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TSchool of Information The densification of the orthogonal frequency division multiplexing (OFDM) based
and Electronics, Beijing Institute fifth-generation communication systems, as well as the requirement of integrat-

of Technology, Beijing, China ing sensing and communication functionalities, has promoted the development

of integrated-sensing-and-communication (ISAC) dense cellular networks (DCNs). In
the OFDM-based ISAC-DCN, multiple base stations simultaneously serve mobile users
and sense targets based on the echo of downlink communication signals. In this paper,
we establish the interference model in ISAC-DCN for sensing and communication.
Focusing on the interference management of the ISAC-DCN, we investigate the multi-
dimension resource allocation problem. In particular, we aim to maximize the network
utility by jointly optimizing sub-band allocation, user association, and transmission
power under the sensing signal-to-interference-plus-noise ratio constraint to be
solved iteratively. The mixed-integer optimization problem is decoupled into three
sub-problems. Specifically, a greedy genetic sub-band allocation scheme is proposed
for sub-band allocation to reduce total interference. We employ the successive convex
approximation technique to transform the transmission power control sub-problem
and solve it via geometric programming. Simulation results illustrate the trade-off
between sensing and communication performances, and show that the proposed
algorithm significantly improves the network utility and achieves higher detection
probability.

Keywords: Integrated sensing and communication, Dense cellular network, Resource
allocation, User association

1 Introduction

Integrated sensing and communication (ISAC) has been one of the research hotspots,
due to its potential to reduce hardware costs and improve spectral efficiency. Research-
ers have been devoting their efforts to promoting the realization of ISAC technique [1].
As the waveform adopted by the fifth-generation (5 G) new radio (NR) [2], the orthogo-
nal frequency division multiplexing (OFDM) waveform has been used widely in modern
communication systems, while it also has an excellent ambiguity function, which pro-
motes its application in sensing [3-5]. Therefore, developing ISAC techniques based on
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OFDM waveform can simultaneously satisfy the communication requirement and pro-
vide sensing functionality with little change on the existing 5 G systems.

Motivated by the aforementioned advantages, some works have investigated ISAC
design in the framework of 5 G NR systems [5-10]. In [5], the self-ambiguity and cross-
ambiguity functions of several synchronization signals and reference signals (RSs)
in OFDM waveform were analyzed. In [6], RSs used for channel estimation in OFDM
waveform were multiplexed as sensing signal. Considering the energy efficiency, RS den-
sity and power allocation between pilots and data symbols were optimized to minimize
the total transmission power, while satisfying the communication and radar sensing
requirements. In [7], the 5 G network was utilised to serve as the illumination source
for passive bi-static radar to detect the target, which verifies the possibility of 5 G-based
passive bi-static radar. In [8], the base station (BS) was deployed as a monostatic sen-
sor to estimate the targets’ ranges, speeds, and directions of arrival (DoAs) via beam
scanning. The targets’ positions were then obtained based on the estimated ranges and
DoAs. However, single-station based sensing faces several problems, e.g., sensing blind
areas, limited detection range, and poor robustness. To address this issue, in [9], the
authors proposed a novel two-phase framework for device-free sensing in an OFDM cel-
lular network to achieve ISAC, in which adjacent BSs are assigned orthogonal sub-bands
to avoid significant inter-cell interference. A maximum-likelihood based algorithm was
provided to deal with the target association issue to achieve multi-BS cooperative sens-
ing. Besides, based on the 5 G NR standard framework configuration, the authors in [10]
proposed a staggered framework structure for ISAC cellular network to avoid self-inter-
ference and realize the parallelism of sensing units and communication cells. However,
in this scheme, discontinuous OFDM symbols used for sensing will reduce the speed
measurement accuracy due to the reduction of coherent accumulation time.

