~IEEE

IEEE Open Journal of the

(.omSoc Communications Society

This work was supported in part by the National Key Research and Development Program of China under Grant 2020YFA0711301; in part by the National Natural

Received 12 April 2024; revised 28 May 2024; accepted 22 June 2024. Date of publication 1 July 2024; date of current version 5 August 2024.
Digital Object Identifier 10.1109/0JCOMS.2024.3421234

Radio Map-Based Spectrum Sharing for Joint
Communication and Sensing

XINRAN FANG " 2 (Student Member, IEEE), WEI FENG ~ 12 (Senior Member, IEEE),
YUNFEI CHEN"“'3 (Senior Member, IEEE), DINGXI YANG"' 12, NING GE “ 2 (Member, IEEE),
ZHIYONG FENG "4 (Senior Member, IEEE), AND YUE GAO 5 (Fellow, IEEE)

1Department of Electronic Engineering, Tsinghua University, Beijing 100084, China
2State Key Laboratory of Space Network and Communications, Tsinghua University, Beijing 100084, China
3Department of Engineering, University of Durham, DH1 3LE Durham, U.K.
4School of Information and Communication Engineering, Beijing University of Posts and Telecommunications, Beijing 100084, China
5School of Computer Science, Fudan University, Shanghai 200433, China
CORRESPONDING AUTHOR: W. FENG (e-mail: fengwei@tsinghua.edu.cn)

Science Foundation of China under Grant 62341110 and Grant U22A2002; and in part by the Suzhou Science and Technology Project.

ABSTRACT The sixth-generation (6G) network is expected to provide both communication and sensing
(C&S) services. However, spectrum scarcity poses a major challenge to the harmonious coexistence of
C&S systems. Without effective cooperation, the interference resulting from spectrum sharing impairs
the performance of both systems. This paper addresses C&S interference within a distributed network.
Different from traditional schemes that require pilot-based high-frequency interactions between C&S
systems, we introduce a third party named the radio map to provide the large-scale channel state information
(CSI). With large-scale CSI, we optimize the transmit power of C&S systems to maximize the signal-to-
interference-plus-noise ratio (SINR) for the radar detection, while meeting the ergodic rate requirement
of the interfered user. Given the non-convexity of both the objective and constraint, we employ the
techniques of auxiliary-function-based scaling and fractional programming for simplification. Subsequently,
we propose an iterative algorithm to solve this problem. Simulation results corroborate our idea that the
extrinsic information, i.e., positions and surroundings, is effective to decouple C&S interference.

INDEX TERMS Joint communication and sensing (JCAS), large-scale channel state information (CSI),

power allocation, radio map, spectrum sharing.

I. INTRODUCTION

HE ADVENT of the fifth-generation (5G) network has

ushered in a myriad of applications, ranging from
automatic driving and smart manufacturing to telemedicine.
These applications not only demand high communication
data rates but also require precise sensing. The vision of
enabling both communication and sensing in the sixth-
generation (6G) network has become increasingly clear.
Driven by the ever-lasting demands, both communication
and sensing (C&S) systems are increasing their scale in
full swing. However, their progress faces a significant
obstacle of spectrum scarcity. The interference caused by
spectrum sharing impairs the functionalities of both C&S

systems [1], [2]. To coexist C&S systems and further build
an integrated C&S network, the joint communication and
sensing (JCAS) has become a heated topic in both academia
and industry.

In the literature, investigations on JCAS can be classified
into two categories [3]. The first is C&S coexistence. In
this case, C&S functions are implemented using separate
hardware modules. Due to the spectrum scarcity, C&S
systems share spectrum resources. Consequently, they need
to negotiate spectrum usage, power allocation, and temporal
coordination to minimize interference. Additionally, the
similar hardware structure and signal processing procedures
of wireless communication and radio sensing have spurred
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the C&S integration. In this case, C&S functions are
implemented by a common hardware. This integrative
approach offers potential advantages in terms of cost-
efficiency, reduced power consumption, and compactness and
simultaneously facilitates a more versatile usage of radio
resources. In the subsequent sections, we review related
studies on C&S integration, followed by discussions on C&S
coexistence.

Regarding C&S integration, corresponding studies can be
subdivided into three categories. The first is the radar-centric
approach, that uses radar platforms to transmit information [4],
[51,[6],[7]. Inthe early stage, Hassanien et al. conducted several
representative works, which modulated the radar sidelobe to
achieve communication capabilities [4], [5]. However, such
schemes have a drawback of low data rates. Furthermore, the
index modulation was incorporated into radar-centric designs.
This technique uses a set of candidates, such as waveforms [6]
and transmit codes [7], and embeds the information into
the permutation and combination of these elements. Due to
the vast number of possible permutations and combinations,
the system can transmit data at Mbps rates without substantial
modification of the primary radar signal. The second is
the communication-centric approach. Related studies mainly
investigated signal processing schemes to extract information
from communication signals. For example, Kumari et al.
applied the preamble of IEEE 802.11ad for the target detection
and parameter estimation, demonstrating that centimeter-level
accuracy is achievable thanks to the perfect auto-correlation
property of the preamble [8]. Pucci et al. explored the sensing
capabilities of the orthogonal frequency division multiplexing
(OFDM) waveforms. The authors derived the expressions of
the detection probability and the root mean squared error of the
position and velocity estimation [9]. The third category is the
novel waveform design, which aims to provide flexible C&S
services using a new dual-function waveform. For example,
Sturm and Wiesbeck discussed the basic requirements of
the dual-function waveform and the processing techniques to
extract information [10]. Liu et al. proposed a solution to
balance C&S by minimizing a weighted objective of inter-user
interference and deviations from constant-modulus waveforms.
The authors also developed alow-complexity algorithm to facil-
itate practical implementations [11]. Xiao and Zeng proposed a
full-duplex JCAS platform which leverages the idle window of
probing pulses to transmit communication bits. The proposed
scheme achieved a higher data rate than radar-centric schemes
and better sensing performance than communication-centric
schemes [12].

Compared with C&S integration, which requires a long-
term effort, the severe spectrum scarcity makes C&S
coexistence a more urgent task at present. In this paper, we
thus concentrate on the interference mitigation between C&S
systems. Related works are reviewed as follows. In the early
stage, related studies were mainly unilateral which optimized
either the radar side or the communication side [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25].
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On the radar side, Bica et al. used mutual-information-based
criteria to optimize the radar waveform [13]. Babaei et al.
introduced a null-space precoder that confines radar signals
within the null space of interference channels [14]. Shi et al.
considered the inaccuracy of channel state information
(CSI) and proposed a power minimization scheme, with
the C&S requirement serving as the constraints [15].
Kang et al. optimized the radar beampattern to manage its
radiating energy in spatial directions and spectral frequency
bands [16]. Alaee-Kerahroodi et al. proposed a cognitive
radar waveform and validated its effectiveness using a
custom-built prototype [17]. On the communication side,
Yousif et al. devised a linear constraint variance minimization
beamforming scheme to control the interference leakage
from the base station (BS) to radars [18]. Raymond et al.
utilized a spatio-temporal analytical method to quantify the
instantaneous and average interference suffered by radar
from neighboring BSs. Building upon this analysis, they
introduced an adaptive BS power control strategy that
simultaneously safeguards primary radar operations while
ensuring effective cellular communication [19]. Singh et al.
explored spectrum sharing between a full-duplex multi-input
and multi-output (MIMO) BS and a MIMO radar. The
authors proposed a power allocation scheme which takes the
detection probability as the objective, subject to the signal-
to-interference-plus-noise ratio (SINR) requirements for both
uplink and downlink communications [20]. Labib et al.
examined the coexistence between the radar and LTE system.
The authors proposed a stochastic optimization scheme
to maximize the BS transmit power within the bound of
acceptable interference at the radar side [21]. Liu et al.
investigated the coexistence between a MIMO radar and a
multi-user MIMO communication system. They proposed a
robust communication precoding scheme to maximize the
detection probability while ensuring the minimal SINR of
downlink users [22]. Moreover, the authors further paid
attention to practical limitations in C&S cooperation [23].
They investigated the channel estimation and radar working
mode judgment under different levels of prior knowledge of
the radar waveform. Recently, Wang et al. and Shtaiwi et al.
introduced the reconfigurable intelligent surface (RIS) to
the C&S network. Both of them investigated the joint
BS and RIS precoding scheme to exploit the degrees of
freedom (DoFs) of RIS for controlling C&S interference
[24], [25].

