Under review for possible publication in

@ IEEE TRANSACTIONS ON
0IEE€ COMMUNICATIONS

i FURLECA TIO O T D ORI TR BT T

On joint cooperative relaying, resource allocation, and
scheduling for mobile edge computing networks

Journal: | IEEE Transactions on Communications

Manuscript ID | TCOM-TPS-21-0848.R2

Manuscript Type: | Transactions Paper Submissions

Date Submitted by the

Author: n/a

Complete List of Authors: | Biswas, Nilanjan; Universite catholique de Louvain, Electrical
Engineering; Birla Institute of Technology

Wang, Zijian; Universite catholique de Louvain, Electrical Engineering
Vandendorpe, Luc; Universite catholique de Louvain, Electrical
Engineering

Mirghasemi, Hamed; Universite catholique de Louvain, Electrical
Engineering

Keyword: | Mobile communication, Communication, Optimization methods

C(

||-' S OA
— Y LN

JONE™
Manuscripts

IEEE Transactions on Communications




Page 1 of 42 Under review for possible publication in

1 1

2

3 . . . .

; On joint cooperative relaying, resource

5

6 . . .

7 allocation, and scheduling for mobile edge
9

10 "

. computing networks

12

13 - - - 'Ery

14 Nilanjan Biswas; Zijian Wang; Luc Vandendorg&EE Fellow, Hamed

15

16 Mirghasemi

17

18

19

20

21

22 Abstract

23

24 . . . . .

25 In this paper, we consider Internet of Things (IoT) based mobile edge computing (MEC) system.
26 0T devices are controlled by access points (APs), which do not have access to any licensed spectrum.
27

28 This puts limitations on 10T devices’ offloading capability and hence effectively reduces the number of
29 computed bits. Under such scenario, we consider spectrum sharing, where 10T networks get access to
30

31 licensed spectrum by helping a primary network (owns licensed spectrum) in cooperative relaying. We
32 aim to maximize sum of the primary network’s communication rate and IoT networks’ total number
33

34 of computed bits by jointly optimizing relay selection, licensed spectrum allocation, local computation,
35 and offloading sequence selection. Moreover, we consider important constraints, e.g., the guaranteed
36 . . . . .

37 rate for the primary network, loT devices’ available energy, and available licensed spectrum resource
38 blocks (RBs). We observe that the optimization problem is combinatoric in nature, which becomes
39 . . . . . .
40 more complicated when loT devices’ scheduling order comes into the formulation. From our analysis,
41 we devise an optimal and computationally efficient algorithm. In the result section, we compare with
42 ,

43 relevant benchmark systems and show the efficacy of our proposed model. Moreover, we also show
44 how loT and primary networks benefit from spectrum sharing.

45

46

47 K eywor ds

48

gg Mobile edge computing, partial offloading, spectrum sharing, relaying, bipartite matching

51

52 Nilanjan Biswas and Hamed Mirghasemi were with UniversitethGliqgue de Louvain, Louvain la Neuve, Belgium.
;31 Zijian Wang and Luc Vandendorpe are with Universite Catholique de Louvain, Louvain la Neuve, Belgium. Emails:
55 nilanjan.biswas058@gmail.cofzjjian.wang,luc.vandendorp@uclouvain.be, hamed.mirghasemi@gmail.com.

56

57

58

59

60 |IEEE Transactions on Communications



oNOYTULT D WN =

Under review for possible publication in Page 2 of 42

|. INTRODUCTION

In modern wireless communication systems, we find the emergence of different smart net-
works, e.g., smart home, smart transportation, smart healthcare, smart agriculture, etc. Internet of
Things (1oT) is envisioned as a technique, which may help us in implementing smart networks.
According to Cisco [1], we are going to have billions of 10T devices by the year 2022. With the
advent of different computation-intensive applications in smart networks, one obvious question
arises which is: how computation power and energy-constrained 10T devices would be able to
support these applications? 10T devices may take help of cloud computing servers by offloading
their computational tasks. However, there are some limitations in offloading to cloud servers.

