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The diverse computational tasks generated from advanced applications are becoming more difficult to process
by mobile user equipments due to their limited computing capability and battery supply. With the fast
development of wireless technology and infrastructure, edge computing is becoming a paradigm to alleviate
these problems by offloading the computation tasks to the edge nodes with more computation resources.
In addition, the integrated sensing and communication is a promising technology, where the wireless
communication and radar sensing share unified hardware platform and radio resources. In this paper, the
capabilities of communication, radar sensing and edge computing are integrated together in the proposed
base station architecture to support the comprehensive services of data transmission, target sensing, and edge
computing. Based on the proposed scheme, a resource allocation and time partitioning problem is investigated
to jointly optimize time partitioning, computation task processing mode selection, spectrum resource allocation
and target sensing location selection to maximize the weighted sum of task processing and communication
performance while guaranteeing the radar sensing performance. Since the problem is non-convex, we decouple
the primal problem into three subproblems which are solved separately. Simulation results show that our
proposed scheme outperforms the typical relevant schemes and can converge within an acceptable iterations.

1. Introduction

For the future wireless network, in order to achieve better end-to-
end performance, it needs not only the help of radar sensing technique
to achieve real-time environmental awareness, but also the aid of high
speed of transmission to offload sensory data to edge nodes to make
efficient processing, decision and control. Specifically, in the scenario
of vehicular network, the vehicle-to-everything communication will be
used to offload sensory data among neighboring vehicles and road side
units (RSUs), and the edge computing will be used to achieve low
processing latency and energy consumption, eventually providing safe
and efficient autonomous driving and promoting road traffic congestion
control [1,2]. Moreover, with the advantages of flexibility deployment,
unmanned aerial vehicle can be applied to carry out sensing missions in
complicated environment such as the disaster and sparsely populated
areas, where sensory data should be offloaded and computed in a low
cost but highly-efficient way [3]. Thus, it is of great significance to in-
vestigate the integrated functionalities of radar sensing, task computing
and data transmission to meet the needs of all walks of life.

1.1. Backgrounds

1.1.1. Edge computing network

With the unprecedented proliferation of diverse applications (e.g.,
face recognition, virtual reality, augmented reality, etc.), user equip-
ment (UE) cannot effectively handle the computation tasks generated
by these applications due to the limited battery lifetime and processing
capability, which often results in high processing latency and battery
consumption [4]. By leveraging remote computing resources, cloud
computing technology can alleviate the above problem to some extent
by offloading the tasks of UEs to the remote cloud [5]. Although the
cloud can help UEs process computation tasks, it inevitably incurs extra
transmission time, consumes backhaul resources and UE transmission
power because of the long distance between the UE and cloud, which
is not always conducive to the computation task processing. Recently,
mobile edge computing (MEC) technology emerges as a promising
solution to alleviate the above difficulties. The edge computing network
shifts some computation capabilities from the cloud to the edge which
is in close proximity to UEs, herein not only reducing task processing
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latency and transmission energy consumption, but also saving backhaul
bandwidths [6]. Meanwhile, with the help of the advanced wireless
communication technologies, the edge offloading procedure is accel-
erated greatly. Therefore, edge computing networks can take both
advantages of the short distance with UEs and the full utilization of
edge computing resources.

1.1.2. Integrated sensing and communication network

Disregard the dramatic evolution in the last few decades, wireless
networks have been mainly used for data transmission, and never been
involved in the perception of the surrounding environment. For the
future wireless communication network architecture particularly be-
yond fifth-generation (B5G) and sixth-generation (6G), both academia
and industry are advocating utilizing sensing technology to create a
mutually shared communication system with the surrounding environ-
ment [7]. The arrival of integrated sensing and communication systems
will bring future wireless devices new capabilities of active detection
and enhancing location-based services, e.g., indoor positioning, gesture
recognition and autonomous driving [8,9]. It establishes sensing links
with the environment to perceive necessary information, laying a solid
foundation for the subsequent data transmission, analysis and process.
This novel enabling method makes everything be connected to achieve
collaborative awareness.

Towards this end, integrated sensing and communication technol-
ogy becomes the basis of realizing efficient coexistence of wireless
communication and sensing [10]. It provides various advantages over
conventional wireless networks with communication functionality only
or with coexisting radar and communication that are separately de-
signed. Firstly, wireless communication and sensing resources can be
flexibly reused, so that the sensing functionalities can be superimposed
on the communication directly as needed to reduce the deployment
cost of individual sensing [7]. In this way, the utilization efficiency
of both radio resources and the hardware can be greatly improved.
Secondly, both massive multiple-input-multiple-output (MIMO) tech-
nology and millimeter-wave (mmWave) communication, which are
critical to achieve ultra-high transmission in B5G and 6G, are very
helpful to achieve accurate radar sensing (also called target sensing
interchangeably) [11]. Thirdly, with the advanced wireless commu-
nication, radar sensing can achieve higher resolution, which in turn
assisting different critical operations in wireless communication, such
as beam training and beam tracking in vehicular networks [7]. There-
fore, the integrated sensing and communication technology makes the
sensing and communication highly coexisted, leading to significant
improvement in both performances.