Although the promising dense cellular networks (DCNs) significantly promote the
capacity of wireless communication systems [11], as well as more robust and accurate
sensing through multi-BS cooperation. However, higher frequency reuse among differ-
ent BSs results in much higher inter-cell interference (ICI), thereby degrading the per-
formance of both communication and sensing functionalities. Facing this issue, there
have been a lot of researches [12-20] on suppressing the ICI caused by FR in cellular
networks. In general, physical separation-based frequency assignment and transmis-
sion power control are two underlying concepts for ICI mitigation [12]. Since the fre-
quency assignment problem is an NP problem, metaheuristic algorithms such as Ant
Colony Optimization [13], Differential Evolution [14] and Greedy algorithm [15], as
well as branch-and-bound algorithm [16] were used to effectively solve this problem. In
[17], the quality of service under various FR schemes, including partial FR, fractional
frequency FR and soft FR, etc., were analyzed. In [18], the authors investigated joint
sub-band and power allocation to improve inter-cell fairness in femtocell OFDM net-
works. Moreover, since users are distributed unevenly among cells, the load of BSs is
imbalanced, which also leads to the degradation of system communication performance.
Therefore, in [15] and [19], (partial) FR and user association schemes were jointly opti-
mized to maximize the network utility or system throughput. In [20], the authors pre-
sented a load-aware and self-adapting frequency allocation scheme to cope with the
changing traffic conditions.
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However, the aforementioned studies only focused on improving communication per-
formance, such as throughput, quality of service, and network utility, while the impact
of interference on sensing still needs to be addressed. In [16], the authors studied the
sensing interference management in multiple UAV networks through joint channel allo-
cation and power control but did not consider the communication performance. In [21],
the authors studied the issue of power control for cooperative ISAC networks under
the sensing signal-to-interference-plus-noise (SINR) constraint, where the Lagrangian
method was employed. Thus, in this paper, we aim to address the interference manage-
ment of the OFDM-based ISAC-DCN via joint resource allocation and user association.
In particular, both sensing and communication performances are taken into considera-
tion. For communication performance, we adopt the network utility metric [22], which
considers both sum-rate and fairness among different users. For sensing performance, to
improve the target detection probability, which is directly determined by the SINR of the
received echo signals [23], we adopt the SINR of the echo signal received at each BS as
the metric.

The main contributions of this paper are summarized as follows.

(1) The interference models caused by FR in ISAC-DCN are analyzed from the per-
spectives of both communication and sensing. Thereafter, a joint resource alloca-
tion and user association problem is formulated with the aim of maximizing the
network utility of the ISAC-DCN under both sensing signal-to-interference-plus-
noise (SINR) and transmit power constraints.

(2) The formulated highly non-convex problem is decomposed into three sub-prob-
lems, i.e., sub-band allocation, user association, and transmission power control
sub-problems, and an alternating optimization based algorithm is proposed to solve
the original problem by iteratively solving the three sub-problems. In particular, a
greedy genetic algorithm (GRGA) is proposed to solve the sub-band sub-problem,
while the Hungarian algorithm and successive convex approximation (SCA) tech-
nique are utilized to solve the sub-problems of user association and transmission
power control, respectively.

(3) The effectiveness of the proposed algorithm in improving the network utility and
detection probability is verified through numerical simulation. Compared with
both conventional and state-of-the-art schemes, the proposed algorithm is able to
significantly improve both network utility and detection probability. Moreover, the
trade-off between communication and sensing performances is also illustrated.

The rest of this paper is organized as follows. In Sect. 2, we introduce both system
models and interference models of ISAC-DCN. Then, we formulate a problem of joint
sub-band allocation, user association, and transmission power control in Sect. 3. The
algorithm for solving the problem is presented in Sect. 4. Then we present the numeri-
cal simulation results as well as discussions in Sect. 5. Finally, we conclude the paper in
Sect. 6.

The notations used in this paper are as follows. Lower case normal letters a denote
scalars, lower-case bold letters a denote column vectors and upper-case bold characters
A denote matrices. (-)7 represents the transpose.
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2 System model

In this section, we first describe the OFDM based ISAC-DCN model, where multiple
BSs simultaneously provide communication services to mobile users, and at the same
time sense the targets based on the echo of DL communication signals. Subsequently, we
introduce the interference models for both communication and sensing.

2.1 System description

We consider an OFDM based ISAC-DCN as shown in Fig. 1a, which consists of M BSs,
denoted by M ={1,...,M}, N (N > M) mobile users, denoted by N'={1,...,N},
and T targets, denoted by 7 = {1,..., T}. Due to the scarcity of spectral resource, we
assume only K (K < N) orthogonal sub-bands are available, which are denoted by
K ={1,...,K}. The bandwidth of each sub-band is denoted by B. The transmission
power of the BSs are denoted as p = [p1, . .., pm], where the ith element represents the
power of the ith BS. In addition, a central station is deployed and connected to all BSs to
perform resource allocation and signal processing [9].

