-
rithm for constant false alarm rate (CFAR) detector; 3)
Estimation: Range/velocity estimation is calculated with
periodogram and MUSIC methods.
 1. Communication receiver processing

Ym,n

Xm,n Xm,n

In the vehicle recipient receiver, communication pre-
processing is  exploited  for  received  signal,  which  under-
goes OFDM demodulation to transform T-domain wave-
form to  F-domain  waveform.  The  resulting  demodula-
tion  signal  is  used  for  sensing  processing  directly,
while the module of communication preprocessing is used
to  abstract .  The  is achieved  by  the  follow-
ing steps [33]:

First,  a  TF  synchronization  is  performed  using  a
cross-correlation of the received signal with PDSCH DM-
RS and PT-RS in T-domain.

Then, channel estimation is carried out to character-
ize  channel  effects  per  RE,  with  reference  symbols  used
to  estimate  channel  conditions  and  noise  averaging  and
interpolation  to  obtain  an  estimate  for  all  REs  in  slots.
Because  such  symbols  are  specified  per  layer,  the  result
represents  channel  conditions  between  transmit  layers
and receive  antennas,  which  takes  into  account  the  ef-
fect of MIMO precoding.

Finally, equalization is performed to compensate for
distortion introduced by channel.

Xm,n

The  PDSCH  symbols  are  extracted  from  received
grids and associated channel estimates. CSI is used as a
measure  of  channel  conditions  for  each  of  equalized
PDSCH symbols. Such CSI information weights decoded
soft bits  after  PDSCH  decoding,  which  effectively  in-
creases  the  importance  of  symbols  experiencing  better
channel conditions. It is noted that  is known as a
prior  in such ISAC system. With the view of  this,  data
transmission matrix can also be obtained from transmit-
ters  without  any  calculation  of  channel  estimation  and
precoding matrix at receiver ends.

The communication  preprocessing  data  subsequent-
ly undergoes decoding equalized PDSCH symbols to ob-
tain soft bit codewords [34]. To improve the accuracy of
decoding,  we  scale  soft  bits  or  log-likelihood  ratios
(LLRs) using CSI. This scaling assigns a larger weight to
symbols in REs with better channel conditions. LLRs are
then  decoded  using  DL-SCH  decoding  process  to  check

Cellular V2X-Based Integrated Sensing and Communication System: Feasibility and Performance Analysis 1109  



for errors. In order to enhance throughput, hybrid auto-
matic repeat request (HARQ) management is employed.
HARQ manages whether new data is required, which oc-
curs when a transport block is received successfully or if
a  sequence  timeout  has  occurred.  LLRs  error  status  is
used  to  update  current  HARQ,  which  is  then  advanced
to the next processing.
 2. Target detection

Xm,n

Ym,n

After  communication  receiver  processing,  we  obtain
the  known  transmitted  waveform  which  is  implemented
in  sensing  processing.  We  utilize  directly  the  known
transmitted signal sample  and received signal sam-
ple  after subcarrier-domain  processing.  The  classi-
cal matched filtering-based approach is

 

F̃m,n = Ym,nX
∗
m,n

=

K−1∑
k=0

hsen |Xm,n|2 ej2πnTfd,ke−j2πm∆fτk + Ñm,n

(15)

The  analysis  of  range  and  velocity  profiles  reveals
their  clear  dependence  on  the  data.  Additionally,
matched filter-based  processing  suffers  from  range  pro-
file sidelobes, thereby limiting its applicability in dynam-
ic scenarios like V2X, as is shown in ambiguity function
analysis in  Section  II.  Instead,  a  data-independent  ap-
proach  can  be  adopted.  We  follow  channel  estimation-
based  sensing  processing,  which  can  be  described  at
OFDM symbol level as 

Fm,n =
Ym,n

Xm,n
=

K−1∑
k=0

hsenej2πnTfd,ke−j2πm∆fτk + Ñm,n

(16)

K = 1

Only one single target is investigated in this paper,
so we assume . The range-Doppler response can be
calculated through periodogram, expressed as

 