1.2. Related works

1.2.1. Edge computing system

There have been many works related to the edge computing sys-
tem [12-25]. We classify them into three categories according to the
objective function. First, some works aimed to minimizing the processing
latency of tasks [12-16]. Liu et al. in [12] investigated an MEC sys-
tem that allows parallel computation task execution and proposed a
stochastic computation task scheduling policy. The works in [13,14]
both investigated the task offloading problem in vehicular network.
The former considered a multi-vehicle service migration problem and
proposed an online algorithm to minimize the long-term service la-
tency, where the constraints of quality of experience and the mobility
of serving vehicles are taken into account. The latter considered a
problem involving the computation load balance of RSUs and proposed
a novel model of task scheduling where the state of the RSUs may
dynamically switch between sleep and work. Li et al. in [15] proposed
a proactive indexed-based scheduling scheme based on the vehicle mo-
bility and computing capability of the edge server to process real-time
computing tasks offloaded by autonomous vehicles. Second, literatures
like [17-21] were designed to minimize the energy consumption of the
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devices. Hou et al. in [17] proposed a fog computing aided swarm
of drones architecture to enhance the capability of drones swarm
handling the computation-intensive tasks. Meanwhile, they formulated
an energy consumption minimization problem jointly considering the
latency, reliability. Chen et al. in [18] optimized offloading decisions
and small base station associations jointly to minimize the total en-
ergy consumption of all mobile devices. In literature [19], authors
incorporated mmWave to boost offloading rate, and optimized the
user association, sub-channel allocation and computation offloading
decision to minimize the total energy consumption of all users within
the required latency. Tan et al. in [20] focused on the joint problem
of task offloading and resource allocation in the orthogonal frequency-
division multiple access based multi-user collaborative MEC network
where task offloading decision, collaboration decision, subcarrier and
power allocation, and computing resource allocation are optimized
through a two-level alternation method framework. Third, different
from the above works minimizing task processing latency or energy
consumption of the devices separately, [22-25] put the two indicators
into a single utility function to minimize the cost of latency and energy
consumption, which can adaptively adjust the corresponding weighting
factor. Chen et al. in [22] investigated a relay assisted computation
offloading problem to support computation offloading as well as the
transfer of locally computed results. In order to fully utilize the benefits
of fog computing, Luo et al. in [23] proposed an incentive mechanism
to stimulate resource sharing among devices by leveraging coalitional
game theory and they derived an efficient scheme to obtain the core so-
lution. Lei et al. in [24] utilized deep reinforcement learning method to
solve a joint computation offloading and multi-user scheduling problem
under stochastic traffic arrival.

1.2.2. Radar sensing integrated communication system

Due to recent advances in wireless communication system and the
demands of sensing capability, the radar sensing integrated communi-
cation technology becomes a rapidly growing research field. Relying
on the MIMO communication, MIMO radar was proposed to improve
the deployment flexibility and radar sensing performance [26]. One
researching direction is to investigate the waveforms of MIMO radar
[27,28]. Liu et al. in [27] studied the waveform design problem for
colocated MIMO radar, and proposed a waveform design criterion
for omnidirectional beampattern to suppress both auto-correlation and
cross-correlation sidelobes of angular waveforms. Sun et al. in [28]
evaluated the performance of some typical realistic MIMO radar wave-
forms instead of the ideal orthogonal MIMO waveform. Another re-
searching direction is focused on optimizing the communication beam-
former of MIMO radar [29,30]. Liu et al. in [29] considered two
options where the first one splits the radar and communication antenna
separately while the second one shares all the antennas to form a joint
waveform to transmit both radar and communication signals. Then,
they optimized the beampattern while guaranteeing the performance
of the downlink communications. Liu et al. in [30] proposed a joint
beamforming approach for MIMO radar and multiuser MIMO commu-
nication sharing spectrum and transmit array where a problem was
formulated to optimize the performance of MIMO radar transmit beam-
forming while meeting communication constraints. [1,31,32] focused
on optimizing the upper layer resource allocation of the communication
and radar (CommRadar) system. Zhang et al. in [1] investigated how
to balance the volume of shared messages and constrained resources
in fog-based vehicular networks. They formulated an optimization
problem to maximize the sum satisfaction of cooperative perception,
while satisfying the maximum latency and sojourn time constraints of
vehicles. Ju et al. in [31] considered a linear frequency modulated
pulse radar and optimized CommRadar mode selection, radar steering
direction, communication user scheduling, and time allocation between
communication and radar detection to achieve adaptive communica-
tion and radar detection scheduling. Wang et al. in [32] exploited
non-orthogonal multiple access (NOMA) technology where the super-
imposed NOMA signal is simultaneously exploited for target sensing.
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Besides, a beamforming design problem was formulated to maximize
the weighted sum of the communication throughput and the effective
sensing power.

1.3. Motivations

1.3.1. Integrated communication, sensing, and edge computing network

Based on our analysis, we find that the current researches lack the
integration of radar sensing technology in the edge computing related
works. The radar sensing function in the edge computing network
not only facilitates the target exploration and perception (i.e., feature
extract and information excavated), but also helps the base station (BS)
collect sensory data for further data analysis and processing. At this
point, it is of great importance and worthiness to introduce the radar
sensing capability in the existing edge computing network where BS
completes all the tasks of data transmission, radar sensing and edge
computing. Thus, the communication, sensing and computation are
jointly investigated in this integrated network. After introducing radar
sensing functionality, one of the most significant challenges lies in how
to manage the orchestration of each traffic, e.g., task offloading, uplink
(UL) communication, downlink (DL) communication and radar sensing
in the current scheduling period (SP).

Therefore, this paper provides an illuminating insight into the in-
tegrated communication, sensing, and edge computing network, and
intends to make some preliminary discussions on how the different pa-
rameters influence the overall system performance in such a symbiotic
system.