The detailed signal transmission, reflection and interference are illustrated in Fig. 1b.
The BSs provide communication services for users via OFDM signal in DL time slots. In
a meantime, the DL communication signals are reflected by the targets and received by
the BSs, based on which the ISAC-DCN can cooperatively estimate the targets’ locations
[8] as well as velocities. The BSs marked with the same color are assigned the same sub-
band. Such frequency multiplexing between BSs introduces interference to both com-
munication and sensing.

Furthermore, we make the following assumptions for the remainder of this paper:

+ Each BS occupies oneKsub—band. wi; = 1 denotes BS i is assigned with sub-band k

and 0 otherwise, and > wy,; = 1,Vi € M.

« Each user is associatelz(z 1with Orzlv? base station. u;, = 1 denotes user # is associated
with BS i and 0 otherwise, and Z Uiy =1Vne N.

+ Each BS only focuses on the selnzsing results within a predetermined sensing range to

improve the accuracy of cooperative sensing and reduce the appearance of ghost tar-

Central station for resource
allocation and signal processing

Downlink .
: . . — Echo signal of DL
-------------------------------- communication ‘v\LﬂT(]‘
() i i terference signa
(A) BS R User Y Target - - - - Cellular fronthaul links P Interference 5|gr}1a| |‘n — — Interference signal in
terms of communication terms of sensing
(a) (b)

Fig. 1 a Anillustration of the considered OFDM based ISAC-DCN Model. b Details of signal transmission,
reflection and interference
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gets. In other words, the target appearing in a certain area is sensed by specific BSs.
The sensing range of each BS is set as R.

2.2 Communication interference model
The time-domain signal in one OFDM symbol period transmitted by the ith BS is given
by

T .
Xj = A/Pi [xi,L—Q-Q—l! ce XL X1 e xxi,L] , Vie M7 (1)

where L denotes the IFFT size in OFDM modulation, and Q denotes the length of the
cyclic prefix (CP).

The received signal at the nth user associated with the ith BS in the /th OFDM sample
period is expressed as

T ,
Veins = hi,nx,‘,[ + E w; th]’,y,xj,l +zy Vj € M,Vune N,
Vie M j#i

(2)

where %;, denotes the DL communication channel from the ith BS to the nth user,
wi; € {0,1}, and z, ~ N (O, 02) denotes additive white Gaussian noise (AWGN) at the
nth user. In addition, %;, considers both the small-scale Rayleigh fading effect and path
loss effect, and time domain expression is given by

Rin(t) = fin\/ pod; 28t — Tim) (3)

in which f;, is a Rayleigh random variable with zero mean and variance o2, py denotes
the path loss at the reference distance dyp = 1 m, d;;, denotes the distance between BS i
and user #, and t;,, = d;;,/c, with ¢ being the speed of light.

Therefore, the SINR of the received signal at the nth user in the /th OFDM sample
period is expressed as [24]

|Pinoxi | 2

2
> [ wiwikiexg|” 4 02
Vie M j#i

Yein = ,Vi,je M,Vne N, @)

Under static channels and flat transmission power spectral density, the optimal fre-
quency allocation for one BS is equal allocation among its associated users [22]. There-
fore, we assume that each user served by the same BS is assigned equal bandwidth. The
bandwidth occupied by the user associated with the ith BS is expressed as

B
Biy=—-VieM,
in Z Yin l (5)

neN

where u;, € {0,1}.
The data rate of user n associated with BS i is express as

Cin = Binlog(1+y,,,),Yie M,Yne N, (6)
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which is determined by y,, and B;,. According to (4), the communication SINR y, is
related to sub-band allocation, user association and transmission power. Moreover,
B;;,, is related to the number of users served by BS i. Therefore, in this paper, we aim at
reducing the co-channel interference and increasing the data rate through resource allo-
cation, including sub-band and transmission power, as well as user association.

