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Abstract— The integrated sensing and communication (ISAC)
refers to the integration of radio sensing and wireless communi-
cations to realize the multiplexing of space, time, and frequency
resources. In the sixth generation (6G) wireless networks, ISAC
is considered as one of the most promising technologies. In this
paper, a novel ISAC channel model combining forward and back-
ward scattering is proposed. In addition to the non-stationarity
caused by motions, the correlations between sensing and com-
munication channels are investigated. The channel characteristics
of sensing such as forward scattering and backward scattering
are introduced into the communication channel model. Utilizing
the correlations between sensing and communication channels,
the communication channel model is divided into line-of-sight
(LOS), forward scattering, and backward scattering components.
These three components are summed according to probability
weighting to obtain a more accurate channel model for sensing
assisted communication systems. Moreover, important statistical
properties of the proposed ISAC channel model are derived
and simulated. The analytical and simulation results match well,
demonstrating the correctness of derivations and simulations.
Some derived/simulated statistical properties are verified by
corresponding measurement data, which indicates the utility of
the proposed ISAC channel model.

Index Terms— 6G, ISAC channel model, non-stationary, for-
ward scattering, backward scattering.
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I. INTRODUCTION

ITH the rapid development of wireless communication
Wtechnologies, the fifth generation (5G) communication
networks have been deployed and commercialized worldwide.
The research on the sixth generation (6G) wireless networks
has started with more requirements. For example, it can
be used to map between the virtual and physical worlds,
and further realize the intelligence and automation of the
system [1], [2], [3]. In order to meet requirements of 6G,
the wireless system needs to implement accurate sensing and
wide coverage communication in the same system [4], [5],
[6], [7], [8], [9]. With the demand of higher data rate, wire-
less communication systems need to deploy higher frequency
bands [10], [11], [12], [13], which may overlap with the
frequency bands traditionally used by radar systems [14], [15],
[16]. In addition, wireless communication and sensing are
similar in hardware, signal processing, and network architec-
ture aspects [17], [18], [19], [20]. The similarities of these
two systems provide the possibility for the emergence of
integrated sensing and communication (ISAC) technologies.
ISAC refers to the integration of communication and radio
sensing to realize the multiplexing of time-frequency and
space resources [21]. The purpose of ISAC is to achieve
high-precision sensing while communicating with high quality,
and the mutual benefit between the two functions will thus be
realized [22], [23].

Most of the existing studies on ISAC systems have been
focused on the transmission waveform or frame structure
design, beamforming, and signal processing algorithms. The
research on these aspects of ISAC system were carried out
in [24], [25], [26], [27], [28], [29], and [30]. The authors
in [24] used the method of minimizing the lower bound of
joint delay and Doppler estimation to optimise orthogonal
frequency-division multiplexing (OFDM) waveform, and both
mono-static sensing and communication sub-systems were
considered. Sensing information of the target can be repre-
sented by a two-way attenuation constant, delay, and Doppler
shift of the target. For the communication subsystem, only
a brief description was given in the paper, which considered
the attenuation, delay, and Doppler shift of the paths, other
than the correlation between these two subsystems. In [25],
a beamforming method for ISAC multiple-input multiple-
output (MIMO) system was formulated. The communication
channels of different users were considered to be independent
of each other. The mono-static sensing channels were divided
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into point target and extended target channels, wherein the
extended target channel was composed of the summation of
many point targets. In [26], an integrated system model of
millimeter wave (mmWave) vehicle-to-vehicle (V2V) commu-
nication and radar based on IEEE 802.11ad was proposed.
Both sensing and communication channels were modeled. The
communication channel model was a time-invariant frequency-
flat Rician channel, while the radar channel using the time- and
frequency-selective model. The waveform design of mmWave
ISAC system was studied in [27], including the radar-centric,
communication-centric, and joint-coding cases. The channel
models for communication and sensing were also considered.
The communication channel was modeled as a line-of-sight
(LOS) channel with delay taps, and the radar channel was
modeled as time- and frequency-selective after exploiting
beamforming at transmitter (Tx) and receiver (Rx) sides.
In [28] and [29], the method of beam training, beam track-
ing, and beam prediction for vehicular network combining
both radar and communication functions were investigated.
A mono-static sensing subsystem model, including radar cross
section (RCS), round-trip path loss, round-trip delay, and
Doppler frequency. A communication subsystem model, rep-
resented by beamformer and steering vectors, was considered.
Simulation results showed that the performance of sensing
and communication can both be improved by beamforming
method. In [30], a waveform optimization method was pro-
posed to improve the mutual information of the ISAC system.
The communication channel was assumed to be flat fading
with coefficients following Gaussian distributions. The radar
channel model was composed of RCS and Doppler shift. How-
ever, the above studies lack of details on the channel model.
Meanwhile, one of the most important research scenarios for
the ISAC system is vehicle-to-everything (V2X) [15], [31],
[32], [33], which requires further studies of channel model
and characteristics.

On the other hand, V2X communication channel models
were studied in [34], [35], [36], [37], [38], and [12]. The
authors in [12] proposed a 6G pervasive channel model
(6GPCM), which can support all-spectrum, full-application
scenarios, and global coverage scenarios. The non-stationarity
caused by the motion of Tx, Rx, and clusters was considered
in the 6GPCM. The authors in [34] proposed a non-stationary
wideband MIMO channel model supporting the V2X scenario,
in which the mobile terminal and clusters can move at arbitrary
velocities and directions. A general three-dimensional (3D)
non-stationary 5G geometry-based stochastic model (GBSM)
was proposed in [35], where V2V, high-speed train (HST),
and massive MIMO were considered in the channel model.
In [36], a WINNER+ based 3D non-stationary wideband
MIMO GBSM was proposed, in which the movements of Rx
and clusters were considered, and the channel model was sup-
ported with measurements. In [37], a non-stationary geometry-
based scattering V2V MIMO channel model was proposed.
In [38], a novel 3D non-stationary GBSM was proposed,
V2V, HST, massive MIMO, and mmWave-terahertz (THz)
were considered, and verified by measurement data. However,
current studies on channel model do not take the sensing
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function into account. A novel ISAC channel model shall be
developed to simultaneously include both communication and
sensing channels. In addition to considering the non-stationary
feature of the communication channel itself, characteristics of
the sensing channel such as forward scattering and backward
scattering [39] are also required to be introduced. Sensing
can be divided into forward scattering sensing and backward
scattering sensing. Forward scattering refers to those with
the scattering angle less than 90° relative to the incident
direction of electromagnetic wave. Otherwise, referred to as
backward scattering. In other words, the scatterers detected
by a mono-static sensing channel can all be considered as
backward scattering. In this paper, we use the mono-static
sensing method, in which the backscatter sensing is used to
obtain the information of the scatterer, such as the distances,
angles, and motion parameters to improve the communica-
tion channel model. Utilizing the correlation between the
sensing and the communication channels, a more precise
communication channel model within the ISAC system can be
established.

As far as the authors are aware, a channel model that
considers both sensing and communication functions as well as
their correlation has not been proposed before in the literature.
A novel 6G ISAC channel model combining both forward and
backward scattering is hence proposed and investigated for the
first time in this paper. The main novelties and contributions
of the paper are listed as follows.