D(p, q) =

∣∣∣∣∣∣∣∣∣∣
NFFT−1∑
n=0

FFT - velocity profiles︷ ︸︸ ︷(
MFFT−1∑
m=0

(Wm,nFm,ne
−j2πq m

MFFT

)
ej2πp

n
NFFT︸ ︷︷ ︸

IFFT - range profiles

∣∣∣∣∣∣∣∣∣∣

2

(17)

NFFT > N MFFT > Mwhere the values of  and  are cho-
sen to  increase  the  accuracy  of  detection.  CFAR detec-
tor is then applied in target detection [29], given by

 

D(p, q)
H0
<
>
H1

Tth (18)

H0

H1

PFA

D(p, q) > Tth H0 Tth

PFA Wm,n

where  refers to the null  hypothesis (no target,  noise
only),  while  refers  to  alternative  hypothesis  (target
present).  Specifically,  the  probability  of  false  alarm 
represents  under  being true.  is de-
tection threshold, which can be straight calculated to fix

 to a chosen value. The additional weights  can
be  set  as  window  function  to  control  sidelobe  levels.
With  CFAR  detection  and  sidelobe  mitigation,  we  can
improve the probability of detection.
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 3. Range/velocity estimation

θ = (τ, fd)

If threshold test declares that a target is present, the
estimation of  target range/velocity can be implemented.
An estimator is constructed for the case where target is
present, and there is no prior information about the tar-
get. A parameter vector is .

Fm,nThe  likelihood  function  for  with a  given  pa-
rameter vector [35] is

 

f(F | θ) =
M−1∏
m=0

N−1∏
n=0

1

πσ̃2
e
−

∣∣∣∣Fm,n−e
j2π(nTfd,0−m∆fτ0)

∣∣∣∣2
σ̃2
m,n (19)

which is corresponded as log-function, expressed as
 

ℓ(F | θ) =
M−1∑
m=0

N−1∑
n=0

(
− logπσ̃2

m,n

− 1

σ̃2
m,n

∣∣∣Fm,n − ej2π(nTfd,0−m∆fτ0)
∣∣∣2 ) (20)

That  function  can  be  simplified  with  terms  ignored,
which not affect estimation parameters, that is

 

ℓ̃(F | θ) =
M−1∑
m=0

N−1∑
n=0

Re
{
Fm,nej2π(nTfd,0−m∆fτ0)

}
(21)

The maximum likelihood estimation for the target is
 

θ̂ = argmax
θ

ℓ̃(F | θ) (22)

θ ∈ ΩA Rmax Vmaxwhere , which is related to the  and .

Ω(τ, fd)

∆v ∆r

The above equation is  corresponded to  the  location
of  periodogram’s  peak  from  (19).  We  can  calculate  the
resolution by transfer  function  with  basic  pixel
size  of  range-Doppler  response  image  and .  So
range/velocity  estimation  can  be  respectively  obtained
by

 

r̂ = Ωr

{
1

M

MFFT−1∑
m=0

argmax

(
NFFT−1∑
n=0

Fm,ne
j2πp n

NFFT

)}
(23)

 

v̂ = Ωv

{
1

N

NFFT−1∑
n=0

argmax

(
MFFT−1∑
m=0

Fm,ne
−j2πq m

MFFT

)}
(24)

Range/velocity  estimation  from  (25)  is  viewed  as
phase estimation. MUSIC algorithm is the most popular
method for direction finding [36], which can also be used
in sensing  estimation  in  proposed  system.  Receiver  sig-
nal processing function is rewritten as

 

F =

K−1∑
k=0

hsenar (θτ,k)av,k(θfd) + Ñ (25)

K = 1 ar

ar,m (θτ ) = e−j2πmθτ

where we assume , and  is the range phase vec-
tor, given by 

Then, the covariance matrix is calculated as
 

CF ,r = E
{
FF H} = δ2ara

H
r + σ̃2I (26)

E{·} δ2where  denotes  the expectation operation and  is
variance.  Through  eigendecomposition,  above  equation
can be rewritten as

 

CF ,r = URΛUH
R (27)