1.3.2. Resource allocation and time partitioning scheme

Firstly, in this integrated network, the time-division-multiplexing
manner is adopted for the scheduling of different kinds of traffic
(i.e., task offloading, UL and DL communication, and radar sensing)
under the given duration of SP to control the mutual interference. Since
one’s performance improvement may degrade the other’s, the corre-
sponding time partitioning should be optimized in order to achieve
maximal weighted utility in terms of computation task processing
latency, UL and DL transmission rate. Secondly, how to allocate the
constrained spectrum resources to the task offloading links and com-
munication links should be tackled with the purpose of improving
offloading and transmission rate. Thirdly, owing to that the compu-
tation tasks need to be processed, the task processing mode should
be carefully selected to reduce the processing latency. Lastly, how to
select the target sensing locations (TSLs) should be optimized in order
to guarantee the target sensing performance.

Therefore, in our proposed integrated communication, sensing, and
edge computing network, the time partitioning, spectrum resource
allocation, computation task processing mode selection and TSL se-
lection are jointly investigated to achieve maximal weighted sum of
task processing and communication performance while guaranteeing
the performance of radar sensing.

1.4. Our contributions

1. We introduce a kind of integrated communication, sensing, and
edge computing network, where the data transmission, target
sensing and edge computing services are incorporated and con-
trolled with the shared spectrum in BS.

. In this integrated network, we propose a time partitioning
scheme where the task offloading, UL and DL communica-
tion, and target sensing services are conducted to fulfill the
task processing, communication and radar sensing requirements.
Based on this, we formulate an optimization problem to maxi-
mize the weighted sum of task processing and communication
performance while guaranteeing the radar sensing performance.
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Fig. 1. Model of integrated communication, sensing, and edge computing network.
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Fig. 2. Illustration of resource allocation and time partitioning scheme in integrated
communication, sensing, and edge computing network. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

3. In order to solve this non-convex problem, we decompose the
original problem into three subproblems, namely spectrum re-
source allocation, time partitioning and TSLs selection, and task
processing mode selection. We firstly leverage Lagrange duality
property and bisection method to solve spectrum resource al-
location. Then, we propose a heuristic algorithm to solve time
partitioning and TSLs selection. Lastly, we present a coordi-
nate descent (CD) based method to solve task processing mode
selection.

. We prove the convergence of the proposed algorithm and dis-
cuss the influence of different parameters on the total utility
value. And we also validate the superiority over the comparison
schemes.

The remainder of this paper is organized as follows. In Section 2,
we give the system model of the integrated network and the illustration
of the corresponding resource allocation and time partitioning (RATP)
scheme. In Section 3, we give the mathematical models for the task pro-
cessing, UL and DL communication and radar sensing, and formulate a
resource allocation and time partitioning problem. A CD method-based
iterative algorithm is designed to solve the above problem in Section 4.
Then, we conduct some numerical simulations in Section 5. Lastly, we
give the conclusion and present some future work in Section 6.

2. System model and scheme illustration

Fig. 1 shows the model of integrated communication, sensing, and
edge computing network, which includes a BS, I communication UEs
(CM-UEs), J TSLs and K computation UEs (CP-UEs). BS can conduct se-
ries of communication, target sensing and edge computing operations.
In order to reduce the hardware complexity, instead of the full-duplex
hardware architecture, we assume that BS performs these services by
the time sharing and time duplex communication mechanism for all
services to avoid mutual interference to each other. In addition, we
assume in this paper that at most one CM-UE or CP-UE or TSL could
be served at a time. Without loss of generality, the length of SP is
denoted by T during which the BS is responsible for four main missions:
computation task processing, UL communication, DL communication
and target sensing. And the RATP scheme is shown in Fig. 2.
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Table 1
System parameters.

Definitions Notations
Number of CM-UEs, TSLs and CP-UEs 1,J, K

Set of CM-UEs, TSLs and CP-UEs 1,J, K
Length of SP T

Task size and intensity Ly ¢

Task processing mode and TSL selection indicators P> b;

CPU frequency of CP-UE and BS fio [y
Allocated spectrum for offloading and communication 7 1l y;‘
Transmitting power of CP-UE, CM-UE and BS A
Channel power gain between UEs and BS By ps iy
Noise power spectral density N,

Latency of local computing, offloading and BS computing tj{’,, 'Z,w 'i,»
Latency of local processing mode and edge processing mode T Tip

Set of tasks computed locally or by BS K,, K,
Offloading rate, UL and DL data rate o,y rj‘
Processing latency, UL and DL transmission rate D, RY, RY
Allocated time for communication and BS sensing 7, T;’ , T
Coherence processing time I
Normalized processing latency, UL and DL transmission rate D, R, R
Weighting factors for task processing and communication 7, nl, p!

1. Computation Task Offloading (the red arrow in Fig. 2): Due to the
limitation of local computation capabilities of CP-UEs, if they
cannot perform the task processing locally, they can offload the
tasks to BS for edge computing with the allocated spectrum
resources.

. UL Communication (the blue arrow in Fig. 2): The CM-UEs transmit
UL data sequentially to BS with the allocated time and spectrum
resources.

. DL Communication (the yellow arrow in Fig. 2): The BS trans-
mits DL data sequentially to CM-UEs according to the time
partitioning and spectrum allocation decisions.

. Target Sensing (the green arrow in Fig. 2): BS performs target
sensing towards TSLs according to the time partitioning and TSL
selection results.

3. Mathematical models and problem formulation

In this section, we firstly give the resource allocation models of
each traffic, namely computation task processing, UL and DL com-
munication, and target sensing. Then, we formulate the problem as
maximizing the weighted sum of task processing and communication
performance while guaranteeing the radar sensing performance under
the time partitioning, spectrum resources budget, task processing mode
selection and radar sensing related constraints. The notations are listed
in Table 1 for clarity.