1) A novel 6G ISAC channel model combining forward and
backward scattering is first proposed. The proposed ISAC
channel model with an improved accuracy consists of two
parts, i.e., a sensing channel model and a communication
channel model. The non-stationarity in the time domain
caused by the movements of clusters and Rx is considered
in the proposed model as well.

2) Different from other models, the communication chan-
nel model within the proposed ISAC channel model
includes both forward scattering and backward scattering
components in its non-line-of-sight (NLOS) paths. The
two components are first multiplied/weighted by their
probabilities and then summed to obtain the NLOS paths.

3) Statistical properties of the proposed ISAC channel model
are investigated, including spatial cross-correlation func-
tion (CCF), temporal autocorrelation function (ACF),
local temporal-Doppler power spectral density (PSD),
local Doppler spread, root mean square delay spread
(RMS DS), stationary distance, and coherence band-
width. To illustrate the validity of the proposed
channel model, we will compare measurements with
simulation data.

The remainder of this paper is organized as follows.
The novel 6G ISAC channel model combining forward and
backward scattering is proposed in Section II. Section III
derives the essential statistical properties of the theoretical
channel model. Results and analysis of channel statistics are
presented in Section IV. Finally, conclusions are drawn in
Section V.
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Fig. 1. The ISAC system model.

II. A NoVEL 6G ISAC GBSM

A novel 6G ISAC GBSM is proposed in this section. The
ISAC system model is shown in Fig. 1. Tx is an ISAC base
station (BS), and it can perform as a mono-static system
realizing the signals transmission and backward scattering
echo sensing signals reception. The ISAC BS serves the Rx,
which can move with arbitrary velocity and trajectory, and
the Rx is regarded as not only the sensing target but also the
mobile user. The geometrical diagram of the ISAC channel
model is presented in Fig. 2. The transmitting antenna array of
ISAC BS is composed of M antennas, the antenna elements
are equally spaced as 67. The transmit antenna array can be
used to transmit sensing signals and communication signals at
different time instants. The M3 equally spaced 05 receiving
antennas are used to receive the sensing echo signals. For
the convenience of calculation, we assume that the transmit
and receive arrays of the ISAC BS are both uniform linear
arrays (ULAs). Rx side is the communication terminal (also
the sensing target), which is also equipped with a ULA
composed of Mg antenna elements with equal spacing 5@.
In addition to transmit and receive antenna arrays, the most
important components in the channel model are clusters and
rays. Each ray can be characterized by the distance, azimuth
angle of departure (AAoD), elevation angle of departure
(EAoD), azimuth angle of arrival (AA0A), and elevation angle
of arrival (EAoA) parameters. The motion of the cluster can
be described by speed and travel angles. In both sensing and
communication subsystems, we have uniformly specified and
described these parameters, which will be explained in details.

For the sensing system, the pth (p = 1,..., Mr) transmit
antenna element and the uth (u =1, ..., M 1%) receive antenna
element of ISAC BS are AZ; and AZs, respectively. The
azimuth angle of the ISAC BS transmitting (receiving) antenna

T(Rs) .
array can be represented as (3, in the x — y plane,
and ﬁg(Rs) is the elevation angle of ISA BS transmitting
(receiving) antenna array relative to x — y plane. Symbol
C, denotes the cluster which can be sensed of the Ith (I =
1,..., Ng,(t)) path, and it can also be seen as a part of
surroundings sensing. The total number of paths between Ag
and Aff* at time ¢ can be represented as N;,(t). A cluster
is the collection of scatterers with similar azimuth angles,
elevation angles, and distances relative to the ISAC BS (or
the Rx). The total number of scatterers in C is K;. Symbols
v (t) and v, (t) represent the radial speeds relative to ISAC
BS of Rx and C) at time instant ¢, respectively. The travel

azimuth angle and elevation angle of C; are o, (t) and o5 (),
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respectively. AAoD and EAoD of the kth (k =1, ..., K;) ray
in C, transmitted from A7 at initial time can be expressed as
0 4.1,» O 1, Note that the transmitting and receiving arrays of
ISAC BS are very close to each other, so we can consider the
AAoD and EAoD are equal to AAoA and EAoA impinging
on A at initial time, respectively. Similarly, we assume that
AAoD and EAoD of the path from transmit array of ISAC BS
to sensing target Rx are equal to AAoA and EAoA of the echo
path from Rx to receiving array of ISAC BS. Therefore, the
AAo0D (AAo0A) of path between ISAC BS and Rx and EAoD
(EA0A) can be indicated as 64 ; and 0, ; , respectively. Dy is
the distance from ISAC BS to Rx at initial time, and dz, & 18
the distance from AT to C, via the kth ray.

For the communication system, since it shares the same
transmitting array with the sensing system, the pth transmit
antenna element at ISAC BS and the ¢th (¢ = 1,..., Mg)
receive antenna element at Rx are Ag and Afc, respec-
tively. The azimuth and elevation angles of Rx are (3%¢
and ﬁgc, respectively. In the communication channel model,
it is assumed that there are multi-bounces between Tx and
Rx. For the forward scattering component, the nth (n =

1,..., Ng,(t)) path between AT and AF¢ can be expressed as
the sum of Ag to the first-bounce cluster C;?, the last-bounce

cluster CZ to AJ*, and the virtual link between Cj and
CZ. The total number of paths between Al and A[° is
Ng,(t). Similarly, the first-bounce cluster and the last-bounce

cluster of the Ith (I = 1,..., N;,(t)) path of backward

scattering component are ClA and C#, respectively. It can be
assumed that N, (t) = N, (t). For the forward scattering and
backward scattering components, the distributions of clusters
are random in space and do not conform to any specific
geometric distribution. The speeds of the Rx, C;?(Z)’ and C’f(l)
relative to ISAC BS are v (t), vA»® (1), and vZ® (1),
respectively. The travel azimuth (elevation) angles of Rx,
Cg, CcZ, C’l’:, and CZ are éienoted by aﬁ@) (1), afsz) (1),
Oalp) (t), ¥l m) (t), and o’y (t), respectively. The AAoD
(EAoD) of the mth (m = 1,..., M,) ray in C/* and the kth
(k=1,..., Kj) ray in ClA transmitted from A7 at initial
time are ¢ g, and ¢} g , . respectively. Symbols M,
and K represent the total number of rays in C4 of forward
scattering component and the total number of rays in ClA
of backward scattering component, respectively. After that,
symbols ¢ff |~ (¢4 ) and ¢, (¢, ) are the AAoA
and EAoA of the mth (kth) ray in CZ (C#) impinging on
Afe at initial time, respectively. For the forward scattering
component, the distance from AT (AF¢) to C24 (C7?) via
the mth ray at initial time can be denoted by dﬁ(f). The
distance from Ag (AqRC) to CA (C#) via the mth ray at time
instant ¢ is denoted as d.,, (t) (d},, (t)). Similarly, for the
backward scattering component, the distance from A7 (AF¢)
to C{* (CF) via the kth ray at initial time can be denoted
by dfl(R). The distance from AZ (Afc) to ClA (C’lZ ) via the
kth ray at time instant ¢ is denoted as dz;kl (t) (df;:kl (t)). The
AAoD, EAoD, AAoA, and EAoA of the LOS path at initial
time are denoted as ¢’y ;. 7, 1, ¢ |, and ¢F |, respectively.
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Fig. 2. The ISAC channel model including LOS path, forward scattering paths, and backward scattering paths.