Distant cloud servers may increase latency and energy consumption [2].

To confront this issue, European Telecommunications Standards Institute has proposed a tech-
nology called Mobile edge computing (MEC) [3]. Unlike cloud servers, MEC servers are installed
at access points (APs) at the edge of networks. 10T devices may offload their computational tasks
to MEC servers and substantially get benefited, which has been discussed in [4]. One of the major
issues in computational task offloading for IoT networks may be the availability of spectrum. In
[5], it has been predicted that by the year 2025, we may expect 2.95 billion smart home sensors.
Now, at this point, we face another important question, i.e., how can we support massive 0T
networks with our existing spectrum? loT devices may operate in unlicensed spectrum, e.g., Low
Power Wide Area Networks (LPAWN) and ZigBee networks. However, only unlicensed spectrum
may not be sufficient to support massive 0T networks. In this context, licensed spectrum sharing

for 10T networks has gained significant attention [6].
A. Literature Survey

1) MEC for loT networks:Typical 10T nodes may be computation power and energy con-
strained. This has led to adopting MEC for 10T networks [[f].MEC networks, we find two
different offloading modes, i.e., binary and partial [8]. In binary offloading, computational tasks
are either offloaded for remote computation at MEC servers or computed locally. Typically,
for granular computational tasks, partial offloading may be chosen, where computational tasks
may be computed both at MEC servers and locally. Related literature includes [9]-[22], where
authors have considered either binary or partial offloading. Further, we can divide these papers
into single [11], [13], [15], [20], [21] and multiple device [9], [10], [12], [14], [16]-[19],
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[22] offloading scenarios. One common thing is that authors of these papers have considered
centralized optimization problem, where they have optimized different metrics, e.g., energy
consumption, energy efficiency, total number of computed bits etc.. For multi-device computation
at a MEC server, we find two different approaches, i.e., dividing the computation power among
different devices [9], [10], [14], [17], [18], [22] and dividing effective computation duration
among different devices [16], [17], [19]. Devices are allocated MEC server’s processing power
one after another for computation power division over time. For the second case, a MEC server
acts as a virtual machine, such that, at same time different cores of the MEC server’s processing

unit are allocated to different devices.

2) Spectrum Sharing for 10T networkgiccording to [1], global mobile data traffic would
rise exponentially and by the year 2022, we may expect it to be 77 Exabytes per month.
For regulators, this is a matter of concern as the existing spectrum may not be sufficient to
accommodate the data traffic. European Commission, in their report [5], has discussed that with
help of spectrum sharing, we may reduce the spectrum requirement to 19 GHz from 76 GHz
for 5G communications. There are two different approaches for spectrum sharing [23], i.e.,
property rightsandspectrum commong#ccess to licensed spectrum is received in exchange for
appropriate remuneration property rights Cooperative relaying may be an effective technique
for property rights[20]—[22], [24], [25]. In spectrum commonspectrum sensing is performed
to detect opportunities for spectrum sharing [26]—-[28]. For spectrum sensing, licensed spectrum
should be continuously monitored to find the spectrum holes. Whereas, for cooperative relaying,
licensed spectrum can be used by both licensed and unlicensed networks concurrently. There
may be situations (e.g., for cell-edge users), when quality of service (QoS) for wireless users in
licensed spectrum may not be maintained instead of full utilization of licensed spectrum [29].
Cooperative relaying may help in improving QoS while reducing spectrum resource requirement.
For massive loT networks, which may have billions of 10T nodes, allocation of exclusive
spectrum may not be feasible under the already existing spectrum crunch scenario. For loT
networks, we find [6], [28], [30]-[32], where authors have discussed the efficacy of spectrum
sharing for 10T networks in radar and cellular spectrum. One can find standardization effort by

the 3rd Generation Partnership Project (3GPP) on spectrum sharing for IoT networks in [33].