3.1. Resource allocation model

3.1.1. Computation task processing

We characterize an application-generated computation task of CP-
UE with two key parameters {/;,c, }, where I, is the size of computation
task (in bits), ¢, (in cycles/bit) is the number of computation cycles
needed to process one bit of the task. Then, we use a binary variable
pr € {0,1} to decide whether the task of CP-UE k is computed locally
or offloaded to BS for edge computing. Namely, if the task of CP-UE k
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is computed locally, p, = 0, otherwise p; = 1. Thus, if the task of CP-UE
k is computed locally, the local computing time is
lxey
7 ,Vk € K,
where f; (in CPU cycles/s) is the local CPU frequency of CP-UE k and
K, indicates the set of tasks computed locally. In the local processing
mode, the whole latency 1, is equal to its local computing time
(e, ty, = ti_]).

If the computation task of CP-UE k is offloaded to BS for edge
computing, the offloading rate (in bits/s) can be given by

>,VkeK1

where y} is the allocated spectrum resources for offloading, pj is the
transmitting power of CP-UE k, hy , is its channel power gain, N, is
the noise power spectral density and K is the set of tasks offloaded to
BS for edge computing.

Then, the offloading latency of CP-UE k can be given by

€8]

c
Ly

P; his

®))
J’ZN()

’Z_b =y log, <1 +

lk
——,Vk € K;
”

k_b

0 —
Tep =

3
In addition, the time for BS computing the offloaded task from

CP-UE k is

@

k_b

Iic
£, =%k vkek,
o

where f, is the CPU frequency of BS.

Thus, the whole latency if the task of CP-UE k is offloaded to BS
for edge computing is the summation of its offloading latency and BS
computing latency which is expressed as

ey =1, 1 VK€K, ()
Finally, the processing latency of CP-UE k is
D = (1= pty + puty Yk €K (6)

Since that the computation result is rather small compared with the
task, the time for transmitting computation results back to CP-UEs can
be ignored.

3.1.2. UL communication
As for UL communication, the UL data rate of CM-UE i is

'h;
r?:y,.“log2<1+ ),Vie]
Vi No

where y} is the allocated spectrum resources on its UL transmission link,
p} is the transmitting power of CM-UE i, A, , is its channel power gain.
Thus, the UL transmission rate of CM-UE i within SP is

)

" rtet
11 .
R:‘ = T,Vl el (8)
where 7 is the allocated time for CM-UE i UL communication.
3.1.3. DL communication
As for DL communication, the DL data rate of CM-UE i is
2
Py Iy i
rf:y,.dlogz 1+ Z b Viel )
i No

where y,.d is the allocated spectrum resources on its DL transmission
link, pj is the transmitting power of BS. We assume that the UL and DL
links are reciprocal, thus h,,; = A, ;.

Thus, the DL transmission rate of CM-UE i within SP is

dgd
1

RU=TC e (10)
! T

where ri" is the allocated time for CM-UE i DL communication.
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frequency 4
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Fig. 3. Model of radar sensing.

3.1.4. Target sensing

Due to its simplicity and low-cost receiver, frequency modulated
continuous wave (FMCW) is a commonly used radar waveform [33,34].
For an FMCW radar model shown in Fig. 3, its radar sensing perfor-
mance (i.e., the false alarm and detection probability performance)
can be determined by the signal-to-noise ratio (SNR) of the received
echo [35]. We assume the radar waveform consists of M chirp signals,
t?, B, and S are the duration, sweeping bandwidth and slope of the
signal, respectively. The coherent processing time of the radar sensing
is denoted as 1 = Mt”, o, is the radar cross section (RCS) of the TSL ;.

Herein, the echo SNR from TSL j can be written as [35]

GG )24¢
P 0,1,G'G" 22

=————VjeJ 1D
J (4m)3(dy, ;)* No B,

where G' and G” are the BS transmitting and receiving antenna gain, A
is its modulated signal wavelength, d, ; is the distance between BS and
TSL ;.

Given the false alarm and detection probability, we can obtain the
echo SNR requirement for TSL j as SN ijr"e’; . For the maximum range

detection requirement d,,,,, the minimum RCS requirement ¢,,;, and
echo SNR requirement SN R;cr”e‘;, we can derive

SN RS (47)* (d yq ) No By
52 - (12)

o’minp?,GtGr)'2
Thus, the coherent processing time should satisfy

Ji! 3 4
¢ = max 4 e, a8 (e WoBs as)
g ’ OinbyG'G" 22

In order to guarantee the radar sensing performance in terms of
range resolution and velocity resolution, as well as false alarm and
detection probability, the allocated time for BS sensing the selected TSL
Jj should satisfy

o2 bV e a4

where 7¢ is the allocated time for BS performing target sensing towards
TSL j, b; € {0, 1} is the selection indicator of TSL ;. Specifically, if TSL
J is selected for radar sensing, b; = 1, otherwise b; = 0.

3.2. Optimization problem formulation

In order to depict the comprehensive performance, we integrate
the processing latency of CP-UEs, UL and DL transmission rate of CM-
UEs into a utility function. Since these metrics have different levels of
values, we need to conduct normalization operations firstly. Thus, the
normalized processing latency of CP-UE k, the normalized UL and DL
transmission rate of CM-UE i are

cp cp,max
0 D" =D,

pEPmax _ pep )
cp.n k k cp,min cp cp,max
Dk - Dzl’v”’”x,D;p-"”‘" Dk < Dk < Dk
cp cp,min
1 D" <D,
0 R?l < R?l,rh
| _ pulth
Rin=d KRR puih o pui o gutma
1 Rul.max _ gubsth i i
i

ul ul ,max
1 R“ >R
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0 Rd < RN

io—
dlth
dln _ R?ILR: ) dlth dl dl,max
Ri - Rdlmax _ gdl.th Ri < Ri <R
i

1 Rdl > RdIA,max

T,

where {Dl‘;” e DY -min }, {R“’ max R;""h} and { R4l-max, Rf.””h are the
processing latency requirement range for CP-UE k and the UL and DL
transmission rate requirement ranges for CM-UE i.