TABLE I
DEFINITIONS OF MAIN PARAMETERS OF SENSING CHANNEL

Parameters Definitions
AZ, Alts The pth transmit antenna element, the uth receive antenna element of ISAC BS
st g' Antenna spacings of transmit and receive antenna arrays of ISAC BS
BX(R'S), BE(RS) Azimuth and elevation angles of the transmit and receive antenna arrays of ISAC BS
o The cluster which can be sensed of the [th path
v (1), v, (1) Radial speeds relative to ISAC BS of Rx and C/, respectively
aly (1), oy () Travel azimuth angle and elevation angle of C, respectively
[% Ak 0 Bk AAoD (AAoA) and EAoD (EAoA) of the kth ray in C; transmitted from A{ (impinging on Afs) at initial time, respectively
0 AL 0 B.L AAoD (AAoA) and EAoD (EAoA) of the echo path between ISAC BS and Rx
Do Distance from ISAC BS A{to Rx A{%C at initial time
d, . Distance from A? to C, via the kth ray

The distance from ISAC BS AT to Rx Af is Dy at initial
time, and the distance from ISAC BS AT to Rx Al is D, (1)
at time instant ¢. For convenience, the important parameters of
sensing and communication channel models mentioned above
are summarized in Table I and Table II, respectively.

The ISAC channel model needs to be divided into two
parts, i.e., the sensing channel model and the communication
channel model. The main difference between sensing channel
and communication channel is that in the former, there are
only LOS paths between ISAC BS and sensing objects. For
the communication channel, there are both LOS paths and
NLOS paths between ISAC BS and Rx. However, there are
still certain correlations between the sensing channel and com-
munication channel. The novel ISAC channel model proposed
in this paper utilizes the correlations between sensing and
communication, and reflects how the sensing assists the com-
munication channel modeling. In practical application, for the
communication with relatively long duration. It is necessary
to obtain parameters from the sensing channel time and again
during the communication process to ensure the accuracy
of the communication channel model. The sensing channel
should be modeled at the beginning to obtain the distances,
angles, and motion parameters of the communication user

and clusters in the environment, and these parameters are
used to model the initial communication channel. Then the
channel information can be sensed again after the time interval
AT, and the communication channel can be updated with the
newly sensed parameters. To cycle this process and obtain the
channel of the whole communication period. For the reason
that the above process is a repeat of the same operation, that
is, to obtain the sensing information at first and then assist the
communication channel modeling by obtained parameters of
the sensing channel. We will describe in detail the sensing
channel modeling and how to use the sensing information
to model the communication channel at the initial time. The
channel impulse responses (CIRs) of sensing channel and
communication channel will be introduced in the next two
subsections, respectively.

A. Sensing CIR

In the (radar) sensing system, scattering can be divided
into forward scattering and backward scattering, on the basis
of the type of material used on the surface of the scatterers
and the difference of roughness. For the mono-static sensing
system which is used in this paper, only backward scattering
can provide the required sensing information, and only the
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TABLE I
DEFINITIONS OF MAIN PARAMETERS OF COMMUNICATION CHANNEL

Parameters Definitions
AZ, Ach The pth ISAC BS transmit antenna element and the gth Rx receive antenna element
§T, (SCR Antenna spacings of transmit array of ISAC BS and receive array of Rx
,ch, B8 gc Azimuth and elevation angles of the receive array of Rx
cA (CZA), c? (CZZ ) The first- and last-bounce clusters of the nth (Ith) path of forward (backward) scattering components
B(t), vhn (1) (1)),

v (1) @7 (1)

Speeds of the Rx, C’,‘? (C’ZA) and CE (CZZ), respectively

aff p (8), aly7p (1 ) (@) (),
aZn () (@4, (1)

Travel azimuth/elevation angles of Rx, C’;;l (C’lA) and Cf (CZZ), respectively

¢A ,Map (¢A kl) ¢E ,Mnp (¢E kl

AAoD and EAoD of the mth (kth) ray in C;? (CLA) transmitted from A? at initial time, respectively

R DR 1) OB, (DB 1)

AAo0A and EAoA of the mth (kth) ray of forward (backward) scattering components in CZ (C’lZ ) impinging on
A{%C at initial time, respectively

T T
P PE.L

AAoD and EAoD of the LOS path transmitted from A? at initial time, respectively

R R
Par PE.L

AAO0A and EAoA of the LOS path impinging on A{% at initial time, respectively

b, @), dit (@df)

Distance from A{ to C,‘f (CZA) and distance from A{%C to CZ (ClZ ) via the mth (kth) ray of forward
(backward) scattering components at initial time, respectively

a7 (O @2, (),
d,. () @R, (1)

Distance from Az; to C’,‘? (CZA) and distance from ALI;'C to Cf (ClZ ) via the mth (kth) ray of forward

(backward) scattering components at time instant ¢, respectively

Do

Distance from ISAC BS A? to Rx A{% at initial time

Dgp(t)

Distance from ISAC BS Ag to Rx AqRC at time instant ¢

backward scattering part is considered in the sensing CIR. The
sensing CIR can be divided into two parts, i.e., communication
terminal target sensing echo CIR and scatterers sensing echo
CIR in the environment, which are expressed as the first and
second terms to the right of (1). The sensing CIR can be
denoted as

hrad / e]QTrfDo(f)t JQWfCToATad (HA L, 9E L)

N:,(#)-1 Kk,

Z Z \/@eﬂﬂfm(t)t
= _

d(0ak,08k) 0 (T — 1K)
(1)

where f. is carrier frequency, Go = Aogcs,o/(6473D})

represents the large-scale channel gain between ISAC BS
and sensing target in radar system, and A is the wavelength,
orcs,o is the RCS of sensing target, Dy is the distance
between ISAC BS and sensing target at initial time. Similarly,
Gl,k = )\QURCS,l’k/(647T3d;{k)
channel gain between ISAC BS and the kth scatterer in C),
orcs, .k 18 RCS of the kth scatterer, d;j is the distance
between ISAC BS and the kth scatterer. Symbols 79 = 2Dy /¢
and 7, = 2d; 1, /c are delays of the echo paths scattered by
sensing target and the kth scatterer, where c is the speed of
light. Doppler shift of the echo paths scattered by sensing
target and the cluster are fpg (t) = 2vo (t)/A and fp; (t) =
2u; (t)/A , respectively. It is important to note that the
distances of the echo paths are twice of distance between ISAC
BS and target or the scatterer. Symbols A,qq (64,1,0E,1) and
Arad (04 k,,05.k,) denote the product of the steering vectors
of transmit array and receive array of ISAC BS when it is used
as target and environmental cluster sensing, respectively. The

X (1 —710) +

X 6J27chTl,k AT‘a

represents the large-scale

parameters which can be determined from the target sensing
channel are the distance Dy, the delay 7, the radial velocity
vg (t), and the AAoD (AAoA) and EAoD (EAoA) of echo
path between Rx and ISAC BS, ie., 04 and 0g ;. The
parameters which can be determined from the environmental
cluster sensing channel are the total number of backward
scattering clusters Ny (t), which can be sensed by mono-
static system, the distance d, ;, radial velocity v, (t), and angle
parameters 6, ;. (0 ). Utlhzmg the information provided
by sensing channel a more precise communication channel
model can be proposed.