This paper is based on a promising marriage of MEC and spectrum sharing for 10T networks.
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It is very important to properly design parameters relatelicensed spectrum sharing and MEC.

In that regard, we find following gaps in literature:

Literature gaps: (a) For IoT networks, in context of MEC, authors of [9]-[19] have jointly
designed computation and communication parameters from a single optimization problem. How-
ever, none of them have considered spectrum sharing. (b) In context of multiple licensed spectrum
RB sharing, we find [27], [28], where authors have scheduled unlicensed users in those RBs.
However, we observe that in [27], RB allocation has not been considered in optimization problem.
Though authors of [28] have considered spectrum allocation as a binary optimization parameter,
they have later relaxed that to be continuous. Moreover, none of [27], [28] has considered
MEC. (c) Though authors of [20]-[22] have considered both spectrum sharing and MEC for
loT networks, they have some limitations. [20]-[22] are based on single licensed spectrum and
single 10T network. Moreover, authors of [20] have not considered joint design for parameters.

B. Motivation and Contributions
Existing literature gap, which we have discussed in lasti@ecinotivates us in considering a

generalized system model with spectrum sharing and MEC for 0T networks and then going for
joint design of spectrum sharing and MEC parameters. We consider a primary network (owns
licensed spectrum) and multiple 10T networks, which try to get access to that licensed spectrum.
In the primary network, there is a base station (BS), which communicates with multiple primary
receivers (PRs) in multiple licensed spectrum RBs (RBs are orthogonal to each other and hence
can be visualised as multiple licensed spectrum). In each loT network, there is an AP, which
controls multiple 10T devices. APs may help the primary network in cooperative relaying and

as remuneration get access to the licensed spectrum.

Following, we discuss our contributions in this paper in Hrighich, to the best of our

knowledge, have not been considered earlier in literature:

1) Joint design of relay selection, RB allocation, local computation and offloadling: BS
either chooses an AP as a relay to communicate with a PR or directly communicates in an RB.
We optimally design relay selection parameters, RB allocation, along with different computation
(i.e., local computation and offloading) parameték& observe that the problem is non-trivial
due to its combinatoric nature, which arises due to multiple licensed RBs’ allocation. Unlike

[28], we find optimal allocation algorithm for these RBs, which is computationally efficient too.
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1 5
2

z 2) Optimal scheduling for offloading and computatione consider a simplified computation

Z model at MEC servers, where instead of dividing a MEC server’s computation power among
7 loT devices, full computation power is allocated to 10T devices over orthogonal time durations.
3 We find that authors of [16], [17], [19] have considered such computation model in their work.
1(1) However, authors of those papers have assumed infinite computation power at MEC servers.
g Unlike a cloud server, a MEC server is highly constrained by computation resources. Hence
14 infinite computation power assumption at MEC servers may not be realistic. In this paper, unlike
12 [16], [17], [19], we consider finite computation power at MEC servers and design optimal order
1; for 10T devices’ offloading and computation.

;g 3) Showing efficacy of spectrum sharinigr simulation, we show that both primary and IoT

21 networks get multiple times improvement with help of spectrum sharing in the communication
§§ rate and total number of computed bits, respectively.

§§ The rest of the paper is organized as follows. Section Il describes our system model and
;? optimization problem. In Section Ill, we discuss the optimal solution procedure of our optimiza-
;g tion problem. The complexity and efficiency of our proposed optimal algorithm are discussed
30 in Section V. Different useful and interesting observations and their corresponding discussions
2; are given in Section V. We conclude in Section VI.