Λ
Λ = diag {λ1, λ2, . . . , λM}

UR = [UrUnoise] M

Ur M − 1
Unoise ∈ CM×(M−1)

Ur ar∥∥UH
noisear

∥∥
F = 0 F

P (θτ )

where  is a diagonal matrix composed of eigenvalues in
descending  order  as ,  and

 is  an -dim  eigenvector  matrix  whose
first column vectors correspond to range estimation sub-
space  by ,  and  the  remaining  column vectors
are  noise  subspace  eigenvectors  as .
Using  the  orthogonality  of  target  and  noise  subspaces,
and  the  fact  that  the  columns  of  and  span  the
same  space,  we  have ,  where  is  the
Frobenious norm. Finally, we obtain the MUSIC spectra
of range estimation  as

 

P (θτ ) =
1

aH(θτ )UnoiseU
H
noisea(θτ )

(28)

θr

whose largest  peaks  correspond  to  target  range  estima-
tion .  The  covariance  matrix  for  velocity  estimation
can be expressed as

 

CF ,v = E
{
F HF

}
= δ2ava

H
v + σ̃2I = UV ΛUH

V (29)

av

av,n (θfd) = ej2πnθfd UV = [UvUnoise] N

Uv

where  denotes  the  velocity  phase  vector,  defined  as
.  And  is  an -dim

eigenvector  matrix  whose  first  column  vectors  relate  to
the  velocity  estimation  subspace  by .  In  the  same
way, we obtain velocity estimation from the peak phase,
given by

 

P (θfd) =
1

aH(θfd)UnoiseU
H
noisea(θfd)

(30)

 V. Experimental Evaluation
The  proposed  approach  enables  the  realization  of

ISAC system based on conventional C-V2X devices with
limited modification.  Simulations are  carried out to test
the performance of  the proposed ISAC system based on
C-V2X,  with  both  sensing  accuracy  and  communication
throughput considered.

fc = 3.5 fc = 50

50

The  C-V2X  network  mainly  focuses  on  NR-V2X,
with center  frequency  both  in  FR1  and  in  FR2  consid-
ered.  In  sub-6G  band,  center  frequency  is  assumed  as

 GHz and  GHz in  mmWave band.  The
main downlink  physical  channels  and  signals  are  mod-
eled in NR Uu and sidelink, as is described in Section II.
In the evaluations, the ISAC waveform is set with carri-
er  bandwidth  MHz.  The  different  SCS  30  kHz/60
kHz/120 kHz and nCP/eCP waveforms based on NR-V2X
waveform are  considered.  Same  as  the  downlink  trans-
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mit  radio  frame of  10  ms in  NR,  timeslots  are  assumed
as 20 with different duration depending on different SCS.

We evaluate the feasibility of MUSIC-based sensing
function  for  high-precision  range/velocity  estimation,
comparing  to  the  periodogram-based  OFDM radar.  The
resolution of range and velocity can be derived from (23)
and (24),

 

∆r =
c

2M∆f
, ∆v =

c

2NTfc
(31)

∆f T

τmax fdmax

For  a  given  SCS  and  symbol  duration ,  the
maximum round-trip delay  and Doppler shift 
need to satisfy

 

τmax < T, fdmax < ∆f (32)

Because  the  maximum  delay  is  limited  by  symbol

duration, with particular by CP duration. Therefore, the
maximum range is yielded as

 

Rmax <
cτmax

2
<

cTCP
2

(33)

and to  avoid  interchannel  interference  (ICI),  the  maxi-
mum  Doppler  shift  needs  be  significantly  smaller  than
the SCS. So the maximum velocity is

 

Vmax ≪
cfdmax

2fc
(34)

±10%

To  satisfy  the  system,  we  set  the  overall  feasible
space contains range up to a one-way delay of half dura-
tion of CP, and velocity up to a Doppler shift of 
of  SCS.  With  the  above  waveform  numerologies,  the
main sensing performance parameters are summarized in
Table 1.