B. Communication CIR

For the communication channel model, path loss PL,
shadowing SH, and small-scale fading should be consid-
ered. The complex channel matrix can be denoted by H =
[PL-SH]|?H,, where Hy = [hS™ (t,7)] ME XMy
plex channel matrix of small-scale fading, and heo™ (t, ) is
communication CIR between Ag and AqRC. The communica-
tion channel model proposed in this paper needs to be divided
into LOS and NLOS paths. On account of the addition of sens-
ing system, the NLOS paths are divided into forward scattering
paths and backward scattering paths. The mono-static sensing
system can only distinguish the scatterers which are backward
scattered, but the two kinds of scatterers are both existing
in communication channel model. For the purpose of making
the channel model proposed in this paper more general, it can
be reasonably assumed that the power transmitting for NLOS
component are departed into two parts, forward scattering
power and backward scattering power. The ratio of this two
parts power can be represented by the probabilities. The
forward scattering components include scatterers that cannot
be sensed. The parameters, such as angles, distances, and

is com-
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velocities, of these scatterers should be randomly generated.
The backward scattering components include all scatterers that
can be sensed by the sensing channel, and the parameters
of these scatterers can be provided directly by sensing sys-
tem. Since the LOS path is necessary between the sensing
object and the ISAC BS, for the paths with multi-bounce
clusters, only the information of the first-bounce clusters of
communication channel model on the ISAC BS side can be
sensed. So that the first-bounce clusters’ information of the
backward scattering paths in communication channel model
can be provided by the sensing. If the LOS path between
ISAC BS and Rx exists, the position and motion parameters
of Rx can also be determined by the sensing channel. This
also indicates the correlation between the sensing channel and
the communication channel.

The communication CIR hgo™ (t,7) can be obtained by
adding LOS, forward scattering, and backward scattering parts
in the way of probability weighted summation, and hgo™ (¢, 7)
can be calculated as

ey (£,7)

K L
=pr (t)- 7K+1hqp(t,7')
o (o (0 B (1) + o (1)) (1,7)
K+1\'N ap \" N qap \"

2

where py(t), p{v (t), and pY(t) are the probabilities of
LOS, forward scattering, and backward scattering components,
respectively, and K is Rician factor. For the probability of LOS
component, in the outdoor urban macro (UMa) scenario, it can
be denoted as [41]

pr (1)

Dy > 18 m
3)

where hy g is the height of communication terminal, and

0, hUE S 13 m
Cl h — 1 1.5
(hue) Cmajg> . 13 m < hyg < 23 m.

“4)

The probabilities of forward and backward scattering compo-
nents can be expressed as the proportion of forward scattering
and backward scattering paths to the total number of paths,
which are formulated as

Ne () M,
f — ap 5
Py (1) Ne (&) M, + N, (0 K )
ph (1) Ny (8) K ©6)

Dﬁ;@)ﬂﬂl+lw;(wlﬁ'
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The CIR of LOS component in (2) can be denoted as
T .

Fov (¢’§,L7 ¢,IZ°,L) eint 0

Fom (‘ég,u ¢§,L) 0 _ et ®

va(¢§L7¢£L) j2m forl (1) L
’ ' ' eI eTap Y5 (7 — 1 (¢
Fyn (65,4, 0% 1) =7 )

L
hap (8,7) =

qp

)

where {}T means transposition, F}, v (z) and Fy v (g denote

the vertical (horizontal) polarization of antennas A7 and A%*,
respectively, nY"V and 75 are the initial phases uniformly
distributed between (0,27], 7. (t) is the delay of LOS path
between Al and Al at time t. The delay 7/, (t) can be
calculated by the following formula as

oo (t) = D5, (t) /e (8)

c _ e : : T
where D, (t) = HDqP (t)H is the distance between A, and

AqRC. It should be reminded that the sensing accuracy of the
sensing system is determined by many factors, including the
bandwidth and the size of antenna array. Therefore, without
losing generality, there are reasons to assume that the first
antenna element A of Rx can be sensed by the sensing
system. The vector 551) (t) can be written as

t
R (t) dt ©)
0

_c N 7Rc T
Be, (1) = D+ iFe — 17 +

where D = [Dy, 0,0], the value of Dy can be provided by
sensing, l_g and l_g%c are antenna position vectors, i.e., the
vectors from A{ to AL and Af° to AF°. The antenna position
vectors can be written as

[ = 6T [cos (BF) cos (B%) , cos (BE) sin (5%) ,sin (5F)]
(10)

1_56:555 [cos ( 50) cos( fc),cos ( SC) sin (B}A?C),sin ( }}C)}
(1D

where 07" is the distance between A{ and AT, and 7 is the

distance between Af¢ and Af‘c. They can be denoted as 51? =

(p—1)67, o8¢ = (¢ —1) 8. Note that the radial velocity
vector 7t () can be determined by sensing system, where the
radial velocity is v? (t) = v, (t), and the travel angles of Rx
are equal to the angles of transmit beams of sensing system,
¢k =0 and ¢f, ; = Op 1. Therefore, the vector o7 (t)
can be calculated as

gt (t) :vR(t) [cos (QSEL) cos ((ZSZ’L) , COS ((bg’[‘) sin (¢£7L),

sin (65, ]
=g (t) [cos (g 1) cos (04.1) ,cos (Op 1) sin (04.1)
sin (GE,L)] . (12)

The distance Dy, (t) can be solved by
| Dgp (1)
= [Dg — cos (,6’:‘5;) cos (Bg) 55

+ cos (6’}) cos ( 50) (5?0 +cos (0.1,) cos (04 1) vot] 2

‘ 2
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+ [cos (BE°) sin (B5) 65 — cos (BE) sin (8%) 6
+ cos (QE,L) sin (GA,L) vot]2 + [Sin (ﬁg) (55
gc) 556 + sin (9E7L) vot ] 2,

The forward scattering components CIR kS (¢,7) in (2)
can be determined as

th (t,7)

NQP (t) M'n

3D

n=1 m=1

13)

—sin(

q H (¢E mp? ¢A mn)
/ ’%;L}l e] ”Imn

- HH
eI

T
¢E mn7¢A mn) ]

. e]ﬁmn ((ZSE My ? (b?; mn)
N L 1 (BB m s Phm,)

Pop,m., (t)ej2ﬂf67qp’m"(t)6 (- Tap,mn (t)) (14)

VH L HV HH
where nm s Mo > Ty, » and T

random phases over (0,27], & is the cross polarization
power ratio, P, .. (t) and 7, ,, (t) represent the power and
time delay of mth ray in nth path at time instant ¢, respectively.