Due to the limited DoFs, the unilateral schemes sometimes
are insufficient to control interference effectively. The joint
C&S cooperation is accepted as a more effective means [26],
(271, [28], [29], [301, [31], [32], [33], [34], [35], [36], [37],
[38]. Wang and Li considered a single-antenna C&S network
and proposed a joint power allocation scheme from both
radar-centric and communication-centric perspectives [26].
Furthermore, the authors extended the power allocation
scheme to multi-carrier C&S systems with additional con-
sideration of the clutters [27]. Martone et al. proposed a
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multi-objective optimization scheme, which adjusts power,
frequency, and bandwidth parameters to maximize both
C&S criteria [28]. Considering the competing relationships
between C&S systems, Mishra et al. modeled C&S interac-
tions as a two-person zero-sum game and proposed a power
allocation strategy to find the equilibrium between C&S
systems [29]. Tian et al. applied mutual information as the
metric of radar sensing and proposed a power allocation
scheme that simultaneously maximizes mutual information
of radar sensing and communication data rate [30]. Li and
Petropulu investigated the matrix-completion-based radars in
the coexistence design. With additional DoFs of subsampling
of this kind of radar, they established an optimization
framework that maximized the radar SINR with the con-
straint of the communication rate [31]. Rihan and Huang
investigated the spectrum sharing between MIMO radar
and MIMO communication systems. The authors proposed
a two-tier alternating optimization scheme based on the
interference alignment approach, which optimizes transmit
precoders and receive spatial filters to maximize both the
radar SINR and communication sum rate [32]. Qian et al.
jointly optimized the radar transmit waveform, receive
filter, and code book of the communication system in a
clutter environment. To ensure the estimation accuracy, the
authors took the waveform similarity as a constraint in
the optimization [33]. Given that the interference generated
by pulse radars is not constant, Zheng et al. proposed a
novel metric named the compound rate to measure the
communication performance under varying interference [34].
He and Huang proposed a robust coexistence scheme with
the objective of minimizing C&S power. The probability that
C&S SINRs are below a certain threshold was constrained
within a small value [35]. In addition to optimizing the
detection performance, Cheng et al. minimized the Cramér-
Rao Bound of the angle estimation by optimizing the
radar waveform and communication transmit vectors [36].
Grossi et al. maximized the energy efficiency of the
communication system while ensuring the received SINR
of radars [37]. Qian et al. jointly optimized the radar
receiver and communication transmitter to maximize the
mutual information between the probing signals and received
echoes [38].

Although the studies mentioned above offered valuable
insights into mitigating interference between C&S systems,
a gap persists between the theoretical investigations and
practical deployment. In many cases, practical conditions
cannot support the perfect CSI assumption used in the
literature. First, obtaining full CSI requires pilot-based
channel estimation. It is nearly impossible for existing C&S
systems to alter their hardware and software for receiving the
counterpart signals. In addition, acquiring full CSI is costly.
C&S systems have to send pilots, estimate CSI, and exchange
CSI data during each channel coherence time, resulting in
heavy signaling overhead. Moreover, C&S systems are not
robust using the pilot-based cooperation. The inaccuracy of
CSI would degrade cooperation efficiency, impacting the
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provisions of C&S services. Given these challenges, the
pilot-based C&S cooperation may be not a practical choice
in real-world applications.

Motivated by the above drawbacks, we propose a radio-
map-based C&S cooperation framework. A third party
named the radio map is introduced to exploit extrinsic envi-
ronmental information to estimate the large-scale CSI. By
doing so, the pilot-based high-frequency C&S interactions
are bypassed. The main contributions of this paper are
summarized as follows:

1) We propose a radio-map-based C&S cooperation
framework to mitigate C&S interference in a dis-
tributed network. Unlike traditional channel estimation
relying on pilots, the radio map utilizes extrinsic
environmental information to estimate the large-scale
CSI. Leveraging the large-scale CSI, we propose a joint
power allocation scheme that takes the radar SINR as
the objective and the ergodic user rate as the constraint.

2) The formulated problem includes both the non-convex
objective and constraint. To tackle the absence of
a closed-form expression of the ergodic rate, we
construct auxiliary functions and employ the scaling
technique. To handle the fractional expression of
the radar SINR, we apply the quadratic transforma-
tion. Building upon these techniques, we propose
an iterative algorithm to solve this problem in low
complexity.

3) We employ a learning-based method to construct
the radio map and utilize its predicted large-scale
CSI to implement the proposed power allocation
scheme. Simulation results validate the effectiveness
of incorporating extrinsic information to coexist C&S
systems in a loosely cooperated manner.

In addition, this work represents an extension of our
previous work [39]. Unlike [39], which assumed the radio
map is ready-made, this work unites the map construction
and usage to provide a complete radio-map-based frame-
work. We enhance the mathematical work with detailed
proofs and conduct unified simulations by incorporating the
radio map and proposed power allocation scheme. More in-
depth discussions and insights are also provided throughout
the paper. Therefore, this work is a necessary extension and
enhancement of our previous work.

The remainder of this paper is organized as follows. In
Section II, we introduce the system model and concrete
the concept of the radio map. Section III presents the
joint power allocation scheme and the iterative algorithm.
Section IV introduces simulation results and Section V draws
conclusions.

Throughout this paper, vectors and matrices are repre-
sented by lower and upper boldface symbols, respectively.
CM*N represents the set of M x N complex matrices and
(¥ is the operation of the transpose conjugate. The complex
Gaussian distribution of zero mean and o variance is
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FIGURE 1. lllustration of the pilot-based C&S cooperation framework and the
proposed radio-map-based C&S cooperation framework.

denoted as CN(0,02). Ey(-) is the expectation operation
with respect to s.

Il. SYSTEM MODEL
In Fig. 1, we illustrate the pilot-based C&S cooperation
framework and the proposed radio-map-based C&S coop-
eration framework. As shown in Fig. 1 (a), the pilot-based
C&S cooperation framework requires both signal-level and
data-level interactions between C&S systems. Within each
channel coherence time, C&S systems exchange pilots,
CSI data, C&S requirements, and allocation results. The
two systems are tightly coupled by high-frequency and
heavyweight interactions. In contrast, the radio-map-based
framework only requires low-frequency and lightweight C&S
interactions. Instead of using pilots to estimate channel
conditions, C&S systems send original data to the radio
map and get the large-scale CSI back. With the radio-
map-predicted large-scale CSI, C&S systems only need to
negotiate their requirements and resource allocation results.
Their negotiation frequency is the same as the varying
frequency of the large-scale fading, which changes slowly.
C&S systems thus work in a loosely cooperated manner.
Based on the proposed framework, we illustrate our
radio-map-based distributed C&S network in Fig. 2. The
communication system is composed of M, distributed BSs.
These BSs are connected to a common processing center.
They serve users in a user-centric manner. To avoid inter-user
interference, different users are allocated with orthogonal
frequency bands. The sensing system is composed of
M, distributed radars. These radars operate in the same
frequency band and use the orthogonal signals to tell from
each other. Radars detect a common target. The detection
results are sent to the fusion center to calculate the final
decision. In addition to C&S systems, a third party named
radio map is placed in the network to estimate the large-scale
CSI. To facilitate the negotiation, optical fibers connect the
communication processing center, radar fusion center, and
radio map. In this network, C&S systems share spectrum
resources. We concentrate on one user whose allocated
frequency band is overlapped with radars. The models and
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cooperation framework. The modules of the Inication sy , sensing sy 3
and the radio map are depicted by the blue, green, and yellow blocks, respectively.

expressions can be extended to the case of multiple interfered
users with few changes.