2.3 Sensing interference model
The echo signal received by the receive antenna of the ith BS is expressed as

T M
Ys; = Z Zh/,t,ixj,l + Z W,‘Tthj,ixj,l +z;, Vi,j e M, (7)
=1 j=1 VieM,ji

where /4;; and ;. ;, respectively, denotes the complex channel of “BS j-BS i” and “BS
j-target t-BS i’ and z; ~ N (0, 02) denotes AWGN at the ith BS. The time domain expres-
sion of 4;; and 4 4,; is, respectively, given by

hji(8) =f,i7/ pod; 28 (t — T) (®)
hj1,i () =4/ podj,_tz(‘lﬂ de,i) % exp(=2jmfy, D8 — Tj1) )

in which ¥ denotes radar cross section (RCS), 1j; = dj,;/c, Tjsi = (djs + dyi)/c, and
Jay.; = (vej +veidfe/c, with vy, vii and fe denote the radial velocity of target ¢ relative
to BS j, the radial velocity of target ¢ relative to BS i and the center carrier frequency,
respectively.

In this paper, we mainly consider the direct interference among the BSs sharing
the same sub-band, while the scattered interference is ignored due to its much lower
power. In this case, (7) can be simplified as

T
ysi = Z hi,t,ixi,l + Z WLTW/]’IJ,,xJ,] + Zl', Vi,j (S M) (10)
t=1 Vie M j£i

M
in which ) wiw]H hj,ix;; denotes the interference among the BSs sharing the same sub-
j=1
band. By applying point-wise division [4] and two-dimensional DFT (2D-DFT), the BS i

can eliminate the impact of the communication data symbols x; ; and obtain the distance
and speed information[25].

Generally speaking, cooperative sensing can be realized in two ways. One way is
to directly upload the signals received by each sensing node to the center for joint
signal processing [26], while the other way is to upload the data local processing
results of each node, based on which the center conducts further processing, e.g., tar-
get association [9]. The latter scheme benefits from lower processing complexity, and
therefore is considered in this paper. In other words, the ISAC BSs are considered to
firstly sense the targets in a separate way, and then upload the processing results to
the center. In order to guarantee the performance of cooperative sensing, the sensing
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performance of each node is required to satisfy a given threshold. Supposing the
detection range of each BS is R, the SINR of the received echo signal is given by

X P g i _ X \hi i i
2 - 2
B wiwihjm|"+02 B 3 |wliwihy|p+o?
VieM,j£i VieM ji
x (47)* Y% poR*p;

T 72 2 7-2
B> W Wlfj,ipodj,i pj+o?
Ve M,jsi

ys,' =

where x denotes the correlation gain of the transmitted symbols [25] and B denotes
the suppression gain for the direct interference. As BSs can share transmission signals
through backhaul connections and obtain delay information between BSs by channel
estimation. Therefore, the direct interference in the received superimposed signals can
be suppressed by the extended cancellation algorithm (ECA)[27], which operates by sub-
tracting appropriately weighted delayed copies of the reference signal from the received
signal.

Based on the Neyman-Pearson criterion, utilizing the Generalized Likelihood Ratio
Test (GLRT), the asymptotic detection probability is given as [28]

where Pry is the false alarm probability of sensing, szz ) devotes the noncentral chi-

squared distribution function with two degrees of freedom and noncentrality parameter
and y;;, F X2 is the central chi-squared distribution function with two degrees of freedom,

with .7-");21 being its inverse function. For given Pr4, the distribution of Pp follows non-
2

central chi-squared distribution function with two degrees of freedom and noncentrality
parameter ys,. As can be readily seen from (12), the detection probability Pp is positively
correlated with SINR y;, [28]. Therefore, we transform the detection probability metric
into the SINR performance metric. According to (11), the SINR of the echo signal yj, is
related to sub-band allocation and transmission power. Appropriate sub-band allocation
and transmission control can improve the sensing SINR, thereby improving the detec-
tion probability.

3 Problem formulation

In this section, we formulate the problem of joint sub-band allocation, user association,
and transmission power control. To be specific, we consider to maximize the network
utility under the constraints of the echo signal SINR threshold, which is formulated as
follows.

N M
max »log (Z ui,nci,n> (13)
Y i=1

n=1

st. y,; =T, (13a)
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Wi,i € {0’ 1}: (lgb)
> wii=1, VieM, (13¢)
uk,; € {0,1}, (13d)
M

> uiy=1,¥neN, (13e)
i=1

Pmin = Pi = Pmaxs (13f)

where I' in the constraint (13a) denotes the SINR threshold of echo signal for sensing,
and the constraint (13f) limits the BS transmission power.

