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Abstract—This paper discusses a distributed Integrated Sens-
ing and Communication (ISAC) network based on 5G NR. Each
BS in the cellular network adopts half-duplex operation, and
every three adjacent BSs construct a cooperative sensing system.
Based on the 5G NR standard frame configuration, we develop
a new procedure and protocol to support the proposed ISAC
network. Under this network, we analyze the performance of both
sensing and communication in practical scenarios. Simulations
show the effectiveness of the proposed ISAC network.

Index Terms—integrated sensing and communication (ISAC),
5G New Radio (NR), distributed sensing, frame structure,
OFDM.

I. INTRODUCTION

With the emergence and development of the fifth-generation
(5G) wireless communication technology, the integrated sens-
ing and communication (ISAC) system, which aims to im-
plement both sensing and communication functionalities on
the same hardware platform, has become a new research
hotspot [1]. The ISAC has shown a great superiority in
alleviating frequency band congestion and reducing hardware
cost, and has been regarded as one of the key technologies in
autonomous vehicular networks, perceptive mobile networks,
and so on.

To construct an ISAC network, most published works con-
sider having each BS individually responsible for the sensing
and communication tasks within a cell. This requires the BS to
support full-duplex (FD) operation and also requires advanced
transmit and receive schemes for simultaneous sensing and
communication [2]. However, the FD operation can cause
severe self-interference, which is aroused by the signal leakage
directly from the transmit antenna to the receive antenna
and can significantly degrade the sensing and communication
performance [3]. Although some self-interference suppression
methods have been proposed recently, they are not yet mature
enough for practical application.

In this paper, we propose a novel ISAC scheme, which
reserves the half-duplex (HD) operation for BSs and can be
implemented in an emerging 5G New Radio (NR) network
without any challenging modifications. As a key trick, the
proposed scheme arranges different frame structures for every
three adjacent BSs to ensure that at any time, only one
BS works in DL mode and the other two BSs work in
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UL mode. By doing so, the three adjacent BSs construct a
distributed sensing system and thereby realize the physical
separation of sensing transmitter and receiver. On this basis,
the proposed ISAC scheme performs a complete sensing by
utilizing three discontinuous OFDM symbols in one time-slot,
while also performing DL and UL communication in a time-
division multiplexed (TDD) manner. Both theoretical analysis
and numerical simulation show that the proposed scheme is
well compatible with the 5G NR standard and can be flexibly
applied to various actual scenarios.

Notations: Standard lower-case letters represent the con-
stants or variables. Boldface letters in lower-case and upper-
case denote the column vectors and matrices, respectively.
C™*™ denotes the mxm complex space. E(+) is the expec-
tation of a random variable. (-)* denotes complex conjugate
transpose operation. f ft(-) means to perform the fast Fourier
transform on a vector.

II. SYSTEM DESIGN AND SIGNAL MODEL
A. Operating mechanism

Fig. 1(a) shows a typical cellular network, where a BS
equipped with Npg antennas is placed at the center of a
hexagonal cell and is supposed to serve multiple single-
antenna users (UEs) in the cell. In this work, we attempt to
discuss an ISAC scheme, which allows the BS to preserves
HD operation and can be easily implemented without complex
design on the transceiver. The operation mechanism of the
proposed scheme is concluded as follows:

Basic BS sensing unit First, all BSs in the network are di-
vided into three groups. As shown in Fig. 1(a), BSs in
the same color cell are formed into a group. By doing
so, every three adjacent BSs belong to different groups
and cooperate to perceive a prescribed area, i.e., the
equilateral triangle enclosed by them. There, we use the
expressions of (sensing) unit and (communication) cell
to avoid confusion. The former is a triangle represented
by the dotted blue line and the latter is a hexagon
represented by the solid black line. It can be seen that
each BS is associated with six sensing units but only
one communication cell. From another point of view, the
perception work of a unit is charged by three BSs while
the communication task in a cell is handled by one BS.
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Fig. 1. (a) Diagram of the proposed ISAC network and (b) frame structures of different set of BS.

Interleaved frame structures The key to implementing col-
laborative sensing is to wisely design the frame structure
for BSs. As shown in Fig. 1(b), the proposed ISAC
scheme assigns different frame structures to different
groups, which can be easily supported by 5G NR tech-
nology. With this setting, a time-slot is partitioned into
three stages. At any stage, only one group of BSs operate
in DL mode, employing the first OFDM symbol to emit
a sensing signal and the other symbols to transmit DL
information. At the same time, the other two groups of
BSs work in UL mode, receiving the sensing signal in
the first symbol duration and the UL signal throughout
the whole stage. To make a distinction, the first symbol
of each stage is called as the sensing symbol in the rest
of this paper.