A. RADIO MAP MODEL

In Fig. 3, we illustrate the working regime of the radio-
map-based C&S cooperation framework. As depicted by the
yellow blocks, the radio map includes two key modules:
data management and radio map estimator. The practical
implementation of the radio map involves three steps: data
collection and map construction, integration with C&S
systems, and map update. Initially, the data management
module extensively collects data. These data are collected by
the approaches such as numerical calculations using the ray-
tracing method and on-site measurements [40]. The original
data generated by C&S systems in their daily operations can
also be sent to the radio map. The data are preprocessed by
the data management module and handed over to the radio
map estimator, which is responsible for constructing the radio
map. In the literature, the map construction methods can
be divided into two categories: model-based and data-based.
Model-based methods are based on a prior model and use
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collected data to estimate model parameters. Conventional
channel models are a kind of model-based radio maps.
These channel models are broadly categorized according to
the transmission environment, e.g., urban, sub-urban, rural,
and sub-rural [41], and the model parameters are estimated
using the data collected from corresponding environments.
However, due to the rough division, radio maps generated
from model-based methods cannot accurately describe spe-
cific environments. Data-based methods, on the other hand,
use data exclusively to construct the radio map. Related
data-learning methods include kernel-based learning, kriging,
dictionary learning, and deep learning [42]. These radio maps
are environmental-aware and capable of providing accurate
radio information for the areas where the data are collected.
However, data-based methods suffer from the high cost of
data management and high computational complexity [43].
Therefore, some studies begin to explore combining these
two methods in the construction' [44], [45]. Afterwards,
the second step is to integrate the radio map into C&S
systems. The radio map provider needs to negotiate with
C&S systems on the specifics such as the required original
data, the provided information and the frequency of this
provision. The third step involves the map update. To reflect
the dynamic environment, the data management module
persistently gathers and processes data. The newly collected
data are periodically relayed to the radio map estimator,
which updates the radio map to capture the dynamics of the
real world.

In our framework, the radio map works to provide the
large-scale CSI. It maps position data, i.e., the transmitting
and receiving (T&R) positions, into large-scale CSI [46].
This position information is collected by the data manage-
ment modules of C&S systems. They send T&R positions
to the radio map and get the corresponding large-scale
CSI back. With the large-scale CSI, the C&S resource
management module runs the built-in algorithm, calculating
the resource allocation results. Then, these results are
sent to resource management modules of C&S systems
and being implemented. In the presented figure, the C&S
resource management module resides in the radar side.
Consequently, the communication system sends its T&R
positions to the radar fusion center, enabling the C&S
resource management module to know the large-scale CSI
of both systems. The C&S resource management module
can alternatively be positioned within the communication
processing center, integrated into the radio map, or function
as an independent party to provide interference mitigation
solutions. The specific configuration can be flexibly adapted
to practical situations.

To demonstrate the feasibility of the proposed framework,
we present a case study of the radio map. A ray tracing
software named Wireless Insite was introduced to calculate
the large-scale CSI, which is regarded as the ground truth

n this paper, the radio map exclusively refers to the map that is
constructed for a certain area and is environmental-aware.
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data. In Fig. 4 (a), we illustrate the layout set in the software.
It is a 5000 m x 5000 m rectangular area, covering the
range of [—1500 m, 3500 m]. There are randomly distributed
buildings and lawns. In this simulation, we equally divided
the layout into 4 x 10* grids and placed a virtual receiver
at each grid point. The software was used to calculate the
channel gain between the transmitters (BSs and radars) and
virtual receivers. We thereby obtained 4 x 10* data points
for each BS and radar. Using the 4 x 10* data points and the
corresponding positions of the virtual receiver, we trained a
multi-layer perceptron (MLP) for each BS and radar. The
structure of the MLP is presented in Fig. 4 (b). During
data preprocessing, we applied the max-min normalization
to scale the data within the range of [—1, 1]. Our MLP takes
the normalized receiving position, i.e., [x,y], as the input
and takes the normalized channel gain, i.e., 1, as the output.
The MLP has five hidden layers with [32, 64, 128, 64, 32]
neurons and between these layers the hyperbolic tangent
function is used as the activation function. For training,
we employed the Adaptive Moment Estimation (ADAM)
optimizer and used the default parameters as defined in
TensorFlow: learning rate of 0.001, 8 = (0.9, 0.999), and
€ = le — 8 [47]. The network was trained over 6000 epochs
with a batch size of 128, and the mean square error (MSE)
was the loss function. Additionally, the learning rate was
halved every 2000 epochs to refine the learning process. In
Fig. 4 (c), we present the large-scale CSI map estimated by
the radio map estimator of BS, #1. For comparison, large-
scale CSI maps generated by Wireless Insite and estimated
by the curve fitting method are also presented. The curve
fitting method is based on a generic channel model [48]:

L(d, f) = alog(d) + 20logo(fe) + B,

where L represents the path loss, d is the T&R distance,
and f, is the carrier frequency. We applied the least squares
method to calculate @ and 8. The used data are the same
as those used for constructing the radio map.

Through comparisons, we can see that the radio map
provides a more accurate approximation to the real large-
scale CSI compared to the curve fitting method. This is
because the radio map is environment-aware. By incorpo-
rating T&R positions, the radio map considers the losses
caused by specific geographical factors along this link. It
thus delivers more accurate large-scale CSI than generic
empirical models. In addition, we discuss the applicability of
the proposed framework for different moving-speed targets.
As shown in Fig. 3, the update frequency of the large-scale
CSI determines the interaction frequency between the radio
map and C&S systems. In the scenario of slow-moving
targets, the large-scale CSI is slow-varying. As a result,
the radio map and C&S systems only need low-frequency
interactions. While in the contexts with high-speed targets,
C&S systems need high-frequency interactions to update the
target position and large-scale CSI. This lets C&S systems
to be tightly coupled. In addition, to adequately cover the
area of target activities, the radio map needs to be large,
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These data are obtained by dividing the layout into one million grid points and calculating the channel gain between each grid point and the BS, #1, using the Wireless Insite,

radio map and curve fitting method.

which greatly increases its construction and maintenance
costs. The benefits of our radio-map-based framework over
traditional pilot-based framework become less pronounced.
Therefore, this paper primarily focuses on the applicability of
our radio-map-based framework in the scenarios with slow-
moving targets. Potential extension to fast-moving targets
necessitates the development of cost-effective algorithms for
large-scale radio map construction and update.

Moreover, the radio map, recording the information of
the electromagnetic environment, its usage is more than
C&S coordination. With enhanced environmental awareness,
the radio map contributes to the efficiency of networks,
facilitating a smarter utilization of the spectrum resources.
For example, radio maps help in dynamic spectrum manage-
ment by identifying spectrum usage patterns and detecting
interference sources. They also assist in urban sensing by
providing electromagnetic profile data, which help determine
the location and size of buildings. Additionally, radio
maps play an active role in localization, enabling accurate
positioning by comparing real-time signal measurements
with pre-constructed radio maps. In security applications,
radio maps assist in detecting unauthorized devices and
monitoring signal activities within a specified area. Radio
maps can also be applied in environmental monitoring, such
as assessing air conditions by providing signal propagation
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attenuation data. By incorporating the radio map with other
advanced technologies, e.g., machine learning and Internet
of Things (IoT) [49], the sensing accuracy, communication
efficiency, and overall intelligence will be greatly enhanced.
However, realizing the full potential of radio maps neces-
sitates dedicated research efforts in several key areas. Fast
and efficient map construction and update are critical to
ensure the radio map remain effective for the dynamic elec-
tromagnetic environment. Seamless integration with C&S
systems requires the development of interoperable standards
and protocols. Moreover, striking a balance between the costs
and benefits of the radio map is paramount to ensure its
widespread deployment. We call for more research efforts
to explore these promising avenues further.