4 Proposed method

To deal with the non-convex and NP-hard problem (12), we decompose it into three sub-
problems, i.e., sub-band allocation, user association, and transmission power control
sub-problems.

4.1 Sub-band allocation
With the fixed transmission power pg and user association strategy, the problem (13) can be
simplified as the following sub-problem.

N M
max Z log (Z i nBin log (1 + VCi,n))

n=1 i=1
s.t.wg,; €1{0,1}, (14)
K
> wii=1Vk € K,Vie M.
k=1

The problem (14) is a 0—1 programming problem, and the objective function is non-
convex even for continuous w, which makes it challenging to solve. Nevertheless, notice
that the network utility is mainly related to the SINR of each user with equal bandwidth
allocation. Furthermore, with the transmission power fixed, according to (11), the SINR
is only related to the inter-cell interference. Therefore, we propose to alternatively mini-
mize the total inter-cell interference, which can be formulated as

min 3 Z

m=1j= 11;&1
s.t.wi; € {0,1}, (15)
K
> wii=1Vk € K,Vie M.
k=1
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Since there are totally K™ different allocation schemes, it is extremely complex to solve
the above sub-problem via exhaustive searching. Besides, the greedy channel alloca-
tion algorithm [29] and low-complexity branch-and-bound based channel allocation
[16] may result in a locally optimal solution, thereby increasing inter-cell interference
and degrading network utility and sensing performance. Motivated by the ability of the
genetic algorithm [30] in increasing the possibility of finding the optimal global solution,
we proposed the sub-band allocation scheme based on the greedy genetic idea that com-
bines the greedy algorithm and genetic algorithm [31] to reduce complexity and improve
the sensing and communication performance.

Firstly, we represent the sub-band allocation of each BS by K base coding. For example,
when M = 4 and K = 2, coding mode 2112’ means that BS 1, 2, 3, and 4 are assigned
with sub-band 2, 1, 1, and 2, respectively. As the interference among different BSs to be
addressed are dependent. Thus, we firstly pick K BSs in a greedy manner and assign them K
different sub-bands, which avoids the uncertainty of weight due to dependence. Specifically,
the two nearest BSs are selected and then the BS that is closest to the set of the selected
BSs is selected one by one. The selected K BSs are assigned different sub-bands. Subse-
quently, for other BSs, we assign them sub-bands randomly, and generate Q; initial alloca-
tion schemes. The initial Q; allocation schemes are, respectively, represented by the above
K base coding, and form Q; coding sequences. Unlike the one-to-one mapping in [28], the
same sub-band can be repeatedly allocated. Correspondingly, we define the fitness function
of each allocation scheme as

fZZ

m=1j= 1]751

2
5] (16)

The smaller the value of F is, the greater the fitness of the scheme is. Based on the fit-
ness value, we select Q schemes to be retained, in which the scheme with high fitness
value has a high probability of being retained. Finally, the coding sequences of schemes
retained are crossed and mutated to generate new candidate schemes. The specific steps
of the algorithm are summarized in Algorithm 1.

Algorithm 1 Greedy genetic channel allocation algorithm
1: Represent the sub-band allocation of each BS by K base coding.

2: Pick K BSs in a greedy manner and assign them K different sub-bands.

3: Allocate other BSs sub-bands randomly, and generate ()1 initial allocation schemes.

4: repeat

5. Calculate the fitness of each allocation scheme based on (16).

6:  Select Q2 schemes to be retained based on fitness.

7: Crossover and mutate the reserved schemes with probability pr. and pr,,, respec-
tively to generate new schemes.

8: until The maximum number of iterations is reached.