;i Il. SYSTEM MODEL

35 In Fig. 1, we show the logical diagram of our system model. We consider a primary network
g? and M (1 < m < M) number of 10T networks. In the primary network, there is a primary base

gg station (BS) and multiple primary receivers (PRs). It has total bandwidib, avhich is divided

40 into NV (1 <n < N) equal bandwidth RBs (denoted by RBThe BS communicates with PRs

j; in different RBs. Each loT network has energy and computation power-constrained 10T devices,
ji which are operated by an AP. A computationally powerful MEC server is installed at an AP. Due
45 to the unavailability of any licensed spectrum for computational task offloading, 10T networks
j? suffer from lower number of computed bits. For the primary network, we consider downlink
jg communication, i.e., from the BS to PRs. Due to poor channel gains between the BS and PRs,
g? received rates at PRs may be low. Under such circumstances, we consider cooperation among the
52 primary network and IoT networks, such that, these networks can satisfy their requirements. The
?i BS may communicate with a PR either by direct or by relay transmission. In relay transmission,
gg the BS chooses an AP as a relay to communicate with a PR in an RB. As remuneration, the AP
57

58
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Fig. 1: Logical diagram of system model

gets access to the RB, in which it relays data. During this process, the AP maintains an effective

relaying rate above a minimum requirement, which we consider in (6) later.

We denote APs by AR, m € {1, .., M}, and loT devices under APby 10T ,,,, 1 < k < K,,,,
where K, is number of 10T devices under AR Without loss of generality, we assume that
there isM number of PRs, which receive either only direct transmission or both direct and
relay transmission via APs from the BS. The corresponding PR, to whigh rARy relay data
is predefined! and for the sake of notation simplicity, we denote it by,PRRelay mode
activation and RB allocation is characterized by paramefer(n) € {0,1},j = 0,1, where
ao,m(n) = 1 means the BS directly communicates with Rk RB, anda;,,(n) = 1 means
AP,, helps the BS in relaying to BRin RB,. In Fig. 1, we show relay communications and
computation offloading by black coloured solid and dashed arrow lines, respectively, and direct
communications by red coloured solid lines. We have shown a scenario, wherened PR,
receive data directly from the BS and via A&nd AR,,, respectively. However, PRis receiving
only direct communication from the BS, such that, 10T devices undey; AB not get access to
any RB for computational task offloading. The primary network operates in slotted time frames
with frame duration off". For direct transmission to a PR, the BS allocates the PR an RB for
the time duratioril". In relay transmission, the BS communicates with a PR via associated AP.
In Fig. 2, we show corresponding frame structure assuming AgPays data to PR in RB,,. At
the beginning of frame, the BS sends data tq,A4hd PR, for 7,,(n)/2 duration, wherer,,(n)

1We assume that the BS has prior information about locations for APs and PRs. Based on that, the BS associates a PR with
an AP, which is at closest Euclidian distance to the AP. Such models have been adopted in [34], [35]. However, PRs association

with APs may be considered as another design variables, which is beyond the scope of this paper.
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is the total relaying time duration for BRin RB,,. After receiving the BS’s data, APrelays

it to PR,, for 7,,(n)/2 duration. Once the relaying process is over, the BS gives access,pf RB

to AP,,, in which AR,, schedules lof,,, Vk, for offloading. 10Ty ,,, Vm, k, may perform local
computation from the very beginning of a frame without hampering the offloading procedure
because of having separate hardware blocks for communication and computation. For a quick
finding, in Table I, we list different important notations (including which are used later) and

their descriptions, which we use in this paper. We consider following assumptions in our system

TABLE I. Different notations and their descriptions

Symbol Description Symbol Description

N Number of RBs M Number of AP, PR pairs

B, = B/N Bandwidth of RB,, Vn R'°T Total number of computed bits for 10T networks
Km Number of 10Ts under AR, 10Ty k" 10T under AR,