 
 

Table 1  Sensing performance analysis

Waveform Parameter 1 2 3 4

Configuration

∆f  (kHz) 30 60 60 120

CP Normal Normal Extended Normal

TCP  (μs) 2.34 1.17 4.17 0.59

NRB 133 65 65 32

Slot symbol 14 14 12 14

M 1596 780 780 384

N 280 280 240 280

Ts  (μs) 33.33 16.67 16.67 8.33

T  (μs) 35.67 17.84 20.84 8.92

fc  (GHz) 3.5 3.5 3.5 50

System performance

∆r (m) 3.133 3.205 3.205 3.255

∆v (m/s) 4.2911 8.5797 8.5687 1.2862

Rmax  (m) 351 175.5 625.5 88.5

Vmax  (m/s) ±128.57 ±257.14 ±257.14 ±36.00

 

Rmax

Vmax

We simulate the ISAC system based on C-V2X for a
single-target  vehicular  scenario,  as  discussed  in  Section
III. We  choose  the  distance  and  the  relative  speed  be-
tween the target vehicle and RSU as  and 30 m/s,
which  fall  in  the  sensing  feasible  span.  It  is  noted  that
the speed is set to such fixed value instead of  to en-
sure  compliance  with  actual  vehicle  scenarios.  The  echo
signal reflected by the target vehicle is received and pro-
cessed by the method proposed in Section IV. After the
receiver processing, the range-velocity profile is shown in
left  of Figure 6, where the target can be observed obvi-
ously. Specifically, the range estimation result with MU-
SIC-based method is given in Figure 7, comparing to pe-
riodogram-based algorithm. In this case, an NR signal is
used  with  SCS 30  kHz and channel  bandwidth 50  MHz
with 133 RBs and 20 subframes. The SNR is assumed as
10 dBm. As is shown in Figure 7, the range estimation of
MUSIC is 349.7579 m with error of ~0.18%, while that is

estimated as 375.7181 m with error  of  ~7.04% based on
periodogram. We also obtain the velocity estimation re-
sult of MUSIC-based and periodogram-based method, as
is shown in Figure 8. It can be seen that the velocity es-
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Figure 7  Range estimation with two different methods.
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timation of MUSIC is 30.2504 m/s with error of ~0.83%
and  32.1665  m/s  with  error  of  ~7.22% by  periodogram,
respectively. That proves the advantage of MUSIC-based
method in  ISAC  system  for  V2X  scenario,  which  satis-
fies high accuracy sensing with errors below 1 m and 1 m/s.

Gp =
k10log(MN)

We evaluate  the  detection  performance  for  varying
SNR  with  different  SCS  and  timeslots,  as  is  shown  in
Figure  9.  In  these  cases,  we  choose  the  fixed  50  MHz
channel  bandwidth  and  similar  waveform  configuration.
It indicates that the probability of target detection grows
with  increasing  SNR.  Reliable  target  detection  can  be
achieved up to SNR of 10 dBm, and when SNR down to
–20  dBm,  it  nearly  cannot  provide  successful  detection.
It shows a rapid plummet between the threshold, the ex-
act number depending on SCSs and timeslots. With fixed
channel  bandwidth,  SCS  corresponds  to  the  number  of
subcarrier. As it can be seen, the larger number of sub-
carriers  and  timeslots,  the  better  detection  performance
can be  obtained  at  low SNR.  This  is  owing  to  the  pro-
cessing  gain  provided  by  cumulation  of  subcarriers  and
timeslots. In general, as discussed in [37], it obeys 

.
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Further, Figures  10 and 11 present  the  range  and
velocity estimation root  MSE (RMSE) behavior,  respec-
tively.  The  parameters  configuration  is  similar  with  the
waveform  used  above  detection  performance  analysis,
with  only  20  timeslots  considered.  Different  SCS  and