Then, we use a weighted utility function considering the above task
processing and communication performances, where this method has
been already used in many works such as [25,36].

U=n?Y DP" +n" Y R 4y Y RO (15)
kek iel iel

where #? > 0, #*/ > 0 and ¢’ > 0 are the corresponding weighting

factors. The higher weighting factor means the higher requirement on

this service, which also indicates the performance tradeoff among these

three services.

In the integrated communication, sensing, and edge computing
network, how to partition the time for different kinds of traffic, and
allocate the constrained spectrum resources, as well as optimizing the
task processing mode selection and TSL selection to achieve the maxi-
mum weighted sum of task processing and communication performance
while guaranteeing the radar sensing performance needs to be solved.
Thus, the resource allocation and time partitioning problem can be
formulated as follows
(P1) : max U

p.y.bt
st. Cl:b; €{0,1},VjeJ

C2: Y by > by,
jeJ

C3: o) 2 b Vjed
C4: p, € {0,1},Vk e K ae)
C5: 70,7yt 2 0,Vk e K| Vi€ ]
Cé6: Z PH’Z"’Z (r“+r%) < BW
keK iel
C7: ‘r;‘,‘r,.d > vie ]

08 3 puif,+ Y b+ X (f ) ST

kek JjeJ iel

where p 2

{Pdkers ¥ 2 {J/Z,J/,f‘,}’,-d}kelc,iezy b {b;}jeg and
A u
T = {7

12717} Yier jeg- C1 is the constraint for TSL selection. C2
indicates the number of TSLs selected in this radar sensing mission
should be greater than the requirement b,,,. C3 guarantees the radar
sensing performance for the selected TSL j. C4 is the constraint for
the computation task processing mode selection. C5 and C6 are the
spectrum resource limitations and BW is the total available spectrum
resources. C7 and C8 are the constraints for time partitioning where
7" is the minimal required time for UL and DL communication.

4. Algorithm design for proposed scheme

Problem (P1) is non-convex due to the combinatorial binary vari-
ables and the multiplicative terms in the objective function and con-
straints C3, C6 and C8. Herein, it is difficult to find its globally optimal
solution [32]. In order to solve it, an iterative algorithm is used to
obtain a suboptimal solution with low complexity, which is a common
methodology to handle the non-convex problem [1,25]. Specifically,
we decompose (P1) into three subproblems. Firstly, spectrum resource
allocation will be obtained under the given task processing mode selec-
tion, time partitioning and TSL selection. Secondly, with the obtained
spectrum resource allocation and the given task processing mode selec-
tion, the problem of time partitioning and TSL selection will be solved.
Thirdly, the problem of task processing mode selection will be solved
with the obtained spectrum resource allocation, time partitioning and
TSL selection. All the variables will tend to be stable with the iterations
going on, and they can be approximated as the solutions of the original
problem [37].
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4.1. Optimization of spectrum resource allocation

The spectrum resource allocation with the purpose of optimizing
the spectrum resources for computation task offloading, UL and DL
communication under the given task processing mode selection, time
partitioning and TSL selection can be written as

. cp cp.n ul ul,n dl din
(P2) : maxy Y D4y Y R 4y Y RS
kekK; iel iel
Cl:yp vy 20,Vke K| Vi€l

€2 D oy + ) (r+vf) <BW

s.t. 17)

kek; iel
The first and second order derivatives of D;”" w.r.t offloading rate
ry , are
cpn
oD, Iy
= - 5 20,Vk € K 18)
k b cpmax _ pycp,min
- (D k Dy ) (r Zb)
o*D" -2l
= k S <0VkEK, 19
cp,max cp,min
o(,) (-0 ()
Thus, D,”" is monotonically increasing and concave w.r.t r{ . In

addition, the second order derivative of ry, WLty is

2 .0 1 2
Tep _ (Pki.r) <0,Vk € K, (20
o(rg)" 2y (rgNo+ pihics)
. . s 2p P
Obviously, r¢ » Is concave w.r.t y7. In addition, W =0,k # K.

k ’
Thus, the Hessian matrix of D" w.r.t y° is negative definite and is a
concave function.
The second order derivative of Rl‘.‘]”1 w.r.ty! is

IR <t (pihis)”

= (2D
2 I,th " 2
0(rf)" T2 (Rutmas = RUM) i (7No + iy )
. 2R . .
It is apparent that —— <0, which means R“" is concave and the

9 yu) i
Hessian matrix of R*" (v’v.r.t y" is negative definite. Thus, it is also a
concave function.

Due to the paper limits, we omit the provement that R¥" w.r.t y4
is also a concave function which is same with R*»",

Because of the summation of concave functions is still concave [38],
(P2) is a convex optimization problem with linear constraints. We
leverage Lagrange duality method to solve this convex optimization
problem, based on which the closed-form of the optimal solutions
for the spectrum resource allocation can be obtained. The partial
Lagrangian function of (P2) is defined as
L(y, v) =nP Z Df{””’ - Z R;t[,n + rldl Z R:il,n

kekK; iel iel

+v<BW— Z yZ—Z(ﬁ%—yﬁ))

keK, iel
where v is a non-negative Lagrangian multiplier to constrain C2 of (P2).
The Lagrangian dual function can be presented as

(22)

d(v) = max {L(y,V)ly. 7" v? 20,Yk € K|,Vi€ I} (23)
¥
The corresponding dual problem is
min {d(v)|v > 0) o2

Due to that (P2) is a convex problem which satisfies Slater’s condi-
tion, the dual problem has the same optimal objective value with the
primal problem according to the strong duality [38]. Thus, by solving
its dual problem in Eq. (24), we can get the solution of (P2).