Output w".
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4.2 User association
With given sub-band allocation scheme and fixed transmission power, the user asso-
ciation sub-problem can be expressed as follows.

max Zlog Zum log (1+ch)

n€N
s.t.ug,; € {0,1}, (17)

M
> uin=1Vie M,\¥neN,
i=1

where u;, = 1 means user # is associated with BS i and 0 otherwise. Note that for each
n, only one u; , for all #’s is equal to 1, which means that the user can only be served by
one BS. Therefore, for given sub-band allocation and transmission, the objective func-
tion of the problem (14) can be compactly and equivalently expressed as

Z log Z Uin—~= i,n
i=1 "

eN
N M
B
= Z u;y log Sin (18)

n=1 i=1 2 i

- = neN

N M
ZZumlog Bs”, Z(Zum> log (Z”’”)
n=1 i=1 i=1 \n=1 neN

By introducing (N, — 1) dummy BSs, the sum of several-to-one weight in (17, 18)
can be transformed into the sum of one-to-one matching weight [32]. Thus, the above
problem is equivalent to

N M Ny

max Z Z Z u(q) (q)

n=1 i=1 gq=1
(@)
stou;, € {0,1},
M Ny

ZZu(q)—an eN,

i= lq 1 (19)
Zu(‘” =1Yie M,Vg=1,...,N),

(1) = log ( )
(q)

w;, = log (Bsi,,,) —qlogg+(q—1)log(qg —1),Yg=1,...,Np,

which is a bi-partite matching problem by setting Nj, = N, and can be solved efficiently
by the Hungarian algorithm, which has been proven superior to greedy and improved
greedy algorithms for user association [33, 34].
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4.3 Transmission power control
With given sub-band allocation scheme w and user association scheme u, the transmission

power control sub-problem is expressed as follows.

N M
max Zlog (Zuzn lnlog (1+ch))

n=1 i=1
sty =T,

Pmin = Pi = Pmax-

Different from the power control based network utility maximization problem, the
above problem cannot be solved via the conventional water-filling type of solution [35]
due to the existence of the sensing SINR constraint. Meanwhile, due to the non-con-
vexity of the objective function and constraints, problem (21) cannot be directly solved
using CVX tools. Firstly, by introducing an auxiliary variable = {11, - - -, nn}, the sub-
problem above can be reformulated as

N
max > log (1) o
p:n

n=1
st. y; =T, VieM, (21a)
Pmin = Pi = Pmaxs (21b)

M

M < D uinBinlog (14 ve,,). (210)

i=1

However, problem (21) is still a non-convex optimization problem due to the non-con-
vexity of constraint (21c). We employ SCA technique to address this issue. By applying
the first-order Taylor series expansion at the given point p, the constraint (21c) can be

approximated as

7@+ < Zum in |61 log (70050 ) +- &0, (22)
5@
where &' @ 1:”);5;) and 8(“) log (1 + yc(f?) — Ei(,f,) log (yéf?), superscripts (a) and

(a + 1) represent the ath and (a + 1)th iteration, respectively.
Thereafter, the problem (21) can be transformed into the following form.

(a+1)
p(a+1) ﬂ(a+1) Z In (23)

st. y,; =T, VieM, (23a)

Pmin = Pi = Pmax, (23b)
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pla+ < Z”m m{ m) log< (a+1)) g;)}, (230)

Theorem 1 Problem (23) can be solved by geometric programming (GP).

1 Proof
1t can be seen from (11) that constraint (20a) is a posynomial function of p. Next, we prove
that constraint (20c) is convex [36]. Constraint (20c) can be expressed as,

M
77}(1{,1+1) SZW’"BM{ (a) log( (a+1)) +s(“)}
i=1

M
= Z ui,nBi,ng 10g (X |7, tRoi |2 (a+1))

p(a+1) + o

M
— ui,nBl"n log ﬂ Z ’WiTthj,
J=Lj#i
+ u;,B;, ,,8( @)
which is convex due to the convexity of log (-). The objective function of (22) and con-
straint (22b) are also convex. Therefore, the problem (22) is composed of posynomial
function and convex functions, it can be solved by GP.[J

Therefore, the transmission power control sub-problem (19, 20) can be solved by
GP and successive convex approximation (SCA) technique.

Algorithm 2 Overall Algorithm for Solving Problem (13)
Input: BS location, user location, sensing range R, number of BSs M , number of

users N, number of available sub-bands K, maximum number of iterations L.

1: while [ j L do

2. For fixed p(®) and user association scheme, update the optimal sub-band alloca-
tion scheme w('*1) based on Algorithm 1.

3. For fixed p®) and w1 update u*") by solving the problem (17) to achieve
load balance.

4. For fixed ull*1) and given w1 optimize transmission power p(™1 by solving
the problem (18).

5 l=1+1.