The delay 7, ,, (t) can be determined by

are uniformly distributed

My

t)/c+ T, (15)

Tapamn (£) = dgp m,, (

where 7,,,, means the delay of virtual link between S An and
SZ , S and SZ are the mth scatterers in Cj and C7,
respectlvely The virtual delay can be calculated as 7,, =
szn
SZ , 7' is the delay of multi bounces between S, and SZ |
and 7’ is an exponentially distributed non-negative random
variable [40]. The distance d (t) is determined by

¢+ 7/, where dmn is the distance between S;:‘Ln and

ap,mn
dgpm, (1) = ‘ s ( H + ‘ amn t)H (16)
7T TR
where d,, ,, (t) and d',, (t) are given by
¢
7r T A,
i, (8) = i, =1 + /0 o (t) dt (17)

t
., (t)=df - [F;‘C + / 77 () — 7% (1) dt] T
0
The vectors dqrrn(nR), #4» and %~ can be calculated as
JZ‘LSLR) dT(R) {COS (¢ (R) ) oS (¢A m)n) ’
cos ( E(fz)n) sin ((;SZ(R) ) sin (

FAn (1) = v (1) [COb( )co ( )
oo o e ),
(®) co

7 (t) = v?n (t) [cos ( co ( ) ,
cos (ag" (t)) sin (aA" (t)) ,sin (ag" (t))} .

T(R)
E m&);)

sin (ag" (t))}
(20)

(2D
The power F,, ,,, (t) can be calculated as [41]
rr—1  Zn
Pép m, (t) = exp <_qu,mn (t) ’/‘TDS> 10~ 7o (22)
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where ., is the delay distribution proportionality factor, D.S is
delay spread, and Z,, is the per cluster shadowing term. After
normalization, it can be written as

Ngp(H) M

S5 P )

n=1 m=1

Popm, (1) =

qp,mn

Pipm, (23)
If the delays of multipath components within the cluster cannot
be distinguished, the formula (22) can be simplified as

1 rr—1
P(;p’mn (t) = A exp ( Typom (1) DS> 10~

In the equations, the distance and angle parameters between
the scatterers and Tx or Rx can be determined by the ellipsoid
Gaussian scattering model [38]. In ellipsoid Gaussian scatter-
ing model, (z1,y1,21) represent the coordinates of clusterer
in global coordinate system, and it can be modeled as

(24)

x vi G2
exXp (_261 T 2e2 T 2e2
f(xiy1,21) = e Es (25)
(2m)" e pseastrs

where epg, €45, and egg are the delay spread, azimuth angle
spread, and elevation angle spread of the cluster, respectively.
They all follow the standard derivations of the Gaussian
distributions. When the spherical coordinates of the cluster
center in global coordinate system are (d,¢p,¢p4), taking
the cluster center as the origin, the local coordinates of the
scatterer can be written as (x,y, z), and the relationship with
(z1,41, 1) is written as

T cos(¢pa) —sin(¢a) 0
y | = |sin(pa) cos(¢pa) O
2 0 0 1
cos(¢pg) 0 —sin(pp)] [21—d
0 1 0 v (26)
sin(¢g) O cos (¢g) 2
The angle parameters gb:";,mn (¢§7m”), r - (o8 )
and the distance dI, (d% ) can be calculated by
ubstiing @ = d5 cos (65 ) cos (100,
Yy = dm, (R) cos ( EEZ)W) sin ((ZSi,(Z)"), and =z =
it sin ( E(ff;)n) into (26).

The backward scattering components CIR )P (¢,7) in (2)
can be determined as

Fp,V <¢g,k1 ’ (ﬂ,k,)
vaH (ng,k:l ’ ¢£,kl>
FPop i (t)ej%fuﬂw’k’ ®)5 (T — Tap,k, ()

- HH
ejnkl

27)

where AAoD and EAoD can be obtained by sensing channel

ke = Oanr» Ox, = Opy,- The calculation of delay
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Tgp,ky (t) is similar to that of forward scattering path and it
can be given by

T(H)Jw (t) = dqp,kl (t)/c + %kl (28)
where 7y, is the virtual delay, and the d,,; (t) can be
calculated by

Ao () = b, )| + |dB 0 @9

It differs from forward scattering in that the information from
the Tx to C{* can be completely determined by the sensing
system, that is, the first term on the right of (29) is known.
The vector d;{ y, (t) can be calculated by

t
b, (t)=df, - [f,{#/o T (t)dt} .

The parameters of the paths between ISAC BS and C/!
of backward scattering components, including the distance,
AAoD, and EAoD of kth ray in O}, can be determined by
the sensing channel, i.e., dgl = dy, ¢£,kl = 0,4y, and

(30)

d)?kl = ¢9E7 ke Therefore, d_Tkl can be calculated as
CZZZ = dgz [COS ((bz,kz) cos ((ﬁg kl) , sin (d)zq‘;Jﬂ) cos (d)g-,kz) ’
sin (¢1, )]
= dlvk [COS (GA,kl> COS (QE kl) ,Sin (HA,kl) COS (6E,kl) s
sin (0.4,)] - 31)

The travel speed, azimuth and elevation angles of C’l
known as v (t) = vy (t), a4’ (t) = oy (), and ' (t) =
oy (t), respectively. Therefore, the vector ! (t) can be

calculated as
o (t)
— o (1) [cos (af,l (t)) cos (agl (t)) :
sin (ag‘l (t)) cos (agl (t)) sin (agl (t))}
= vy (t) [cos (a4 (t)) cos (ol (1)),
ain oy (1)) cos (s () s (ol ()]

The calculation method of Jﬁkl (t) is the same as that of
forward scattering, i.e.,

dr,, (t) = dt {fﬁ /0 tﬁR(t)fﬁzl (t)dt].

The power P, (t) can also be obtained by referring
to (22)—(24).

For the GBSM without sensing assistance, the distance and
angle parameters from Tx to the first-bounce cluster and the
last-bounce cluster to Rx should be generated by the random
generation method. The speed and travel angles of the cluster
of the communication channel model should also be generated
randomly. For the novel ISAC channel model proposed in
this paper, the distance and angle parameters from Tx to
Rx and to the first-bounce cluster can be directly provided
by the sensing channel, so there is no need for random
generation. Therefore, the complexity of the communication
channel model is reduced to a certain extent. The parameters

(32)

(33)
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that can be provided by the sensing channel are summarized
in Table III.

The transfer function of the communication channel model
is written as

Heg™ (¢, f)
K
K+1 Hay (4.1)
(ph (0 HY (&, 1) + Pl

=pr ()

() BN (1, 1))
(34

where HL (t, f), HJ/ (t, f), and HJP (t, f) are the transfer
functions of LOS, forward scattering, and backward scattering
components, respectively. These transfer functions are the
Fourier transform of their CIRs, respectively. For the conve-
nience of calculation, the antenna polarization is not included
in the transfer functions, and the transfer functions can be
denoted as

Hp (t, f) = exp [—j2r7) (1) (f — fe)]

HyJ (¢, f)
N (2)

-y Zmexp (5277, . (1) (f = )]

n=1 m=1

1
K+1

(35)

(36)
Hy' (¢, f)
) K
\/ P qp, kl eXp [_j27r7-qp,k:l (t) (f - fc)] .
=1 k=1
(37)

ITI. STATISTICAL PROPERTIES

In this section, in order to verify that the proposed channel
model can accurately describe the scatterer distributions and
the channel is non-stationary in time domain for the outdoor
scenario with moving clusters and user, some important sta-
tistical properties of the channel model are studied.