B. CHANNEL MODEL

In this subsection, we introduce the channel model. We
assume that BSs and radars are equipped with a single
antenna. This is because, in MIMO systems, the precoding
scheme that exploits the multiplexing gain requires perfect
and instantaneous CSI [50]. With only large-scale CSI,
multiple antennas are equivalent to a combined antenna
for both BSs and radars. The interfered user is assumed
to have N, antennas, which are used to receive signals
from distributed BSs. On this basis, we denote the BS-user
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i.e., BS-radar link and radar-
hguc] € CNexMe h . €
CMex1 and h,,_,. € C*Ne, respectively, where i denotes the
index number of radars. They are modeled by the composite
channel model:

link and interference links,

user link as Hf = [hg,hg,...,

H. = (L)'’
hc—)ri = (Lc—>r,-)l/2sc—>rl-a
hri—>c = (lr,-—>c')1/2

where L, € CMe>Me 1., e CMe>Me | and I,,_,. denote
the large-scale fading. L. and L._,,, are diagonal matrices
whose j-th diagonal elements are denoted as Ic; and ;.
S, € CMcxNe, Sc—r, € CMex1 and Sr—>c € (CIXM denote
the small-scale fading, whose elements are uniformly and
independently conformed to the Gaussian distribution, i.e.,
CN(0, 1). For the two-way links between the radars and
target, ie., H, = [h;,....h, ] € CMr<M; " they are
modeled by the determined channel model. This is because
when we consider the target in the sky, the corresponding
air-to-ground channel is dominated by the line-of-sight path
with little random fading.

Sri—>c, (1)

C. SIGNAL MODEL

Denote the transmit signals of radars and BSs as x,(f) =
[ (@), s Xy, O] and xe (1) = [xe (), . Xy, (O,
respectively. The radar emits N pulses within a coherent
processing interval (CPI): N repetitions of an orthogonal

waveform, i.e., x, () = Z;V;ol Prittr; (t — nt)d?mlet |t e
[0,7],n=1,...,N, where p,, is the transmit power of the
i-th radar, u,,(¢) is the complex envelop of a radar pulse,
which has unit energy, f. denotes the carrier frequency, and
T is the pulse duration. Similarly, the communication signal
is expressed as: x.,(f) = ny:_ol o Deitic;(t — nt)e?el |t e
[0,7],n=1,...,N, where p., denotes the transmit power
of the i-th BS and t is the duration of a communication
symbol.> Denote the bistatic delay from the j-th radar to
the i-th radar as 7., the bistatic delay from the j-th BS
to the i-th radar as 7., and the Doppler shift from the
Jj-th radar to the i-th radar as fdr%r The received signal
of the i-th radar is given by (2) (shown at the bottom of
this page), where w,,(¢) is the noise received by the i-th
radar.

The received signal first goes through the down conversion
(remove the term e2fel in (2)) and then goes through a
matched filter (MF) to extract the echoes of its own probing
signals. The MF of the i-th radar is u (—p)¢/*™/4i—n" [51],
wherefdr _,; 18 the estimated Doppler Shlft The output signal
of the MF is given by (3) (shown at the bottom of this page)
where ;; £ e et i Aj:iar, =Jfdr s, —fa, .
the Doppler shift error, e;(f — To—ry — nr) is the MF output
of the j-th BS signal, and x; (¢, f) is the ambiguity function,

2In this paper, we assume that the pulse duration of radars is the same
as the symbol duration of BSs and C&S systems use the same sampling
rate, ie., + [32], [37].

N—1
27 \fetdr— r, —Trj—r;
yh(t) = Zh ar,(t)\/Pr< urj( Tri—ri nf))ej ﬂ(erfd,] 1)(t j ’)
n=0
N—1 o f( )
Tfe\t—Te;>r:
Zhh%h(”\/ﬂc < MLJ l_ Tej—>ri — nf)>él T+ w (D), (2)
n=0
oF
Y (1) = ai,ihr,—ni (t)\/priXi,i(t = Tri—r — T, AC‘{_,,,>€] Wit
M, -
T fdy,—sr;
D il O (1 = Ty = AL )
J=1j#i
M.
+ ) R () Pgei(t = Tgmry — nT) 4wy (1), 3)
J=1
2y, 1
yr(n) = o ihgﬁri(tirn)«/[?r,-)(ii( it Afrfﬁn)e/ Ty 1y
2 oyt
+ Z a]' r,~>r, ln)\/pr X]'( rj—=>ri’ Cj*)}',-)e s
1—1/#1
Zh _,,, [ /ppej( _,,,_)+w,-,.(t£n),n:l,...,N, 4)
oo Pralhr, (1, ) Pltia (A7 A8 ) 2
pPilly, Fe) =
. H
M, M, )
Zj:1,j¢ipr/|hr,—>r,< <l£n>|2‘Xj,i<Af/%ri, Afr{,l—>r,<)|2 + E(ijl Pc,-%'(Ag/»ri) e/<AL/4r,)|hc]—>r, ( i ,,)|2 + WH (lr )Wri (t:”)>
pr,lhr,-ﬁnlz‘)(ii< r,%r,AC,L»r,>|2 (5)
= m
Zj:]yj#iprj|hrj~>r, |2|Xj,i( rj—ri’ Arzjﬁr,)‘ +Z/ 1 Lj»r,ch +O'2
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which is given by
005 = [0l = 0P, ©)

Then, the output signal is sampled at the pulse rate, obtaining
the samples at the time instants tl . Where ti” 0 = Trsr +
Al tnt,n=1,...,N, and Ar_” is the delay error.
The output samples are given by (4) (shown at the bottom
of the previous page), where A’ — Tj—r; and
Afj—m £ On this basis, we calculate the
averaged SINR of the i-th radar, which is given by (5)°
(shown at the bottom of the previous page), where P, =
diag{p,,, .. .,per} P. = diag{p,,, ... s Pey, 1, eJ(AC_)rl) 18
assumed to conform the CA/(0, 1) distribution and wy, (t’ )
conforms the CA(0, o2) distribution.

To focus on the problem, we assume that the delay and
Doppler shift are compensated, i.e., Af_,, =0, Aé‘fﬁrl =0,
and the orthogonality of radar waveforms holds across the
whole delay-Doppler plane, ie., xii(Af_,, Ar‘f_m) =1
and x; (A} _)r,A];;.’_m) = 0. Under this assumption, the
received SINR of the i-th radar is given by

rj=>ri = Tri—>r

Tri—ri = Tej—ry-

Pl Pt (85 Sy ) 2
pi(Py ) = —-
Zj:rl_j#,'prjlhriﬁr;‘ |X/.i( rj~>r,’Al/‘/4’"i)|2+Zj:1 rjﬁr,ljrjﬂ‘gz
I 1 7] N 1 L %)

M, 5
Zj:l lfr‘]%l‘ip(,‘j +02 o Pe)

where 0,2 (P,) denotes the interference-plus-noise suffered by
radar i. In our setting, radar uses the generalized likelihood
ratio test to judge the presence of the target. The detection
probability and false alarm probability, denoted as Pp, and
Pp,, are calculated as follows [15],

)lfN

{PDi()Oi(Prv Po), i) = (1+ lf—@m ®)

Pr.(wi) =1 —pu)V 1,

where u; is the detection threshold determined by the false
alarm probability. Given the requirement of the false alarm
probability, Pp, is a function of the radar SINR. Therefore,
we take the radar SINR as the sensing metric.