Sensing scheme For the sensing task, every three adjacent
BSs form a distributed sensing system to perceive the
associated unit. Such a distributed sensing system consists
of one transmitter and two receivers, and is dynamic
throughout a time-slot because the sensing transceiver
changes at each stage. As shown in Fig. 1(b), the sensing
work is carried out thrice in a time-slot, which produces
six different sets of results to jointly characterize the sce-
nario prevailing in the unit, i.e., two sets are respectively
yielded at two receivers in each sensing.

Communication scheme For the communication task, each
BS conducts UL or DL communication with the UEs
in its cell. With the switching of stages, the two types
of communication are performed in a TDD manner.
However, one special point is that the DL communication
is hanging in sensing symbol duration, while the UL
communication can be kept.

Based on the above discussion, the operation scheme of the
proposed ISAC network within the regular symbol duration
can be embedded in a conventional 5G communication net-
work. Therefore, this part will not be discussed in this paper.
On the other hand, distributed sensing and UL communication
are simultaneously carried out in sensing symbol duration,

which raises some new technical issues to be addressed.
For example, reasonable beamforming scheme and signal
processing method are required by the BS to handle the two
tasks. Regarding this, the transceiver signal model of the BS,
as well as the beamforming and processing methods, will
be investigated in the following. Notice that the discussion
will be conducted for one sensing unit and one sensing
symbol duration, since the extension to the whole network
is straightforward.

B. Signal Model

The signal model for a certain sensing symbol over M
time-slots will be discussed. To facilitate the expression, we
use T-BS and R-BS to distinguish the transmitting BS and
receiving BS. Besides, the discussion is conducted based on
the following two Assumptions:

(i) There is one LOS path and several NLOS paths between
two BSs, and the same between each BS and each UE.
All channel information is assumed to be known and is
invariant for at least M time-slots.

(i) Under the premise of system synchronization, the fol-
lowing arrangements can be implemented by using the
transmit-timing advance technique [4]. That is, for an R-
BS, the sensing signal sent by the T-BS and propagated
through the LOS path arrives at the same time as the UL
signal sent by the users in its cell.

Denote the sensing symbol transmitted by the k-th sub-
carrier as s,eCN+*1 (with N, being the number of data
stream) and define F;,cCNes>*Ns (o represent the correspond-
ing transmit beamforming matrix, then, the baseband sensing
signal transmitted by T-BS is

K )

w(t) =7 Fispel?™ A (D
where Af is the sub-carrier interval. z(t) is first reflected
by targets and then be received by two R-BSs. Thereby, the
distributed sensing system can also be regarded as two bi-static
systems, and each bi-static system has a dedicated effective
sensing area (ESA). A detailed explanation of ESA will be
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given in Section III. Here, we proceed to derive the received
signal model of R-BS. Considering one of the R-BSs and its
corresponding bi-static system, we assume that there are L
targets located in its ESA. For the [-th target, ¢;, 6;, 7, and
fa, respectively represent the angle of departure (AOD) at T-
BS, angle of arrival (AOA) at R-BS, time delay and Doppler
frequency. Besides, we also assume that the R-BS has ) UEs
in its cell. Then, in the m-th time-slot, the frequency-domain
signal received by the R-BS on the k-th sub-carrier is

L . .
Yi,m = Zl:l aldr(@l)df(el)FkSkGJQﬂ—kAfﬂ ejzwf‘“mTS

Q
+ GrFrsi + Zqzl hy kg km + Nk, 2

where T is the duration of a time-slot and «; represents the
complex coefficient. d,.(-) and d.(-) are the steering vectors
of R-BS and T-BS, respectively. uq i m is the communication
symbol transmitted by the g-th UE. Gy, is the general channel
matrix between T-BS and R-BS (constructing as Assumption
1), and h, ; is the channel between the g-th UE and R-BS.
ny »~N(0, 021) represents the additive white Gaussian noise.

Next, two separate signal processing branches are devel-
oped for R-BS to obtain target information and UL symbol,
respectively.