In the following, we obtain the optimal spectrum resource allo-
cation y°, y* and y? for given Lagrangian multiplier v at first, then
the Lagrangian multiplier is obtained via Karush-Kuhn-Tucker (KKT)
principle and bisection method.
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4.1.1. Update spectrum resource allocation
The first order derivative of L(y,v) w.r.t y' is

! h; '
ul zu 1 Piftip \ _ Pihip

ocqry) " ( o < " v:‘%) W2 N 201 7) @5)

()}’;‘ - T (Rul,max _ Rz.tl,th) -

1
. ! h; . ) . .

By letting 1+ —:‘u 1\}; =¢* and setting ”g(y’f) =0 at the optimal point,

we have ' !
X (Retmex — RAM) oT 1n2

u —

Ing + o 1+ IR (26)

By taking natural exponential operations at both sides of Eq. (26)
RUmax— R )T 102

and letting 1+ = ¢, we have

ul u
'z

o) -t

According to the definition and property of Lambert-W function, we

27)

have
1 1
- W -— (28)
g ( exp (#1) >
Thus, the closed-form solution of y}' is
_ _14t
2
pih;
}’;‘ — i'tib 1 1 (29)
Ny 1
w(-——
==l
Similarly, the closed-form solutions of Vid and y; can be derived as
- _1+
Py
y Id _ p'thi 1 _1 (30)
Ny W 1
- - exp(d)‘.})
L i o
_ 14t
Pl 1
Ve = = -1 (€29)
k NO .
Wl-—=5
i exo(#) 0

(RWWX-R?“" )urln 2
e

NPl In2

where ¢¢ =1 + S i3 —
i cpmax_ cpmin
(pgrme—pyrm)

=1+
4.1.2. Update Lagrangian multiplier

With the achieved spectrum resource allocation y, we start to update
the Lagrangian multiplier v. According to the KKT condition, we have

v<BW— Z y,‘:—Z(y;‘+yid)>:0

keK, iel

(32)

Since v is a non-negative and when v — 0, ) — oo, { = o, y'.d - 00
according to Eq. (29), Egs. (30) and (31). Thus, we can conclude that
v # 0 in Eq. (32). In order to achieve Eq. (32), we can find that

X i+ X (vl =W

keK, iel

(33)

Lemma 1. The left hand of Eq. (33) is a monotonically decreasing function
w.r.t v, and it has one unique solution v* that satisfies Eq. (33).

Proof. The proof is provided in Appendix A.

With Lemma 1, the optimal v* can be efficiently obtained by bi-
section method which satisfies Eq. (33), and then the optimal y* can
be derived from Eq. (29), Egs. (30) and (31). The specific spectrum
resource allocation solution for (P2) is shown in Algorithm 1.
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Algorithm 1 Spectrum Resource Allocation Solution for (P2)

Algorithm 2 Time Partitioning and TSL Selection Solution for (P3)

Require: Given time partitioning 7, task processing mode selection p,
accuracy indicator &, initial upper bound v** and lower bound v
: Repeat
Letv =
Calculate the left hand of Eq. (33) as y,,4
If Ytotal > BW
Let vt = v
Else
Let v** = v
EndIf
: Until [0 — | < 6
: Obtain optimal spectrum resource allocation by Eq. (29), Eq. (30),
Eq.(31)

itb g plb

O NI wN

Ju—y
(=

4.2. Optimization of time partitioning and target sensing location selection

Another subproblem, namely time partitioning and TSL selection
is considered to optimize time partitioning for UL and DL communi-
cation and target sensing as well as the selection of TSLs with the
obtained spectrum resource allocation and the given task processing
mode selection, which can be given by

. cp cp.n ul ul,n dl dl.n
(P3) - max# Z D™ +n ZR[ +n ZR’.
keK iel iel
s.t. Cl: 2 b; > b,,,
jel
. S c ;
C2: 72 bjtj,Vj eJ
C3: T;‘,T,fi > vie]

C4 Y 1o, + Y b+ Y (4l <T

keK,; jer iel

(34

Firstly, we have the following lemma on target sensing after a close
observation of (P3).

Lemma 2. The maximal value of utility function achieves when % jer b=
breql Tj = bjtj,vj € J and ZkeKl tzib + Zje.l bjT; + Ziel (Tzu + 7 ) =T.

Proof. The proof is provided in Appendix B.

According to Lemma 2, the solution of TSL selection b and the
corresponding time for target sensing 7° is shown from step 1 to step
8 of Algorithm 2. Then, (P3) can be transferred into (P4).

Z R;ll,n +'7d] Z R?I,n

(P4) : max n*!
T rd

iel iel
s.t. Cl: r;‘,'rlfi > viel (35)
. u dy _ o s
C2: Z(Ti+'ri)—T— Z Ly = bjTl.
iel keK, jes

We regard the subscripts of DL CM-UEs as i = I+1, I +2,...,21. Since
the objective function of (P4) is monotonically increasing with the time
partitioning variables 7} and r,.d , we propose a heuristic method to solve
it which is shown from step 9 to step 19 of Algorithm 2.