A. Local STF Correlation Function

The local space-time-frequency (STF) correlation function
can be represented as

Rypap (t, f; Ar, At, Af)
_E{Hcom tf) Com*(t—At7f—Af)}

(38)

where E {-} means expectation, (-)* is the complex conju-
gation operation, Ar, At, and Af are the antenna elements
interval, time interval, and frequency interval, respectively. The
antenna elements interval can be calculated as Ar = 6; — 51?
for the transmitter or Ar = §%¢ — 6 for the receiver. The
variables taken in the expectation of (38) are Ar, At, and
Af. The expectations of Ar, At, and Af correspond to the
temporal CCEF, spatial ACF, and frequency correlation function
(FCF), respectively. By substituting the transfer function in
(34) into the right side of (38), a further STF correlation
function can be obtained as the sum of correlation functions of
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TABLE III
SENSING AIDED PARAMETERS FOR COMMUNICATION CHANNEL

Parameters

Definitions

ol (t) = wo (). v (1) = v (¢)

Speeds of the Rx and C’lA

relative to ISAC BS, respectively

A
aAL(E) (t) = O‘E4(E) (t)

Travel azimuth (elevation) angle of CZA, respectively

(bz.; Bk = OBk, AAoD (EAoD) of the kth ray in ClA transmitted from A{ at initial time, respectively
¢£(E) L =0%aE)L AAoD (EAoD) of the LOS path transmitted from A{ at initial time, respectively
dzl =dik Distance from A{ to C'ZA via the kth ray of backscattering components at initial time
Do Distance from ISAC BS A? to Rx A{%C at initial time

LOS, forward scattering, and backward scattering components,
ie.,

Ryp a5 (, f'Ar At, Af)

=pL()K+1R§pqp(t,f;Ar,At,Af)
1 fo .
+ 21 lev® ;1 R (&, fi Ar, At A f)
ng(t)
+p117\/ (t) Z qu qp,l (t7f7 AT.? AtaAf)
=1

(39)
The STF correlation functions of LOS, forward scattering,
and backward scattering components can be calculated by
the transfer functions of these three components denoted in
(35)—(37), respectively. The STF correlation function of LOS
component is

Ry g5 (t: f3 Ar, At Af)
L ) HE (t— At f = Af)}

- E{
— [PL (t) PL (t - A *
oI T Dy, (1) =Dy (t-A1)] (40)
The STF correlation function of forward scattering component
is
qu a5 (L f1 Ar, At)
=B {Hy . HY (- AL}

2 Af
—j ;’fc Dﬁ(tht)-

[N

My,
= F { Z [Pqp,mn (t) Pgp.m,, (t— At)]

m=1

;27 (fe—f)

X e] e (t) d;

—A)]

[@ap,mn I

omA
—J ;\rfcf dqi:,mn(t—At)} )

(41)
Finally, the STF correlation function of backward scattering
component is

Nb
RV (t, f; Ar, At)

—E {Hg,b (t, F)HY" (t - At,f)}

Kl 1
=k {Z [Py, () Py, (t = A)]?
k=1
o T [dgy 1, (D)= dgp i, (= A1) =G 557 d

) }

(42)

If At = 0 and Af = 0, the STF correlation function can
be simplified to spatial CCF. Set Ar = 0 and Af = 0 to
acquire the temporal ACF. The FCF can be obtained by setting
Ar =0 and At = 0.

Therefore, the spatial CCF can be computed as

Rp.ap (t, e AT)

K
=pr(t)- T_HRqu,qp (t, f; Ar)
1 N, (8)
+7K+ Z quqpntf;Ar)
+plN Z qp,qpl t f7 A’I")

(43)

The spatial CCF is closely related to the distribution of
scatterers, and it is an important statistical property to verify
that the ISAC channel model can more accurately reflect the
physical environment of the channel. Temporal ACF is the
statistical property to verify time domain non-stationarity, and
it can be computed as

Ryp (8, f; At)
(1) REL (¢ f~At>
=PpL K+1 v d
1 (t)
e Z RYS, (t, f; At)
Ngp(t)
+pl (¢ Z RYP (t f508) | (44)

The FCF is an important intermediate property for subsequent
calculation of the coherent bandwidth, and it can be obtained
as

Rq;n (t7f§Af)

:PL(t)‘ﬁR(fp(f»f;Af)
| NE (1)
+ﬁ Z qun tfaAf)
Ngp(t)
Z Rpl t.vaf)

(45)
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B. Local Temporal-Doppler PSD

The local temporal-Doppler PSD Sy, (¢, f;w) can reflect
the time domain non-stationary characteristic of the channel,
and it can be derived by performing the Fourier transform on
the temporal ACF R, (¢, f; At) as

qu (t, f?w)

where w is Doppler frequency.

- / Ryp (b, fi At) - 72750 (Af)  (46)

C. Local Doppler Spread

The movements of Rx or the scatterers in the environment
will lead to time selectivity, which can be intuitively
represented by local Doppler spread. The instantaneous
Doppler frequency is obtained by the instantaneous fre-

dq}fitt [42], where ® (¢) is the phase change and
—; Mmeans the differential operation with respect to time
t. The phase changes of the NLOS paths propagating
via the mth scatterer of the forward scattering component

and the kth scatterer of the backward scattering compo-

T R
nent are denoted as ®,, (t) = 2n|ds, m"(t/)\+dq e () and

wldl df, . .
Oy, (1) = 2 [y (?\Jr 2k, (t)], respectively. The instanta-
neous Doppler frequency is denoted as

quency

= pJfV * Wap,m,, (t) +ply - Dap,k; (t)
d®,,, (t) d®y, (t)
N Mn b TR AT
~ Py at PN T
— l pf . d [dz;WL ( ) + dﬁmn (t)}
AN dt

aldry, @ +df, o]
dt

Wep (1)

(47)

+ply
Therefore, the local Doppler spread can be determined as

By () = \/E [wqp(t)ﬂ — E?[wgy (1))

(48)

D. RMS DS

In the communication system, the signals are transmitted
through different paths, resulting in multipath transmission.
The signals reach the Rx at different time instants, further
leading to frequency selectivity. The instantaneous RMS DS
is the normalized second-order central moment describing
the time-varying delay PSD. It can be assumed that the

time-variant delay PSD of the jth (j = 1, 2, ..., J) path in
forward scattering can be expressed as
2
PDP] (t,7)) = |h] (8, 7)) (49)

Similarly, the delay PSD corresponding to the ith (z = 1,
2, ..., I) path in backward scattering components is