6: end while

Output: w*, u”, p".
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4.4 Overall algorithm

Based on the aforementioned algorithms, we present the overall algorithm for solving
the problem (13) in Algorithm 2. Specifically, we update sub-band allocation w, user
association u and transmission power p by solving the sub-problem (15), (17, 18) and
(21), respectively. By iteratively updating the three variables in an alternative manner,
the solution to the problem (13) can be obtained.

5 Simulation results and discussion
In this section, we verify the effectiveness of the proposed algorithms through
numerical results. We assume that BSs are uniformly located in a 2-dimension area
of 1.5 % 1.5 km, while the users are randomly distributed in this area. Figure 2 shows
an example of the sub-band allocation and user association results obtained by Algo-
rithm 2, where the BSs marked with the same color share the same sub-bands, and the
users are served by the associated BSs. Simulation parameters are listed in Table 1.
As far as we know, there have been no existing works studying the problem con-
sidered in this paper. Therefore, to show the superiority of the algorithms adopted to
solve the three sub-problems, we select the following four benchmark schemes for
performance comparison:

(1) Random channel allocation with user association (UA) and transmission power
control (TPC), denoted as “Rand+UA+TPC”.

(2) Fixed power, in which we set BSs working at maximum power, with GGSA pro-
posed and UA, denoted as “GGSA+UA+FP”.

(3) Power control for cooperative ISAC Networks in [21], with GGSA proposed and
UA, denoted as “GGSA+UA+[21]"

(4) A low-complexity branch-and-bound algorithm channel allocation [16], where the
initial solution also comes from the greedy algorithm, with UA and TPC, denoted
as “[16]+UA+TPC”
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Fig. 2 Simulation diagram with an example of sub-band allocation and user association result (K = 3)
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Table 1 Simulation parameters

Parameter Items Value
Number of BSs M 12
Number of users N 100
Number of sub-band K {3, 4}
Bandwidth B 100 MHz
Transmission power p 1-10W
Sensing range of each BS R 500 m
RCS ¥ 30 dBsm
Maximum iteration number Liter 5
Cross-correlation gain X 30dB
Direct interference suppression gain B —18dB
SNR 2p/o? 10dB
Subcarrier spacing Af 60 kHz
IFFT size L 2048

340

—— - ———e———— 0 — — —

Network Utility

260 . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 45 5

Number of iterations

Fig. 3 Network utility versus iteration numbers

Specifically, for sub-band allocation, we compare the performance of Algorithm 2 with
scheme (1) and scheme (4). For transmission power, scheme (2) and scheme (3) is set as
benchmarks to illustrate the system performance improvement by the proposed trans-
mission power control.

To begin with, we show the convergence of Algorithm 2 in Fig. 3. The network utility at
iteration 0 corresponds to “Rand+UA+TPC” It shows that the network utility achieved
with the proposed Algorithm 2 increases quickly, and converges (the variation does not
exceed 1%) after the first iteration.

In Fig. 4a, we present network utility achieved by different approaches under dif-
ferent sensing SINR thresholds. It can be seen that the network utility under all
schemes increases with the number of available sub-bands. By using the proposed
Algorithm 2 and the “[16]4+UA+TPC” scheme, the network utility is improved com-
pared with the “Rand+UA+TPC’GGSA+UA+FP” and “GGSA+UA+[21]” scheme.
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Fig. 5 Detection probability versus sensing SINR threshold

In particular, Algorithm 2 improves the network efficiency slightly higher than the
“[16]4+UA+TPC’, which verifies the effectiveness of the proposed GGSA. In addition,
with fewer sub-bands allocable, the proposed Algorithm 2 improves the network util-
ity more significantly than the “[16]4+UA+TPC” scheme. Still, it has a feasible solu-
tion in a larger sensing SINR threshold. Compared with the “GGSA+UA+FP” and
“GGSA+UA+[21]” scheme, the network utility increases under the proposed Algo-
rithm 2 for both K = 3 and K = 4, which verifies the effectiveness of the proposed
TPC algorithm. We also show the average data rate under different sensing SINR
thresholds in Fig. 4b. Similarly, the proposed Algorithm 2 achieves best trade-off
between the average data rate and achievable sensing SINR.