As for the communication system, since the distributed
BSs work in a user-centric manner, they would estimate the
transmission delay and compensate delay differences before
sending communication signals. Therefore, the interfered
user receives nearly aligned signals from distributed BSs,
ie., T, = T¢, vj:

N—1

M,
=3 hgm( INCTREE )

N-1 _
+ Zhr/—"(t)< D /Pt (1 = n — ’r./)e]Mﬂ‘(t_njU
n=0
+ we (D), )

3We assume the two-way channel between the radar and the target and
the large-scale CSI of the interference channels keep unchanged within a
CPI, and omit the time index tlf' L in (5).
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where we do not consider the Doppler shift by assuming
the interfered user is relatively static. Afterwards, the
communication signal goes through the down conversion and
is sampled at symbol rate: t; =nt +1.,,n=1,...,N. The
sampled signal is given by

YL(n) ZhH PcjlUc; (O)eﬂnfr(#_n) +
Mr
/27{]‘( n T,
r,~>c( )\/pr,urj( rjac) ( /)
=1
+we(t5),n=1,...,N, (10
where AT £ 1. — 1, and w(15) € CNex1 g the white

noise that conforms to the CA (0, O'2INC) distribution. The
averaged interference-plus-noise suffered by the interfered
user is calculated by

§ : c
p"] r—>c n

o2(P,) = )hy e (5)

(Aﬁ—w)ur] (A: —>c> + WC(IZ)Wf(tz)

M,

= (Z lyy—>cpr + 02>INC-

J=1

(1)

Given the large-scale CSI, the ergodic rate of the interfered
user, denoted as R(P,, P,), can be calculated:

i} HP.H
R(P.,P,) =g |log, det( Iy, + —5—=—)|. (12
i Uf(Pr)

Remark 1: Since we assume the delay and Doppler shifts
are perfectly compensated, (7) and (12) give the optimistic
description of the radar SINR and the communication ergodic
rate. This aligns to the reality when the delay and Doppler
shift errors are small and works effectively for the literature
investigation, e.g., [26], [27], [30], [32]. Here, we simply
discuss how the delay and Doppler shift are measured and
compensated in C&S systems.

As for the radar side, this measurement is implemented
by applying a set of MFs with distinct Doppler shifts to
match the received echoes and sampling the output at a given
rate [52]. Therefore, the delay error and the Doppler shift
error are given by: |[Az| < 3, [Ag| < — , Where T is the
sampling frequency and Afd is the frequency interval of the
MFs. As for the communication system, the user position is
collected for the delay estimation. Based on the estimated
delay, BSs compensate the delay differences in advance,
ensuring the signals arrive at the same or closely matched
time. Then, the receiver further mitigates time discrepancies
according to the insert timing signals. The residual tiny
differences would not impact the symbol-level decoding. The
Doppler shift compensation is achieved by signal processing
methods such as the adaptive equalization. In terms of fast-
moving scenarios, 5G system uses the extended cycle prefix
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in OFDM waveforms to bypass the inter-symbol interference
caused by the Doppler shift.

Compared with the communication system that serves
for the user who is cooperative, the radar needs to detect
the unknown target, which makes it more difficult to
perfectly compensate the delay and Doppler shift. In the
case of no negligible error of the delay and Doppler shift,
the auto-term in (5) becomes less than 1 and the cross-
term is no longer zero, i.e., X,-,i(Aﬁi_),iAj;‘f_),i) < 1 and
Xj,i(Af,- S A{f_)ri) > 0, which lowers the value of the
received SINR. We discuss the impacts of the imperfect
delay and Doppler shift compensation in the simulation.

lll. LARGE-SCALE-CSI-BASED POWER ALLOCATION

A. PROBLEM FORMULATION

Leveraging the large-scale CSI, we take the minimal received
SINR of radars as the objective and the ergodic rate
requirement of the interfered user as the constraint. Given the
maximal transmit power of BSs and radars, denoted as Py
and P4y, and the power budgets of C&S systems, denoted
as Pegym and Prg,y, the joint power allocation problem is
formulated as follows:

(P1) max min p;(P,, P.) (13a)
P..P, ic[1,M,]

s.t. RPe,Py) > Ry (13b)

Oy, <P X Pemax - Iy, (13¢)

0y, <X Pr < Prpax - Iy, (13d)

tr(Pe) < Pesum (13e)

tr(Py) < Proum, (13f)

where (13b) is the ergodic rate requirement of the interfered
user, (13c) and (13d) are the maximal transmit power
constraints of BSs and radars, and (13e) and (13f) are the
sum-power constraints of C&S systems. In addition, while
the proposed scheme primarily takes the radar SINR as the
objective, the communication performance is preferentially
satisfied as we consider it in the constraint. In practical
implementations, the ergodic rate threshold is adjusted to
meet the requirement of the interfered user. However, this
needs manual adjustments of the threshold parameter to
provide satisfying C&S solutions for different scenarios. To
achieve a more adaptable balance between C&S functions,
a compound metric that can uniformly measure C&S
performance is necessary. We call for more research attention
to this direction, which would present exciting revenues for
the further development of JCAS.

B. ITERATIVE ALGORITHM
1) CLOSED-FORM APPROXIMATION

(P1) is highly complex due to the non-convexity of the
objective and constraint. The most challenging aspect is
the ergodic rate expression (12), which is encapsulated
within the expectation operation and lacks a closed-form
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representation. To address this challenge, we first introduce
an approximation to R(P., P,) [53]:

Me Nele.p
- o _ cleiPe;
Ryp(Pe, Ppv™) = glogz(l + W>
1
+ Nclog, (v¥) — Ne 10g2(e)[1 - v—*},
(14)

where v* is determined by the following fixed-point equation,

M,
- leipe;

1
- — = .
V¥ ; Vo 2(Py) + Nelepe;

15)

The aforementioned approximation is derived under the
assumption that transmitters and receivers are equipped
with an infinite number of antennas. In this limit, the
random channel matrix tends to be determined. Leveraging
the random matrix theory, we can extract the expectation
operation and derive this approximation. Readers can refer
to [53] for a detailed proof. On this basis, we transform (P1)
into the following problem,

(P2) max min p;(P,, P.) (16a)
P..P, ic[1,M,]

s.t. Rap(Pe, Prov*) > Ry (16b)

1y 5P —1 (16¢)

v ; Vo2 ®) t Nelpy S

O, < Pe =< Pemax - Ina, (16d)

Or, < Pr <X Prnax - In, (16e)

tr(Pe) < Pesum (16f)

tr(P,) < Proum. (162)

However, I_?ap(PC, P,,v*) remains a complex expression. It
includes a fixed point v*, which is determined by the
nonlinear equality (16c). To address this challenge, we apply
auxiliary functions and scaling techniques, as detailed in the
next subsection.

2) AUXILIARY-FUNCTION-BASED SCALING

We use the right side of (15) to replace the term [1 — vi*]
in (14). This introduces an auxiliary function, denoted as
g(PC’ Pr’ Z):

Nclc/-pc]-
202 (P;)

M.
gP., P2 = Z 10g2(1 + ) + N log,(2)
=1

M,
- le.pe:
_ N, log, (e) G (17)
j§—1 clogy |:zocz (Py) + Nele;pe;

Obviously, when z = v*, g(P.,P,,z) has the following
connection with the ergodic rate expression:

Rap(PCa P, v") = g(P., Py, 2) (18)

z=v*
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In addition, we propose the following Lemma.
Lemma 1: On the condition of N, > M., the following
equation holds:

Rap(Pe, P, v¥) = max g(Pe, Py, 2). (19)
I<z=v*

Proof: See Appendix A. |

Based on the lemma, the ergodic rate constraint (16b)
can be converted into a less-than-max inequality and further
scaled into

Rap(Pe, P v*) > Ry = max_ g(Pe, Py, 2) > Ry
1<z<v*

g(Pc‘v Pr’ Z) = Rreqa
:>{1§ZSV*. (20)
On this basis, we rewrite (P2) as
(P3) max min p;(P,, P.) (21a)
PP, zie[1,M,]
s.t. gPe,Pr2) > Rreq (21b)
l<z<V* (21¢)
1 & le.p
ire

— + =1(1d)

v ; Vo2 (Py) + Nelepe,
OMC = Pc = Pcmax : IM( (216)

0Mr = Pr = Prmax ' IM, (21f)

tr(Pe) < Pesum (21g)
tr(P,) < Prum. (21h)
Moving forward, we reorganize g(P., P,, z) as
M,
= Nclc-pc-
g(P,P,Z):-lOg (6) ——
e, Pr 2 ; 202 (P;) + Nele;pe;
NClL“pC'
+1In(l— e + N¢log, z.
( Zacz P,) + NClepCj creR
(22)

Through observations, it is easy to find that the fraction term,
Nclr Pc
zoZ(Pr)+NClC
by this, we 1ntroduce a group of variables, denoted as t =
{tj}jﬂil, to replace these fraction terms. Then, we transfer the

auxiliary function g(P., P,, z) into G(z, t):

i.e., , occurs twice in g(P., P, z). Motivated

M.
G(z,t) = —log, (e) Z (t; + In(1 — #))) + Nclogy z. (23)
j=1

Correspondingly, we denote t* = {t*} ¢, and t* is given by

po_ Ndaby (24)
z05(P)) + Nclc,-l?c,-
Similar to (18), when t = t* and z = v*, we have
Rap(Pe, P v*) = g(P., Pr2)| =G(zt) . (25)
Z=v* 7=v*, t=t*

Since —[x 4+ In(l — x)] and log(x) are monotonically
increasing with x, it is easy to find that G(z, t) is an increasing
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function of t and z. Therefore, we have the following
equation,

gP: P 2) = max G(z,0).