4.3. Optimization of task processing mode selection

With the newly obtained spectrum resource allocation, time par-
titioning and TSL selection, we leverage CD method which can suc-
cessively optimize binary variables along the coordinate direction to
obtain the local optimum solution [39]. Specifically, starting with an
initial g°, we denote g" as the task processing mode selection decision
at the rth iteration. Correspondingly, we denote U(g") as the optimal
utility value of (P1) given g", which can be obtained by Algorithm 1 and

Require: Given task processing mode selection p and the optimized
spectrum resource allocation y
Ensure: Optimized TSL selection b* and time partitioning z*
1: Search for the b,,, smallest coherent processing time iy and let the
corresponding b; = 1
: ForjelJ
Ifo,=1
Set Tj = tj
Else
Set ‘r; =0
EndIf
EndFor
lett =T =Y, 10, - e, b7 —
: For g €21
Let 7, = Tmin
: EndFor
. For g € 21
Compute U(q) by substituting 7, = ' into the objective function
of (P4)
Let 7, = min
g=q+1
EndFor
Find the maximal U(q) and obtain the corresponding subscript q
Let T = 7

W ENDT AW

@I — 1yg™in

_ e e
WP O

15:
16:
17:
18:
19:

Algorithm 2. And let g"(k) denotes the task processing mode selection
after CP-UE k swapping its current mode, i.e.,

gl =[g.8....e,®1,....8¢]| .Yk €K (36)

where @ denotes the modulo-2 summation operation.

The task processing mode selection in the rth iteration g" is de-
termined by the CP-UE that achieves the highest utility value after
swapping its processing mode. In other words, g" = g"((k")*), where
(k"y*=argmax,_, xU(g"(k)).

4.4. The overall algorithm for solving (P1)

Based on the above solutions for subproblems, the pseudo-code of
the overall algorithm for solving primal problem (P1) is illustrated
in Algorithm 3. Since the outerloop of Algorithm 3 is CD method,
whose convergence can be guaranteed [40]. We can conclude that
the objective function value of (P1) increases monotonically with the
iterations, and its optimal value is bounded according to Eq. (15), thus
the convergency of Algorithm 3 can be guaranteed.

5. Simulation results and analysis

In this section, we will present some numerical results to evaluate
our proposed RATP scheme for the integrated communication, sensing,
and edge computing network. The main simulation parameters are
shown in Table 2. The scenario setting indicates the number of CP-UEs,
DL and UL CM-UEs. For example, scenario 4 means the numbers of CP-
UEs, DL and UL CM-UEs are setting to be (4,4,4). In order to evaluate
our proposed scheme and algorithm, we illustrate its performance from
three aspects shown in the follows.

5.1. The convergence performance of Algorithm 3

Fig. 4 shows the convergence of the proposed algorithm for solving
resource allocation and time partitioning in integrated communication,
sensing, and edge computing network. It can be seen that the proposed
algorithm can converge within only several iterations w.r.t the total
utility in all scenarios, which proves the feasibility and efficiency of
our proposed Algorithm 3. And apparently, the total utility value has a
positive correlation with the number of UEs.
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Algorithm 3 The Overall Algorithm for Solving (P1)

Require: Initial task processing mode selection p(0), spectrum resource
allocation y(0), time partitioning z(0), TSL selection b(0), iteration
index r = 0, algorithm accuracy indicator ¢ and the maximum
number of iterations r"~

Ensure: Optimized task processing mode selection p*, spectrum re-
source allocation y*, time partitioning 7* and TSL selection
b*

1: Compute U° with the initialized parameters and variables
2: Repeat
3 r=r+1
4: ForkeK
5. Update g"(k) using Eq. (36)
6: Compute U(g"(k)) using Algorithm 1 and Algorithm 2
7:  EndFor
8 LetU" =max, | x U(g'(k)) and (k")*=argmax,_; xU(g" (k)
9:  Update g" = g" (k")*)

10: Until )U’ - U”1| <eorr>rmx

Table 2

Simulation parameters.
Parameters Values
Scenario settings 3,4,5 6
Spectrum resource limitation 30 MHz
Distance between BS and UEs [50, 100] m
Length of SP 25s
Size of computation tasks [1, 2] Mbits
Complexity of computation tasks [300, 400] cycles/bit
CPU frequency of CP-UEs [1, 2] GHz
CPU frequency of BS 8 GHz
Requirement on UL and DL communication time 0.12 s
Transmitting power of UEs 20 dBm
Transmitting power of BS 30 dBm
Coherent processing time [0.1, 0.2] s

Requirement on the number of TSLs selection 3
Weighting factors for the three kinds of traffic 1,1,1

=(3.3.3)%(5:55)
—~(4,4,4) =(6,6,6)

0 1 2 3 4 5 6
Iterations

Fig. 4. The convergence behavior of the proposed algorithm.

5.2. The influence of different parameters

Fig. 5 shows the performance of total utility w.r.t the computation
task complexity where c1, ¢2 and ¢3 are set to be [200,300] cycles/bit,
[300,400] cycles/bit and [400,500] cycles/bit. It shows that when the
task complexity increases, the total utility value decreases conversely,
which indicates that higher task complexity will increase the pro-
cessing latency of CP-UEs and may result in a situation that CP-UEs
choose to offload their tasks to the BS for edge computing, which will
share the spectrum resources with CM-UEs, and finally the UL and DL
transmission rates decrease.

Fig. 6 presents the influence of local CPU frequency and task size on
the total utility under scenario 6, where the values of local CPU are cho-
sen as [0.5,1,1.5,2,2.5,3] GHz, and task sizes are [1,1.2,1.4,1.6,1.8,2]
Mbits, respectively. From the simulation results, we can see that the
total utility value increases with the local CPU frequency of CP-UEs.
The reason is that the CP-UEs can compute their own computation tasks
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Scenarios

Fig. 5. The total utility versus different levels of computation task complexity.
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Fig. 6. The total utility versus different task sizes and local CPU frequencies.
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Fig. 7. The total utility versus different target sensing time requirements.

with lower processing latency in terms of higher CPU frequency, which
saves spectrum resources for UL and DL communication. Thus, both
the processing latency of CP-UEs and transmission rate of UL and DL
CM-UEs can be enhanced. As for the influence of computation task size
on the total utility, we can see that when the computation task size
increases, the total utility value decreases conversely, which indicates
that larger task size will increase the processing latency of CP-UEs and
may further occupy more spectrum resources on the task offloading
procedure. Ultimately, it will deteriorate the performance of UL and
DL communication.