Pd Pd

< 1.5

nCP/eCP  is  analyzed  under  similar  channel  bandwidth
in sub-6G (3.5 GHz) and mmWave (50 GHz) band. The
results  prove  that  at  those  SNR  with  high  detection
probability, the range and velocity estimation RMSE are
well-behaving, which is similar to the trend of detection
performance.  Especially,  focusing  on Figure  10, the  in-
flection  point  where  the  range  estimation  performance
degrades corresponds to threshold of . When  is ap-
proaching 100%, the estimation RMSE is converging to a
stable  value.  Additionally,  such  exact  value  is  m
with MUSIC-based method firmly better than the range
estimation  with  periodogram-based  method  under  well
receiver SNR. The similar results are shown in Figure 11.
The  estimation  RMSE values  are  mainly  related  to  the
velocity resolution defined in (36), which is inversely pro-
portional  to  symbol  duration.  With  the  result  of  range
and  velocity  estimation  considered  comprehensively,  the
best  performance  is  obtained in  SCS 30  kHz with  nCP.
This  corresponds  to  the  resolution  value  calculated  in
Table 1.
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To evaluate the communication performance of pro-
posed  ISAC  system  for  C-V2X,  we  investigate  the
throughput under  different  SNR.  As  described  in  Sec-
tion III,  we  simulate  the  communication  link  in  vehicu-
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Figure 8  Velocity estimation with two different methods.
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lar  scenario.  With  CDL-C propagation  channel  modeled
between  RSU  and  vehicle,  the  processing  chain  uses  a
single  bandwidth  part  across  the  whole  carrier  and
HARQ operation  with  16  processes.  The  number  of  Tx
antennas  (RSU  side)  and  Rx  antennas  (target  vehicle
side)  is  8  and  2,  respectively.  Displaying  the  measured
throughput in 2 frames, the percentage of the maximum
possible  throughput  of  links  is  shown  in Figure  12.  We
also  calculate  the  throughput  rate  with  given  available
resources for data transmission, as is presented in Figure
13. It  is  obviously  seen  that  well-behaving  communica-
tion  performance  can  be  obtained  under  high  SNR.
Specifically, high  reliability  communication  can  be  real-
ized  with 99.9999%  and  high  throughput  rate  can  be
achieved  with  160  Mbps  if  proper  combination  of  SCS
and timeslots is selected in ISAC system.
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Both  communication  and  sensing  achieve  the  best
performance in  high  SNR.  This  causes  the  tradeoff  be-
tween communication and sensing when the power is al-
located  in  ISAC  system.  Specifically,  as  is  shown  in
Figure 9, the sensing detection probability is affected by
sensing signal receiver SNR. A similar conclusion can al-
so  be  made  about  the  communication  throughput  from
Figure 13. Therefore, the performance is positively corre-
lated  with  SNR  for  both  communication  and  sensing
tasks. On the one hand, if the communication and sens-
ing tasks  are  realized  with  a  single  signal,  the  perfor-

mance of the whole ISAC system will be improved with a
high-power  transmit  signal.  On  the  other  hand,  if  the
two tasks are carried on different communication subcar-
riers, the  power  of  transmit  signal  will  be  allocated  be-
tween communication and sensing. This can introduce a
trade-off between two tasks.

 VI. Conclusion
In  this  paper,  we  developed  an  ISAC system based

on  the  C-V2X  standard  to  enable  communication  and
sensing tasks  in  vehicular  network.  First,  the  perfor-
mance limitation  of  NR  waveform  for  sensing  was  ana-
lyzed  by  ambiguity  function.  Then,  we  formulated  the
model  of  the  designed  ISAC system based  on  NR-V2X.
Receiver  processing  algorithm  was  investigated  for  such
C-V2X-based ISAC system to achieve ultra reliability for
vehicle communication  and  high  accuracy  for  environ-
ment sensing.  We  evaluated  the  performance  of  pro-
posed algorithm by both theory and simulations analyti-
cally. The target vehicle can be detected very reliably at
high  SNR.  Meanwhile,  the  range/velocity  estimation  of
the target  can  achieve  with  low  error  and  high  resolu-
tion. The performance of the proposed ISAC system can
meet the requirement for vehicular scenarios. Additional-
ly,  the  tradeoff  existing  between  communication  and
sensing is analyzed because of the similar performance in
high SNR. The potential  applications  of  proposed ISAC
framework  will  support  fast  vehicle  platooning,  secure
and  seamless  access,  and  simultaneous  localization  and
mapping.
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