Indicator of AR,, relays data to PR
ajm(n) €0,1,j=0,1 | in RB, (thenay ., (n) = 1),or direct 10T [1],m (1)
transmission to PR in RB, (thenag,m(n) = 1)

k™ ordered I0T scheduled for offloading
in RB,, under AR,

Tm(n) Relaying time duration of AR, in RB, PBS BS transmission power

PAP Transmission power for AR, Vm, diy, P Distance between lof,,, and PRy,

A, P (T0) Channel gain between AP and PR,, in RB, dg A, Distance between BS and AP

iy A (1) Channel gain between 1T, and AR, in RB, dB,P,, Distance between BS and RR

hg A, (1) Channel gain between BS and APn RB, A, P Distance between AR and PR,

hg,p,, (1) Channel gain between BS and BRn RB, K Path loss exponent

tkofn Local computation time duration for 1gT,, r?,r,im(n) Received rate at PR in RB,

r,ﬁ"fn Number of locally computed bits at 1gT,, pgffm(n) Offloading power for 10T, ,,, in RBy,
tgffm(n) Offloading duration for 10T, ,,, in RB,, 7'Sffm(n) Number of offloaded bits for 10] ,,, in RB,,

model: (a) Time frame duration is less than coherence timedyalifferent channel gains remain
fixed during our analysis period, (b) The BS is the central controller and it knows locations of
different wireless devices and instantaneous channel gain values, (c) loT devices and PRs either

transmit or receive for having single transceiver chain.

Possible applicationWe can say our system model is very much realistic from facts: (a)
cooperative relaying is used in Long Term Evolutions (LTE) networks [36] and (b) deployment
of 10T networks in LTE band is found for Narrow-Band 10T (NB-loT) networks [33], [37]. We
can consider 10T access points of our system model as relays for LTE base stations and in return

loT networks get access to LTE spectrum.

A. Primary network rate
The BS may communicate with BReither by direct transmission or by relay transmission

via AP,,. We consider decode and forward relaying at APs. If the BS communicates wjith PR

|IEEE Transactions on Communications
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in RB,, then following [38], we can write received rate at PRS:

_Tm( )B 10g2{1 + mln(’YB Am (n)7 ’yB7P7n+A7n7P'm, (n))}7 APm relayi1:1)7

1)
TB,log, {1+ 22 |hgp, (n)|* dsp, *} ,direct transmissiofj=0),

whereB,, = B/N is the bandwidth of an RByg a,, (n) = 2% |hg a,, (7 )|? dg’ A VB Pt A P (12) =

L85 |hgp,, (1 )P dg gp, T 2 |ha, p, (0 ) da” 5., and, pgs andpap are the BS’s and AR's trans-
mission powers, respectlvek;;',2 denotes total noise power at the receiver (we consider identical
noise power at all receivershgp,, (1), hga, (1), andha, p,.(n) are channel gains between
BS- PR,, BS— AP,,, and AR, — PR,,, respectively, in RB. We consider block fading, such
that, channel gains remain same throughout a time frame in RBwever, channel gains in
different RBs may be different. Distances between different entities are denot¢d, bwhere

x € {B,A,....,A},ye{AL, ..., AL, P,...,P,} (WhereB, A, ,,,andP,_,, stand for BS, APs,

and PR} and«x is path loss exponent. So, the primary network’s effective rate is expressed as:

1

S 3) 3) ML AE] @

7=0 m=1 n=1

B. Total number of computed bits for 10T networks

In 10T networks, total number of computed bits are based on computation at MEC servers
(installed at APs) and local computation at 0T devices. Following we discuss about them.