1) Signal processing for sensing: Following [5], we assume
that the AODs and AOAs of the targets (i.e., 8; and ;)
are known or well estimated by the BSs and thereby mainly
introduce how to acquire range and Doppler information in
this work. With the information of ¢;, a set of receive beam-
formers wy, ; can be designed to spatially separate the sensing
signals reflected from different targets. As a consequence, the
separation process towards the [-th target will produce

L . S
H H 2mkAfT j2
Tt = ) Ly wide () d; (0)Fpspe’™™ frigi2mfam

Q
H H H
+ wi GrFisi + E =1 Wi g kg km + Wik m. (3)

Then, matched filtering is performed on 2y ,,; to obtain

~ Zk.m,l H jor frr j2m famT
Zioml = T = awgdy(pr)e e 2mds
df (0,)F sy,
+ Zz/;&z B2 I B2 faumTe B @
where
3 afwkH,ldr(‘Pl/)df(el')FkSk;
B = = , (5)
d; (6;)F sy
Q
B W]If_{lestk + Zq:l Wﬁlhq7kuq,k>m+wlglnk,m
k,m —

dfl (91)F kSk
characterize the residuals of unwanted components for esti-
mating the information of the [-th target.

Finally, 7, and fg; are estimated by performing FFT on the
frequency and time domains, respectively, i.e.,

fi=fft(Biag, 22105 2K10])

fd,l = fft(Zia0, 21,20, 21,Mm)) -

(6a)
(6b)

2) Signal processing for UL communication: To recover
the UL symbol ug x,m, a combiner &, 5 should be designed to

process y,m, resulting that

(M

~ H
Ug,k,m = €q7khq,kuq,k,m + Vq,k,m>

where
Yq,k,m = E(I;’Ik(zq’#q hq',kuq’,k,m) + EngkaSk + égknk,m

L . .
+ &0 (D, de(p)d! () Fpsyel>rfimertniamTs) (g

is the interfering component for extracting uq k,m.

C. Transceiver Beamforming Scheme

To obtain good parameter estimation and UL communica-
tion performance, beamformers and combiners (Fy, wy, 1, &;.1)
should be wisely designed so that the interfering components
(Bk,uf, Bhl’m and g x,m) can be well suppressed. There, we
introduce a simple but effective beamforming scheme.

First, the beamformer of transmitting BS is designed to
generate multiple beams directed at targets. That is,

Fk(t,l):dt(gl), lzl,...,L, (9)
where L is the total number of targets located in the ESAs
of two bi-static systems formed in the current sensing.

Then, the receive beamformers wy,; and &, are respec-
tively designed based on the minimum variance distortionless
response (MVDR) criterion [6] and minimum mean square
error (MMSE) criterion [7], implementing spatial separation
of the UL signal and target echoes.

Remark: Notice that the above discussion are conducted for
perceiving one sensing unit. However, as we mentioned before,
a BS is associated with and should take charge of six sensing
units. Therefore, the antenna array of a BS is divided into
several sub-arrays to separately implement the perception in
different sensing units. Accordingly, the above content can be

flexibly applied to each sub-array.

III. SENSING CAPABILITY OF THE PROPOSED ISAC
SCHEME

In this section, we first explain the aforementioned concept
of ESA. Followed with it, the sensing and communication ca-
pabilities of the proposed ISAC scheme are analyzed, showing
how they are affected by the signal frame configuration.

A. Effective Sensing Area

As the OFDM signal is used, a prerequisite for ensuring the
justification of (2) is that the sensing signal reflected by the
target can be fully captured for FFT at R-BS. With Assumption
(i1), the network is supposed to set the FFT window based
on the time delay of the LOS path between transceive BSs.
Therefore, the time delay difference between the LOS path and
the target path should be less than a cyclic prefix (CP) duration.
Consequently, we can define the ESA of a bi-static system as
Fig. 2(a), which is the overlapping area of the sensing unit
and an ellipse. The ellipse has two foci respectively located at
T-BS and R-BS, and the sum of distances from the point on
the ellipse to the two foci is V3a+ cTp, where T, is the CP
duration and a is the radius of the communication cell.

Based on the above discussion, T, cannot be set too small,
otherwise, the coverage of ESA is extremely limited. But a
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large T, can also reduce the communication rate. Thus, it
is necessary to specify the effect of 7, on the capabilities
of communication and sensing, in order to guide the frame
configuration setting of the proposed ISAC scheme.

(a) (b)

Fig. 2. (a) the ESA of a bi-static system, (b) the critical condition to guarantee
that all targets in a sensing unit can be effectively detected within a time-slot.