Figure 5 depicts the detection probability [28] of three schemes under different
sensing SINR thresholds. As Fig. 5 shows, with the sensing SINR threshold increas-
ing, the detection probability also increases. For the same scheme, the detection
probability of 'K =4’ is higher than that of 'K = 3. The proposed Algorithm 2
and “[16]+UA+TPC” scheme can reach a larger sensing threshold than the other
schemes, and also have higher detection probability at the same achievable SINR
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threshold. With fewer allocable sub-bands, the proposed Algorithm 2 shows the best
performance.

From Figs. 4 and 5, it can be observed that there exists a trade-off between communi-
cation and sensing performances. For the “Rand+UA+TPC” scheme, with the increase
of sensing SINR threshold, the network utility and average data rate show downward
trends. By using Algorithm 2 and the“[16]4+UA+TPC” scheme, the network utility can
remain stable within a certain range of the singing SINR threshold. Nevertheless, when
SINR is greater than a certain value, the network utility will also decline. On the other
hand, the detection probability, increases with the increase of SINR for all cases, which
shows the trade-off between communication and sensing performances. In what follows,
we take the case of K = 3 as an example to illustrate the above trade-off.

In Fig. 6, we plot the cumulative distribution function (CDF) curves of transmis-
sion power based on 100 simulation results. Since the distribution of BSs is symmetri-
cal, we select four BSs numbered 1, 2, 5, and 6 in Fig. 2 to represent the four types of
BSs, namely, edge, general case 1, general case 2, and center. As shown in Fig. 6, when
I' = 4 dB, the power of the BS 6 in the center is lower than that of BS 1, BS 2, and BS 5.
The reason is presented as follows. With a low sensing SINR threshold, more degrees
of freedom (DoFs) are reserved to improve the communication performance. Since the
central BSs are close to other BSs sharing the same sub-band, which brings about more
significant inter-cell interference to the entire network than other BSs, decreasing their
transmission power can significantly decrease the inter-cell interference and improve

the overall network utility. However, whenI" = 10 dB, the central BSs require high trans-
mission power to resist the interference from the neighborhood BSs working in the same
sub-bands, thereby improving the SINR of echo signals. Therefore, we can see that the
power of BS 6 in the center is greater than that of other BSs. In this case, the sensing per-
formance has been improved, while the communication performance is sacrificed and
the overall network utility decreases.
In a meantime, we can also see that the BS power distribution is more centralized
with I' = 10 dB than that with I' = 4 dB. Specifically, for I' = 10 dB, the power of BS

1, BS 2, and BS 5 all lie in the range of 2.2—2.225 W, while the power of BS 6 is around
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Fig. 6 Power distribution CDF curves (K = 3)
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2.9 W. As mentioned above, for a high sensing SINR threshold, e.g., I' = 10 dB, the
central BSs need large power to resist the interference of other BSs. At the same time,
they cannot cause too much interference with other BSs. Therefore, the power opti-
mization concentrates their power around a high power so that the power of other
BSs is also around a certain value. Under the low sensing SINR constraint, the DoFs
for communication optimization is high. The power of each BS can be adjusted with
the result of user association to achieve higher network utility. Note that users’ loca-
tions are random, so user associations vary with each simulation. Therefore, the BSs’
power fluctuate in 100 simulations.

6 Conclusion

In this paper, we studied the ISAC design in OFDM-based ISAC-DCN. In this paper,
we established the communication and sensing interference models in ISAC-DCN. To
address the issue of interference management, we proposed an alternating-optimiza-
tion-based algorithm for joint sub-band allocation, user association, and transmission
power control. To reduce interference and improve the performance of communica-
tion and sensing, we proposed a greedy genetic sub-band allocation (GGSA) scheme
to reduce total interference. Subsequently, the user association sub-problem was
converted to a minimum-weighted bipartite matching problem and solved via the
Hungarian algorithm. Moreover, the SCA technique was employed to convert the
transmission control sub-problem, which was then solved by GP. Simulation results
show that the proposed algorithm significantly improves the network utility and
achieves a higher sensing detection probability. Additionally, we analyzed the trade-
off between communication and sensing performance in detail. Although this paper
focused on the NR systems, it can also be extended to the other ISAC systems, e.g.
vehicular network [37], which is left for future work.
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