The influence of different target sensing time requirements on total
utility is shown in Fig. 7, where rc1, tc2 and #¢3 are 0 s, 0.2 s and 0.25
s, respectively. It indicates that the performance of radar sensing will
increases (i.e., the false alarm and detection probability performance)
with larger coherent processing time requirements on the current SP
based on the radar detection principle. However, the larger coherent
processing time leads to smaller available time of the current SP, which
induces less time-domain resources for UL and DL communication.
Thus, the total utility value will decrease when the coherent processing
time requirements increase. Specifically, 7c1 = 0 means that there are
no TSLs need to be sensed by BS in the current SP, which provides the
upper bound performance of our proposed scheme.

In Fig. 8, the performance of total utility w.r.t the different spectrum
resource limitations is presented, where BW1, BW?2 and BW?3 are
20 MHz, 25 MHz and 30 MHz. It shows that with more spectrum
resources to be shared among CP-UEs and CM-UEs to support their task
offloading, UL and DL communication, the processing latency of task
offloading will be reduced, and the transmission rate of UL and DL
communication will be improved, thus leading to higher total utility
value.
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Scenarios

Fig. 8. The total utility versus different spectrum resource limitations.
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Fig. 9. The total utility comparison with baseline schemes under different scenarios.
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Fig. 10. The total utility comparison with baseline schemes under different distances.

5.3. The performance comparison with baseline schemes

Finally, in order to validate the superiority of our proposed RATP
scheme, Figs. 9 and 10 show the total utility comparison with other
schemes, namely random allocation scheme (RA), equal allocation
scheme (EA), computation task all local processing scheme (AL) and
computation task all offloading scheme (AO). In Fig. 9, it shows that
the total utility value of the above schemes gradually increases as the
number of UEs becomes larger. As we can see, the RA scheme performs
worst owing to that the spectrum resources and time partitioning are
randomly selected. AL and AO schemes perform better than RA and
EA schemes because they optimize the time partitioning and spectrum
resource allocation of UL and DL communication which are included
in the objective function. Our proposed RATP scheme performs best
among them because it iteratively optimizes the task processing mode
selection, spectrum resource allocation and time partitioning of UL
and DL communication and target sensing. Moreover, Fig. 10 shows
the scheme comparison under different distances between BS and UEs
where D1, D2 and D3 are [50,70] m, [70,90] m and [90, 110] m. And
it proves that no matter what distance is, our proposed RATP scheme
achieves highest utility value.

6. Conclusion and future work

In this paper, we have investigated the integrated communication,
sensing, and edge computing network to meet the requirements of the
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future wireless system where BS is endowed with the functionalities
of UL and DL data transmission, task processing and target sensing.
Then, we have proposed a RATP scheme to allocate the spectrum
and time resources under this integrated network. Furthermore, we
have formulated an optimization problem to maximize the total utility
function consisting the normalized task processing latency, UL and DL
transmission rate while guaranteeing the performance of radar sens-
ing. In order to solve this non-convex problem, we have decomposed
it into three subproblems to optimize spectrum resource allocation,
time partitioning, TSL selection and task processing mode selection.
Simulation results have confirmed that our proposed algorithm can
converge to an optimal point within few iterations. Moreover, we have
conducted series of numerical simulations to investigate the influence
of parameters of task processing, target sensing and communication on
the total utility value. Lastly, we have also validated the superiority of
the proposed RATP scheme over other comparison schemes.

For future work, although our proposed RATP scheme is suitable
for the specific communication systems, we will further design a more
compatible one involving communication, sensing and computation
for the general mainstream communication systems, and other radar
sensing techniques such as CSI-based sensing will be incorporated.
Besides, we will investigate the energy consumption problem in this
integrated network since various kinds of traffic consume nonnegligible
power, especially in the large-scale network.
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Appendix A. Proof of Lemma 1

Since W(x) is an increasing function when x € (—1/e,0), thus

—W increases when v increases. Thus, we can conclude that
vl isa moﬁotonically decreasing function w.r.t v according to Eq. (29).
Similarly, ¢ and v, are monotonically decreasing functions w.r.t v
according to Egs. (30) and (31). Hence, the left hand of Eq. (33)

is a monotonically decreasing function w.r.t v. In addition, when

v - 0, W< — —1, thus y — co. Moreover, when v — oo,

exp(¢")
W<—W> — 0, thus y/ — 0. The same conclusions can be applied

to yid and vy Hence, it has one unique solution v* that satisfies
Eq. (33). MW

Appendix B. Proof of Lemma 2

It can be seen from Egs. (8) and (10) that, with the allocated
spectrum resources y' and yi", the UL and DL transmission rate of
CM-UE i increase monotonically with 74 and z¢. In order to achieve
higher value of utility function, the time partitioning for UL and DL
communication should be as larger as possible, that is 3k, N+
Yjer b7 + Xigy (1 +7{') = T. And according to C4 of Eq. (34), the
allocated time for target sensing should be as smaller as possible while
guaranteeing C1 and C2 of Eq. (34). Hence, we can derive Y

,eqandr_tiJeJ [ |

jes by =
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