B. Sensing and Communication Capabilities

While T, affects the communication rate, it also confines
the communication cell size given by the following consider-
ations. In the proposed scheme, a bi-static system is expected
to only form beams towards targets within its ESA, so as to
avoid inter symbol interference. Therefore, to ensure that the
three perceptions performed in a time-slot can cover the whole
sensing unit, the critical condition is illustrated in Fig. 2(b).
That is, the three ellipses associated with the three bi-static
systems intersect at the center of the sensing unit. Accordingly,
we can deduce that the cell radius a and the CP duration T,
should satisfy T¢,, > (2a — \/ga) /c. Thereby, for a given T,,,
the maximum cell size a,,4, that can ensure full sensing is

Umax = CT’cp/(2 - \/g) (10)

In addition, T, also affects the sensing capability in terms
of the maximum detectable velocity. For a bi-static system,
the Doppler frequency of a target is f; = 2% cos (8/2) cos (),
where v is the radial velocity of the target, 3 is called as bi-
static angle, ¢ is the angle between the target moving direction
and the centerline of the bi-static angle, as shown in Fig. 3(a).
Therefore, assuming that the maximum detectable velocity is
Umaz the maximum Doppler frequency fq max Will appear in
the case of Fig.3(b), i.e., a target with speed of v,,x moves
along the centerline of the bi-static angle at point G or H.
Because in such a case, cos(6) = 1 and S takes minimum
value (denoted as ;;,) within ESA. Accordingly, we have

fd,max = 2Umax Cos(ﬁmin/Q)/)“ (11)
Then, the maximum detectable velocity is given as follows.

2Umax Cos(ﬁmin/Q)//\ = fd,max = 1/2Ts
A
AT cos (Bumin/2)

Notice that cos(8Bmin/2) can be calculated based on the
geometric knowledge, which is related to a and T.,. The
above analysis reveals that the maximum detectable velocity
is determined jointly by the CP duration T, the time-slot
length T and the communication cell size a.

= Umax = (12)

Fig. 3. (a) the relationship between Doppler frequency and velocity in a

bi-static system is fg = 2TU cos (8/2) cos (8), (b) a case where the target

provides the maximum achievable Doppler frequency

IV. NUMERICAL RESULTS
A. Practicality Analysis based on 5G NR Standard

In this part, the communication and sensing capabilities
of the proposed ISAC scheme are studied under the 5G NR
standard, which provides five different frame configurations
distinguished by p. Fig.4 concludes the maximum cell size
corresponding to each configuration, which spans from 320m
to 5.2km. This result indicates that the proposed scheme
can support various cell sizes that may appear in actual
scenarios. Besides, Fig.4 also depicts the detectable velocity
under different frame configurations and cell sizes. Note that
each line ends at the corresponding maximum cell size. These
results provide a basic guideline for using the proposed ISAC
scheme. That is, setting a small « can support the detection
of fast-moving targets in small-scale cells. On the other hand,
when selecting a large u, the proposed scheme can be used
for detecting slow-moving targets in large-scale cells.
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Fig. 4. The maximum cell size and maximum detectable velocity under
different frame configurations

B. Signal Processing Result

Now, we evaluate the effectiveness of the beamforming
and signal processing methods developed in Section II. We
consider a 5G NR cellular network, where the cell radius is
500m. In each cell, there are two single antenna users and one
BS equipped with Npg=10 antennas. The frame configuration
of the signal follows the 5G NR standard with u = 3. The
distribution of targets in a sensing unit is depicted in Fig.5.

Fig. 6 shows the target detection results obtained at two R-
BSs. It can be seen that the information of target 1 is obtained
by two R-BSs, since it falls in the overlapping area of the two
ESAs. The information of targets 2 and 3 are respectively
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Fig. 5. Distribution of targets in the considered sensing unit

obtained by R-BS 1 and R-BS 2. According to the figure,
all target information is well estimated, and the interference
components are effectively suppressed. Besides, Fig. 7 is given
to evaluate the UL communication performance with respect
to the bit error rate, where the SNR is defined as the power
ratio of the UL signal to other components. The above results
indicate that the sensing and UL communication can be well
implemented at the same time.

V. CONCLUSION

In this work, we discuss an ISAC implementation scheme
in a cellular network. By exploiting the interleaved frame
structure, a dynamic distributed sensing network is constructed
by the BSs, which can complete a global perception in three
discrete symbol durations. Besides, a transmit beamforming
scheme and a receiver processing architecture are developed so
that the UL communication can be maintained during sensing
symbol durations. We also discuss how the communication
and sensing capabilities of the proposed scheme are affected
by the signal frame configuration. Simulations show that, by
wisely setting frame configuration (e.g. adopting the 5G NR
standard), the proposed ISAC scheme can satisfy the various
requirements developed in the application scenarios.
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