<f* Vi
0<tj<t}.Vj

(26)

On this basis, the ergodic rate constraint can be further scaled
into

Rczp(Pc: P v > Ryeq = max gPc,Pr,2) > Rieq
I<z=<v*

= max Gz, t) > Ryeq

1<z=v*,0=4<t!,Vj

Gz, t) > Rreq,

= {1<z=V* 27
O<t/<t* j=1,...,M,..
Based on (27), we rewrite (P3) into (P4)
(P4) max min p;P,, P.) (28a)
P..P,ztie[1,M,]

s.t. G(z,8) > Ryeq (28b)
1<z<HV* (28¢)
0<gy<t,j=1,....M (28d)
1y % L = 1(28¢)
v R ®) + Nelgpy
0p7, < Pc < Pemax - I, (28f)
0y, < Py < Prax - Ing, (28g)
tr(Pe) < Pesum (28h)
tr(Py) < Prgym- (28i)

To further simplify this problem, we rewrite the fixed-point
equation (15) as follows:

M,
- lcj-pq

1
—+ = 1.
Ve /=Zl Va2 (By) + Nelepe;

(29)

lc Pc
R I NI,
with z, z < Vv* is equlvalent to

Since 1 is monotonically decreasing

M.

1 lepe;
-+ — > 1, (30)
z ; ZUE(P,) + Nclc]-pc]-

which can be further simplified as

T
>l= -+ >
z chzl

M,
£ lepCj

1

-+

< Z: ZUCZ(Pr) + Nclcj-pc]-
N { Z =14z

<t*j—1 MC.

For ; < t* the logarithmic operation is applied to simplify
this constralnt

Nele;p,
ZUCZ Pr) + Nclc_,pq

=1 [ZUCZ(P}’) + NClepCj] < Nclc]'pq

*
G= =S
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= tjz0, (By) < (1 = ()Neclepg
= In(tj) + In(z) + In(af(Pr))

<In(1-1¢)+ In(Ncquc/-)~ (€1))
On this basis, we transform (P4) into (P5)
(P5) max min p;(P., P,) (32a)
PPzt i€[l,M,]
s.t. G(z,t) = Ryey (32b)
11 &

-4+ — ti>1 32¢
St ,:ZI = (32¢)
In(1 = %) + In(Nele;pe;) (32d)

> In(t) + In(2) + In(af(P,))
z>1 (32¢)
t>0,j=1,..., M, (32f)
OML' = Pc = Pemax - IML. (32g)
0M, <Py X Pupay - IM, (32h)
tr(Pe) < Pesum (321)
tr(Pr) S Prsum~ (32’.])

Moving forward, we address the non-convex objective. This
max-min optimization can be equivalently rewritten as

max y (33a)
Pc, Pzt
s.t. pl(Pchr) Zy’iz 1,-«-,-,Mr’ (33b)

where y is an introduced auxiliary variable. Since p;(P,, P,)
is a ratio expression of P, and P,, (33b) can be tackled
by the fractional programming scheme named quadratic
transform [54],

max [2&\/ [hr,.w,.]*’pr,.hr,.ﬁr,.—ﬂ?a,%(Pc)} > y. (34)

where B; is an auxiliary variable. The solution to (34),
denoted as ,8;“, can be calculated by a closed-form expression,

\/[hri%ri ]Hpr,'hr,'ﬁ ri
U;«zi P.)

B = =1 M. (35)

On this basis, we propose our iterative algorithm. Taking
iteration s as an example, we calculate (,Bl."‘)s_1 according
to (35) using the transmit power obtained in iteration s — 1,

ie., P ! and (P.*)*~!. Then, we use it to replace f; in
the iteration s and (34) is simplified as

2(/3;*)“\/ [ ] Pty — ((BE) D202 = .
(38)

As for constraints (32b), (32c), and (32d), the Taylor
expansion is used to linearize the non-convex terms therein.
On this basis, (P5) is transformed into a series of iterative
convex problems. The problem in iteration s is given by

max y (39a)
P, P,z ty
5. g( tt~ 1) > Ryeq (39b)
Z(ﬂl*) \/[ r,—>r,']Hpr,~hri—>ri

—((ﬁ,-*)s_l) o2(B) = ¥ (39%)

M,

2 | M
ST | 39d
Ty Mcgljt]z (39d)

(Nlype) + (1 — 1) >1n(t,|f 1) (39%)
+ In(z|z“'*‘) n In(oc P,)|o: (Pr‘))

z>1 (391)
>0, j=1,...,M, (39g)
0y, < Pc = Pemax - Im, (39h)
0, X Pr < Prpax - Iy, (391)
tr(Pe) < Pesum (39))
tr(Py) < Prsum, (39k)

where  G(z tjtt'™!) and In(t]|tA o+ In(zlz2"1) +
In(ac2 @®,) |ac2((P,)S_1)) are the Taylor expansion expressions
of G(z, t) and In(%)) + In(z) + In(acz(Pr)). Their expressions
are given at the bottom of this page. The detailed algorithm
is summarized in Algorithm 1. The proof of convergence
is given in Appendix B. In addition, we analyze the
computation complexity of the proposed algorithm. (P6) is
a convex problem. If the classical interior point method is
employed to solve it, the computational complexity is given
by O(2M. + M, +2)*3log(1/e€)), where M. + M, + 2)
represents the dimension of the optimization variables and €
is the target accuracy. Assuming that the proposed algorithm
converges within [/ iterations, the total computational

complexity is thus O(I(2M. + M, + 2)33 log(1/€)).

s—1
G(z t|()* ") = —log,(e) Z(% +In(1 - (tj)s_l)) + Nclogy z (36)
In(51) ") + (2@ ") + In(02 @02,
tj - (tj)s_1 Z— (Z)s71 ZMr lr,~>c (pr, (pr,')s_l) Ns—1vs—1 2 s—1
o T o B +In((@)* " @ lo2 (@) ) 37)
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Algorithm 1 Iterative Algorithm for Large-Scale-CSI-Based
C&S Power Allocation
Input: Pepax, Prmaxs Pesums Prsums Ryeqs Mc, My, N, and the
termination threshold for iterations, €.
1: Initialization: (P.)° = min{ P%’" s Pemaxt iy, (P =
0y, () =0, and s = 0.
2: Calculate v* and t* according to (15) and (24), and let
()" =v* and (1)° = t*.

3: repeat

4:  Calculate (,3;")‘ (i=1,...,M,) according to (35);
5 s=s+1;

6:  Solve (P6) and update (P.)*, (P,)’, (2)°, (t)°, and (y)*;
7: until M <e.

Output: (P.)* and (P,)°.