PDPY (t,7;) = WP (¢, )| (50)
For ISAC channel model, the RMS DS of the channel can be

denoted as

pN rms +pN (51)

rms
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where 7/, and 72 . represent RMS DS of forward scattering
and backward scattering components, respectively. They can

be calculated as

72

J 2
N
j;l hqpf (t,75) j

(52)

rms J 2
N
> [had (&)

j=1

Z |hNb (t, ) |2 -T2
Tt = - . (53)
X [y o 7))

E. Stationary Distance

In the real scenes, the Tx, Rx, and the scatterers between
them are often moving, so the channel is considered to be
non-stationary. The non-stationarity degree of the channel can
be measured numerically by the stationary time interval T; =
|t — t;] [43], which is decided by the similarity of delay PSD
at different times ¢; and ¢;. The stationary distance is the
distance that Rx moves within the stationary interval, which
can be calculated as Dy = Ty; - v [44]. The correlation of
delay PSD at time instant ¢; and ¢, can be denoted by

c(ttr) = ph - of (t,tn) + 0% - (t,tk) (54

where

Nf NF(
of (tj,t) = f|h (t,7 | ’hq (tr, 7
max{_

|d7'
qpf (tr,T) ’ dT}

qpf (tjv T)’ dr,

(55)
Nb
o (t, 1) = gy (.7 - [y’ b, )l m—
max{f’hé\g’ (tj,7) ‘ dr, [ |hqp (tk,T)| dT}
(56)

F. Coherence Bandwidth

Coherence bandwidth is a key statistical characteristic for
measuring frequency selective fading caused by delay diffu-
sion. When FCF is equal to a given threshold c¢;,, which
can be determined according to the specific situation, the
corresponding minimum frequency interval is the coherence
bandwidth [45], i.e.,

fcm'r (Cth) = min {Af >0: qu (t, f, Af) = Cth}

where min{-} denotes taking the minimum value.

(57)

IV. RESULTS AND ANALYSIS

In this section, the statistical characteristics of the ISAC
channel model proposed in this paper are investigated.
We compare the analytical results, simulation results, and
measurement data of statistical characteristics to verify the
practicability and accuracy of the proposed channel model.
Here, the analytical results are obtained by plotting the
mathematical derivation results of the corresponding statistical
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Fig. 3. The comparison of local spatial CCFs of analytical results and
simulation results for forward scattering, backward scattering, and NLOS
paths with (a) sparsely distributed and (b) densely distributed clusters (f. =
59 GHz, D = 100 m, My = 16, Mg =4, 6T = 68 = \/2, % = n/4,
BL =m/10, BE = /4, BE = 7/10, vE =10 /s, o & (¢) = a& (¢) = 0,
vAn (1) = v (t) = v%n () =07 (t) = 0 mfs, off = 28.2°, ot = 13.5°,
(@ ok =47°, 0L =23.54°, (b) 0% =15.23°, 0L = 10.1°).

properties, while the simulation results are obtained by Mat-
lab simulations starting from the CIR in (2) or the Fourier
transform of the CIR in (34).

A. Local Spatial CCF

The simulation results of local spatial CCFs for
forward scattering components, backward scattering
components, and NLOS components, which is consisted
of forward and backward scattering, are given in Fig. 3.
Fig. 3 shows the channel local spatial CCFs when the
first-bounce clusters distribution is sparse and dense, the
difference of these two conditions are represented by
the variances of AAoD ¢% and EAoD k. The variances
of AAoA of and EAoA oF are the same in both cases.

The variance of angle can be calculated as JZ{S) =

NE () A NS (t) K

qp n T/R <T/R 2 qp. 1 T/R *T/R 2
7¢, + —
Ne,(O)Mn+N;, (DK, ’
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where aﬂg) is the average of AAoD/AAoA (EAoD/EAoA)
for all rays. The individual variance is used to describe the
offset of the angle of rays relative to the average angle for
all rays, and it also indicates the degree of angle dispersion
of the clusters in the environment. It can be found that
when the cluster distribution is dense, the local spatial CCFs
are relatively large, while when the cluster distribution is
sparse, the spatial CCFs are small. The local spatial CCF
simulation results of backward scattering channel are more
vulnerable to the change of clusters position compare to that
of forward scattering channel. It is because that the position
of the first-bounce cluster in backward scattering part is
given by the sensing system, which is different from the
randomly generated clusters position in forward scattering.
The results also demonstrate that the backward scattering
channel is more precise compared with the forward scattering
channel. In addition, the simulation results are fairly aligned
with the analytical results, which proves the validity of the
channel model.

B. Local Temporal ACF

The local temporal ACFs of forward scattering, backward
scattering, and NLOS components are provided in Fig. 4 at
t=0s,t=1s,and t = 10 s, respectively. All of these
local temporal ACFs are time-variant for the reasons of Rx
and clusters movements. This illustrates the non-stationary in
time domain of the channel model, that is, the parameters
in the channel model are time-varying, and the wide-sense
stationary (WSS) in time domain will no longer be applicable.
The temporal ACFs at ¢ =0 s and ¢ = 1 s are similar, because
the time interval is small and the channel similarity is high.
Due to the movements of Rx and clusters, the attenuation of
temporal ACFs becomes more and more serious over time.
Besides, the analytical results and simulation results are well
aligned with each other, which proves the availability of the
channel model.

C. Local Temporal-Doppler PSD

The simulated and analytical results of the time-variant
temporal-Doppler PSD of forward scattering, backward scat-
tering, and NLOS components are shown in Fig. 5 at times
t=0s,t=1s,and t = 10 s, respectively. It can be found
out that the temporal-Doppler PSD varies over time for all
of these three components, that is because the non-stationary
in time domain of the channel model proposed in the paper.
The difference between Doppler PSD curves at times ¢ =
0O s and ¢ = 1 s is small, on account of the time interval
is small and the non-stationary phenomenon is not obvious.
The temporal-Doppler PSD gradually leveled over time, as a
result of Rx and cluster motions. In addition, the simulation
results show good approximation to the analytical results,
which proves that the channel model is practical.

D. Local Doppler Spread

In Fig. 6, the simulated and analytical results for local
Doppler spreads of the ISAC channel model are compared with
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Fig. 4. The analytical and simulated local temporal ACF of ISAC channel

model att =0s,t =15, and t = 10 s for (a) backward scattering components,
(b) forward scattering components, and (¢) NLOS components (f. = 5.9 GHz,

D =150 m, My =16, M§ =4, 6T =68 = X/2, 8% = /4, BL = /10,
BR = m/4, BE = 7/10, vfF = 17 mfs, af (¢) = aft (t) = 0, vAn (t) =

v (t) = vZn (t) = 0% (1) = 0 mfs, of = 30.6°, o = 6.4°, o = 52°,
oft = 10.2°).

corresponding measurement data in [46]. The measurement
data was able to be obtained from the channel measurements
which were carried out at 5.9 GHz in suburban scenario. The

x-axis in Fig. 6 represents the speed of the Rx relative to that
of the ISAC BS. We find that when v = 0, the local Doppler

0
-05
@ 1r
2
a
&
- 15
)
o
o
<3
A
=
2
£ -25
&
=
8 g
S 8 O ISAC forward scattering, Simulation, t=0 q
fffff ISAC forward scattering, Analytical, t=0 YN\a
g A ISAC forward scattering, Simulation, t=1 &
354" ISAC forward scattering, Analytical, t=1 g
O ISAC forward scattering, Simulation, t=10
=-=-=-=-=-ISAC forward scattering, Analytical, t=10
4 . . . . . . .
-200 -150 -100