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present simulation results and discussions.
The simulation layout is the same as that we established
in the case study of the radio map, as presented in Fig. 4
(a). The layout includes three BSs, i.e., M, = 3, two radars,
i.e., M, = 2, one interfered user, and a red diamond-shaped
target. They are located at (604 m, 629 m), (1289 m, 2022
m), (1986 m, 1316 m), (—1167 m, 3125 m), (2620 m, —779
m), (650 m, 1134 m), and (1360 m, 1000 m), respectively.
BSs and the interfered user are equipped with half-wave
dipole antennas. The antenna number of the user is equal to
the number of BSs, i.e., N, = 3. Radars are equipped with
directional antennas. The maximum antenna gain is 30 dBi
and the half-power beam width, denoted as 634, is 32°. The
carrier frequency is f, = 2.8 GHz, which is the frequency
band of the surveillance radar, and the noise variance is
0?2 = —107 dBm [46]. Power-related parameters are set as
Pemax =40 W, Pegum = 100 W, Prpar = 1 kW and Prgm =
1.5 kW. This is because radars have much higher power than
BSs [31]. The sampling number of radars is N = 256 per
CPI, the false alarm probability is Pr = 1 x 107#, and thus,
= 0.0182 according to (8).

We first present the convergence performance of the
proposed iterative algorithm. In this simulation, we randomly
changed the user and target positions and ran the proposed
algorithm. The number of iterations was recorded and
presented in Fig. 5. Remarkably, in over 90% cases, the
proposed algorithm converges within 10 times. The maxi-
mum number of iterations observed is only 12. These results
affirm the rapid convergence of the proposed algorithm.

We evaluate the impact of large-scale CSI accuracy on
C&S performance in Fig. 6. It can be seen that the curve
corresponding to the radio-map-predicted large-scale CSI
closely aligns with the one using the real data, while the
curve obtained through the curve-fitting method exhibits
a noticeable gap. This discrepancy is expected, given that
the radio map provides a more accurate estimation of the
real large-scale CSI, as demonstrated in Fig. 4. In our case
study, the average deviation of the large-scale CSI map
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FIGURE 5. The number of iterations of the proposed iterative algorithm under 100
randomly generated typologies.
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FIGURE 6. The radar detection performance under different CSI data, varies with the
ergodic rate requirement.

generated by the radio map is below 4 dB while the deviation
associated with the curve-fitting method exceeds 25 dB. Such
a substantial deviation leads to misinformed power allocation
and, consequently, performance deterioration. Therefore,
compared with the channel model, which is blind to the
surrounding environment, the radio map verifies the extrinsic
information, i.e., positions and surroundings, is effective in
coordinating conflicting signals.

In Fig. 7, we show the difference of using large-scale CSI
and full CSI. In this simulation, we set the rate requirement
of the interfered user to 3 bits/s/Hz and assume that the
varying frequency of the small-scale fading is one hundred
times that of the large-scale fading. The small-scale fading is
randomly generated following the Gaussian distribution, i.e.,
CN(0, 1). Fig. 7 presents one snapshot of the large-scale
CSI, which corresponds to 100 snapshots of the small-scale
CSI. From the top subfigure, we can see that, the large-
scale-CSI-based scheme cannot guarantee the real-time rate
as effectively as the full-CSI-based scheme. This is the
compromise of using the large-scale CSI. In return, from the
bottom subfigure we can see that the large-scale-CSI-based
scheme makes adjustments in large-scale intervals, while the
full-CSI-based scheme adjusts the systems in small-scale
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FIGURE 8. The radar detection performance under different schemes, varies with
the ergodic rate requirement.

intervals. This demonstrates that our large-scale-CSI-based
scheme significantly lowers the negotiation and adjustment
frequency of C&S systems, allowing C&S systems to operate
in a loosely cooperated manner.

In Fig. 8, we compare the proposed scheme with the
scheme proposed in [26], the channel-priority-based scheme,
and the unilateral schemes of optimizing P, or P, only. The
scheme proposed in [26] considered the power allocation
between one BS and one radar. Since we consider a multi-
BS and multi-radar network, the equal power allocation is
used among BSs and radars as the initial allocation, i.e.,
P, = min{% Pyodly, and P, = min{Zee Py,
and the step parameter is set as A, = 0.5 w. Then, per the
conclusion drawn in [26], that the optimal power allocation
must be that one of C&S systems uses up its available
power and the other side reserves power, we thus test the
ergodic-rate condition to decide which side should reserve
its power. As for the channel-priority-based scheme, we
also use equal power allocation as its initial allocation and
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Algorithm 2 C&S Power Allocation Algorithm According
to [26] and Channel-Priority-Based Scheme
Input: Pcmax, PrmaXs Pcsums Prsum, Rreq, MCa Mr, Nc, and
step parameter Ap.
I P = mln{%, Pcmax}IMEa P, = min{ P]rlji'lrnl > Prmax}IM,-
2: repeat
3:  Calculate v* and I_Qa[,(PC, P,, v*) according to (15) and
(14).
4 if Ryp(Pe, P v¥) < Ry, then
The scheme proposed in [26]:
Ppr; = max{p,, — M%Ap, 0}, Vi
The channel-priority-based scheme:
pr; = max{p,, — i Ap 0}, Vi

_ Z?irl Ly cpr;
else if R,,(P¢, Pr, v¥) > Ry, then
7: The scheme proposed in [26]:
Pe; = max{pe, — 31~ Ap, 0}, Vi
The channel—priority—base% scheme:
_ 22 lei—ripe;
Pe; = max{pe, S
8: end if
9: until Ry, (P, Py, v) = Ryeq
Output: P, and P,.

W

a

Ap, 0}, Vi

leverage large-scale CSI of the interference channels to adjust
C&S power. Their detailed algorithms are summarized in
Algorithm 2. From Fig. 8, we can see that the proposed
scheme achieves the highest detection probability. This is
because the proposed scheme leverages the large-scale CSI
and intelligently allocates more power to the BSs and radars
with favorable serving channels and unfavorable interference
channels. This amplifies the positive effects of power for
their own systems while constraining the negative effects on
the opposite system. In contrast, the scheme proposed in [26]
is blind to the large-scale CSI, treating all BSs and radars
equally in the power allocation. This uniform allocation can-
not avoid signal collisions, especially when the transmitting
equipment on one side and the receiving equipment on the
other side are in close proximity. Only in the special case
of one BS and one radar, the scheme proposed in [26]
gives the optimal solution. As for the channel-priority-based
scheme, when R;,; < 5 bits/s/Hz, its performance is close
to that of the proposed scheme. However, when R, >
5 bits/s/Hz, the performance of the channel-priority-based
scheme experiences severe degradation. Under the initial
equal power allocation, the ergodic rate of the interfered
user is 5.32 bits/s/Hz. Therefore, when R;.; < 5 bits/s/Hz,
the BS power is reduced. Under the channel-priority-based
scheme, the BS causing stronger interference to radars has
its power reduced more. In our topology, the BS causing
stronger interference to radars has a poorer channel to the
user. Reducing its power greatly lowers the interference to
radars while causing small impacts on the user. In contrast,
when R, > 5 bits/s/Hz, the radar power is reduced.
Under the channel-priority-based scheme, the radar causing
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FIGURE 9. The radar detection performance under different power budgets, varies
with the ergodic rate requirement.

stronger interference to the user has its power reduced more.
In our topology, the radar that has the best interference
channel to the user is the radar that suffers from the highest
communication interference. Although reducing its power
greatly reduces the interference, the detection performance
of this radar is severely impacted, and consequently, impairs
the overall detection performance. Therefore, the power
allocation between C&S systems cannot simply consider one
factor in isolation. Our proposed scheme provides a solution
to consider two-sided impacts of the power in the spectrum-
sharing context.

As for the unilateral schemes of optimizing P, or P, only.
The equal power allocation was used for the not optimized
side, ie., P, = min{P [‘jl“r’",P,max}IMr for optimizing P,
and P, = min{P %’”,PcmM}IMC for optimizing P,. The
results of the optimized side are obtained by Algorithm 1.
From Fig. 8, we can see that, the efficacy of unilateral
schemes is constrained by limited DoFs. Only optimizing
P, fails to provide solutions when R, > 6 bits/s/Hz.
We provide a numerical explanation for this phenomenon.
When the radar side does not control its transmit power,
there is around a tenfold increase in the interference-
plus-noise suffered by the user, i.e., from —107 dBm to
—98.9 dBm. Under this condition, the limit ergodic rate is
5.66 bits/s/Hz, which is obtained by solving the ergodic-
rate maximization problem [53]. This indicates that when
the radar side does not control its power, no matter how
the power is allocated among BSs, the ergodic rate of
the interfered user can not exceed 5.66 bits/s/Hz. This
explains why the curve of optimizing P, only is missing
in the region of Ry, > 6 bits/s/Hz. Therefore, the joint
power allocation is more effective in providing scalable C&S
services.

In Fig. 9, we show the impact of the power budgets, i.e.,
Pesum and Phrgy,,, on C&S performance. It is evident that the
detection performance improves with more power resources.
In addition, we find that the curves under different Py,
overlap when the ergodic rate requirement of the interfered
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FIGURE 10. The radar detection performance under different half-power beam
widths, varies with the ergodic rate requirement.

user, i.e., Ryeq, is low, and the curves under different Py gm
overlap when Ry, is high. The reason is that, when Ry,
is low, the communication side can meet the ergodic rate
requirement without utilizing its full power. To maximize
the radar SINR, the communication side reserves its power
and the sensing side operates at full capacity. Consequently,
the curves under different P.g,,, overlap. In contrast, when
Ryeq is high, the sensing side has to control its power and the
communication side works at full capacity. This leads to the
curves of different Py, overlapping in the high R,., region.
We further find that, in spectrum sharing scenarios where
two systems are mutually restricted, the optimal solution lies
at the boundary of the feasible set but not within it. In other
words, one system must exhaust its resources in the optimal
solution.

In Fig. 10, we show the impact of radar antenna directivity,
depicted by the half-power beam width, i.e., 633, on the
system performance. It can be seen that the detection proba-
bility experiences severe degradation as the half-power beam
width increases. This is because the larger beam width leads
to more power leakage to the interfered user and also opens a
larger hole to receive BS interference. In addition, the results
show that the gap between the proposed scheme and the
scheme proposed in [26] is more obvious when 634p is large.
The reason is that, when 03qp is small, the C&S signals are
nearly decoupled by directional beams. The improved space
left for the proposed scheme is restricted compared to [26].
In contrast, when 63gp is large, C&S signals are mutually
coupled. The proposed scheme functions like directive beams
to separate C&S signals in the spatial domain. Consequently,
it significantly outperforms the scheme proposed in [26]. In
fact, the proposed large-scale-CSI-based scheme works to
optimize the spatial distribution of power to mitigate C&S
interference.

Finally, we discuss the impacts of the delay and Doppler
shift errors on the radar detection. Specifically, we apply the
single-band chirp waveforms as the radar waveforms: u; (f) =

VOLUME 5, 2024



,[EEES IEEE Open Journal of the
Comdoc' communications Society

1 : : : :
— Afy=0Hz
----- Afy = 2000 Hz
0.8
Auto-ambiguity function
3 0.6 / 1
£
£
<04F Cross-ambiguity function
™\
02 b
0 ! L ‘ :
-1 -0.6 -0.2 0.2 0.6 1

Normalized delay error

FIGURE 11. Zero-Doppler shift and max-Doppler shift cuts of the auto- and cross-
ambiguity functions.

2 . 2
T T (1) = ST e (0, 7] [51].
The auto- and cross- ambiguity functions of the above two
waveforms are given by

x1.1(AT, Afa)
sin[7g(Afy)(t+AT1)]

_ e | ATE€l=T0l
sin[7g(Afg)(t—A7)]
w0 AT €10.7]

where g(Afy) £ g + Afy and B is the waveform bandwidth.

x1.2(AT, Afa)

. u—At—1
g(AT) [TTAT e O L) [ RN [—7, 0]

= P u—At—1
g(an f5, ISR eqo,7)

where g(At) £ /78 ATIZJF” BAT) 'We set the pulse duration to
T = 2 us, the bandwidth to B = 5 MHz, and the Doppler shift
to fz = 2000 Hz, corresponding to an approximate velocity
of v~ 214 m/s. In Fig. 11, we present the zero-Doppler shift
and max-Doppler shift cuts of the auto- and cross- ambiguity
functions. It can be seen that the curves representing the
zero-Doppler shift and max-Doppler shift, i.e., Afy =0 Hz
and Afy = 2000 Hz, are nearly overlapped. In contrast, the
ambiguity functions change rapidly with delay errors. This
indicates that the timing inaccuracy is the critical factor that
impacts the matched filtering. To evaluate this impact, we
present the detection performance of the proposed scheme
under different delay and Doppler shift errors in Fig. 12. It
can be seen that the curves representing different Doppler
shift errors are closely overlapped while the curves asso-
ciated with different delay errors demonstrate a noticeable
discrepancy, with a 0.5% delay error bringing 6% detection
accuracy degradation. Therefore, aligning delay discrepan-
cies emerges as a pivotal consideration for the distributed
radar sensing. Potential solutions include incorporating
delay-insensitive detectors and advanced delay compensation
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FIGURE 12. The radar detection performance under different delay and Doppler
shift errors, varies with the ergodic rate requirement.

algorithms within our framework, which deserve our further
studies.

V. CONCLUSION

In this paper, we have addressed C&S interference within
a distributed network. Given that the available C&S coop-
eration is limited in the real world, we have proposed a
radio-map-based C&S cooperation framework. The radio
map has been used to estimate the large-scale CSI so that
the pilot-based C&S interactions are bypassed. With the
large-scale CSI, we have devised a joint power allocation
scheme to maximize the radar detection performance while
ensuring the ergodic rate requirement. To handle the non-
convex C&S metrics, we have employed the techniques of
auxiliary-function-based scaling and fractional programming.
The proposed problem has been effectively solved using
an iterative algorithm. Simulation results have verified that
the extrinsic information, i.e., positions and surroundings, is
effective in coordinating conflicting signals. The proposed
scheme provides a viable solution for the coexistence of
C&S systems in a loosely cooperated manner.

APPENDIX A
PROOF OF LEMMA
We calculate the derivative of g(P., P;, 2),

2
NClepCj
Zacz P,) + Nclc]-pc]-

M,
ag(P., Py, 1 .
(P, Pr2) _ logy(e) NC—Z(

Gl
2z Z =

S 08 v,
Z

Therefore, under the condition of N, > M., g(P., P, z2)
is monotonically increasing with z. Since we have
g(Pc, Py, 2) = Ryp(Pe, Pr,v¥) when z = v¥, it is obvious that
the Lemma holds if g(P,, P,, z) is monotonically increasing
with z.
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APPENDIX B

PROOF OF CONVERGENCE OF THE ITERATIVE
ALGORITHM

For the convenience of expression, we introduce a function
f(®P¢, pr;, Bi) to represent the left side of (34):

f(PCa Dri» ﬁl) S zﬂi\/[hrieri]Hprihri—)ri - (/31)20-;3(1,6)

Therefore, the objective of the proposed iterative algorithm
can be rewritten as

. -1
max minf (Pepr B).

(40)

Define {(P.)*, (P,)*} as the optimal solution obtained in
iteration s. Then, we have that

min f((Po)". (pr)". (B7)")
|:miinf(Pc,prl-, (ﬂ;*)”)}

= max

cXr

miinf<(Pc)S_1’ ()" (ﬂ;*)“) 1)

v

In addition, since (,8;“)5_1 is the optimal solution to
n}}axf((Pc)s_l,(prl.)s_l,,Bi), we can derive the following

inequalities:

min f((Pcf‘l, (Pr), (/35“)5_1>
max [miinf((Pc)s_l’ ()", ﬁiﬂ
rrg.inf((Pcf‘l, (Pr)'", (ﬂ;‘)‘”)-

Combining (41) and (42), it is easy to conclude that the value
of the objective is at least not decreasing in the iterative
process:

v

(42)

min £(P)L. ()", (8)")

> min/ ()™ ) (B 7). @)

According to the monotonous boundary theorem, the
proposed iterative algorithm is assured to be convergent.
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