-50 0 50 100

150
Local temporal-Doppler frequncy, w (Hz)

200

(a) Forward scattering components

Local temporal-Doppler PSD (dB)

A ° O ISAC backward scattering, Simulation, t=0 Q
R e ISAC backward scattering, Analytical, t=0 N
g A ISAC backward scattering, Simulation, t=1 M
o ISAC backward scattering, Analytical, t=1 Q
45T O ISAC backward scattering, Simulation, t=10 “J
=-=-=-=-=- [SAC backward scattering, Analytical, t=10
5 . I I I n
-200

-150 -100 -50 0 50 100

150
Local temporal-Doppler frequncy, w (Hz)

200

(b) Backward scattering components

Local temporal-Doppler PSD (dB)

‘e-9a
35f ] O ISAC NLOS paths, Simulation, t=0 ‘Q 4
"~ A ISAC NLOS paths, Analytical, =0 |
K A ISAC NLOS paths, Simulation, t=1 |
4+ ¢ ISAC NLOS paths, Analytical, t=1 Q
L, O ISAC NLOS paths, Simulation, t=10 N
b =-=+=-=-=- ISAC NLOS paths, Analytical, t=10 *
5 . . I I I I .
-200 -150 -100

-50 0 50 100

150
Local temporal-Doppler frequncy, w (Hz)

(c) NLOS components
Fig. 5. The analytical and simulated local temporal-Doppler PSD of ISAC
channel model at ¢t = 0s,¢t =1s, and ¢t = 10 s for (a) backward scattering
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spread is not equal to zero, which is caused by the motion
of clusters in the environment. Furthermore, the local Doppler
spread simulation results of the proposed ISAC channel model
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Fig. 6. The comparison of local Doppler spreads of the proposed ISAC
channel model and measurement data in [46] (f. = 5.9 GHz, D = 150 m,
My =4, Mg =16, 6T = 68 = A/2, 8% = =/2, 8L =0, 8§ = /2,
BE =0,akl (t) =m/2,af (t) =0, v (t) =041 () =0 () = 0% (t) =
n A A’Vl A n Z
Lmfs, oy™ (t) =alt (1) =7/2, ag™ (t) =ag' (£)=0,a5™ (t) =o' (t) =

7/2, aZr (1) = a2l (£) =0, 0% =27°, 0T = 13.5°, 0§ = 8.8°, o =8.2°).

and the measurement data are align well with each other,
except for this, the simulation results can also agree very well
with the analytical results.

E. RMS DS

In Fig. 7, the RMS DS simulation results of the proposed
ISAC channel model are compared with the measurement data
in [47]. The measurements were implemented in urban and
suburban V2V scenarios at 5.9 GHz. The Tx and Rx are
respectively placed on the roofs of the two vehicles, with a
distance of 10 to 30 m. These two vehicles move in the same
direction, and the velocities of both vehicles are maintained at
about 40 km/h in urban scenario and 60 km/h in suburban sce-
nario, respectively. Although there are other vehicles passing
through, there is always the LOS path between Tx and Rx.
It is revealed in Fig. 7 that the RMS DS simulation results
of ISAC channel model can fit the measurement results well,
whether in urban or suburban scenarios, and this demonstrates
the validity and accuracy of the proposed ISAC channel model.

FE. Stationary Distance

The stationary distance comparison between the simulation
results of ISAC channel model and corresponding measure-
ment data in [48] is shown in Fig. 8. In [48], the measurement
campaigns were carried out in a typical urban V2V scenario
at 5.9 GHz. The Tx and Rx are respectively located on the
roofs of the two vehicles, Rx is located 100 meters behind
Tx, and the speeds of both vehicles are maintained at about
40 km/h. To calculate the stationary distance, a threshold need
to be selected at first. Considering the simulated results should
compare with the measurement data in [48], so we chose the
same threshold 0.8 for both LOS and NLOS scenarios as [48].
In Fig. 8, it can be clearly found that the stationary distance of
the NLOS scenario is smaller than that of LOS, because the
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Fig. 7. The comparison of RMS DSs of the proposed ISAC channel model
and measurement data in [47] (a) urban scenarios and (b) suburban scenarios
(fe=59GHz, D =30m, My =1, Mg =16,6T =68 = 1/2, 8% = n/6,
BE =0, BE =n/6, BE =0, v (t) = v (t) = vZn (t) = v%1 (t) =
0 m/ss, aff (t) = ol (t) =0, (@) v = 17 mfs, 0% =39°, 0L, =5°, 0Ff =
38.57°, 0B =5.99°, (b) vt = 11 mss, 0% =29°, 0L = 15°, 0§ = 25.38°,
oB =13.71°).

LOS path is relatively stable and the power of the LOS path
is large, a similar conclusion is also drawn in [49]. Moreover,
the simulation results in Fig. 8 and the measurement data align
well with each other, which proves the practicability of the
proposed channel model.

G. Coherence Bandwidth

The 90% and 50% coherence bandwidths can be obtained
when the values of ¢ in (57) are 0.9 and 0.5, respectively.
The cumulative distribution functions (CDFs) of 90% and 50%
coherence bandwidth simulation results of the proposed ISAC
channel model and measurement data in [50] are compared
in Fig. 9. The measurements in [50] were conducted at
5.9 GHz in a suburban scenario with two lanes, the width
of the lanes is about 8 to 10 m. There are some trees and
buildings on both sides of the street with distances of 10 to
12 m. Tx and Rx did not pass through each other during the
measurement. Fig. 9 shows that the CDFs of 90% and 50%
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coherence bandwidth simulation results of the ISAC channel
model accord well with the measurement results, illustrating
the validity of the proposed channel model. According to the
measurement results in [50], it can be calculated that the
mean values of 90% and 50% coherence bandwidth are about
1.34 MHz and 4.1 MHz, respectively. The mean values of
coherence bandwidth obtained from the simulation results are
about 1.31 MHz and 3.9 MHz, which proves the accuracy of
the proposed channel model.

V. CONCLUSION

In this paper, a novel 6G ISAC channel model combin-
ing forward and backward scattering has been proposed.
The characteristics of sensing channel such as the forward
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scattering and backward scattering have been introduced into
the communication channel. Three components, including
LOS, forward scattering, and backward scattering, have been
summed in a probability weighted way to form a novel
communication channel model. Considering the correlations
between communication and sensing channels, the information
obtained from the sensing channel has been used for more
accurate communication channel modeling, reflecting sensing
assisted communications. Based on the proposed channel
model, statistical characteristics have been derived and sim-
ulated, including spatial CCF, temporal ACF, local temporal-
Doppler PSD, RMS DS, local Doppler spread, stationary
distance, and coherence bandwidth. The analytical results,
simulated results, and measurement data match well with each
other, demonstrating the validity of the proposed ISAC channel
model. As the first ISAC channel model considering both
sensing and communications, it is valuable for the design of
beamforming and beam tracking algorithms of ISAC systems.
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