1) Computation at AR, Vm: AP,, gets access to an RB if it relays data to,PR that RB.
After that, AR,, schedules lof,,,. k = 1, .., K,,,, in orthogonal time duration for partial offloading
of their computational tasks. Let us consider Alelays data to PR in RB,. We denote

offloading time duration for 1o, by " (n), such that, number of offloaded hits become:

p m( n) e
km( )B lo 089 (1 + ‘ |h|k,Am(n) lek,P,,,,> ) (3)

Whet’Epgfn(n), h, a,.(n), andd,, p, are 10T, ,,'s offloading power, channel gain, and distance,
respectively, to AR. It is to be noted that offloading power for Ip], depends on offloading
time duration, which depends on the RB. That is why offloading power has also RB index. Total

number of computed bits at the MEC server at,ABecomes:

Kmn N

p m( n) ,H
MEC Zzal m tkm )Bn 10g2 <1 + i ‘hlk Am( ) 2dI/IWP,,L) : (4)

k=1 n=1

|IEEE Transactions on Communications
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2) Local Computation at lof,,,, Vk, m: We characterize the computation power of Jg.Tby

a positive parameter tupl@”,tfjg, fL°C>, WhereC,tf;fL is the number of required CPU cycles to

k,m

compute a bit at 107, and f:°¢ is 10T} ,,,'s CPU frequency (CPU cycles/second). Total number

km

of locally computed bits at loJ,, becomes:

Loc rLoc

Loc _ "kmJEkm

Tkom = CLoc
k,m

wheret;® is the local computation time duration at Ig],. Therefore, we can write total number

,m

of bits, which are computed locally at 10T devices under,A#s:

Km
Loc __ Loc
T = E Tk,m'
k=1

Hence, effective number of computed bits (i.e., at 10T devices and at MEC servers) becomes:

M M
loT __ MEC Loc
R® = T E T - (5)
m=1

m=1

C. Different constraints

Following we discuss different constraints in our system model.

1) Guaranteed rate at PR Vm, for RB sharing: The primary network allows AP to access
an RB under guaranteed communication rate (i.e., denote@ byat PR, via relaying. For
example, if the BS allocates RBo PR,,, then AR, is allowed to access RBonly when the

following constraint is satisfied:
al,m(n)rfﬁin(n) > a1 (1) Qm, Y, . (6)

2) Computation completion at IgT,, and MEC server at AR, Vk, m: There are two different
computation procedure in our system model. One at I0T devices and another one is at MEC
servers at APs. Both of these computation procedures should end by time frame diirdtmn
local computation at lof,,,, we get:

tion < T (7

Now, we discuss about the computation procedure at the MEC server,at IARorder to
compute lo¥,,,,’s task, the MEC server at APhas to become idle and also should receive the

loT device’s computational task, which we have shown in Fig. 3. In Fig. 3, the MEC server at
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10

AP,, computes an 0T device’s computational task only after receiving it, ARiintains order
among loT devices for partial offloading and computation at the MEC server. We consider same
order for both offloading and computation for 10T devices, which has been proved to be optimal
in [39] in terms of minimum computation completion time. Without loss of generality, let us
consider that AR, gets access to RBfor relaying to PR, in that RB. We denoté-th scheduled

loT device under AR in RB,, by 10Ty ,,(n). 10Ty, (n) partially offloads computational task

for ¢, (n) duration and MEC server at APcomputes the task fot/"C (n) duration. We

denote its computation end time instant at the MEC server at B /i ,.(n). We can write

tilnn) . t3la(n) 2 .(n t (1)
Iy (n) Iy w(n) Tigy () Tipm(n)
thim(n)t e (n) L elin(n) ticym(n)
T-7,,

I:l Offloading I:l MEC computation

Fig. 3: Offloading and computation for™ 10T network in RB,

following assuminng lof;,,,(n) starts offloading from the time instant= 0:

IULm(n) = tﬁ?,m(n) + t'[\ﬁEm( ) [[k} m = max th m I[k 1], (n) + t'[\l/gI}Er(r:L( ) k= 27 ) Km7

(8)

[k],m
pﬁe?,m(”)? h|[k]7Am< ) and dl Am arek!

channel gain to AR, and distance to AR, respectively.fMEC is the CPU frequency at the MEC
server at AR,, andC}"F is required CPU to compute a bit at the MEC server forlgil(n), Vn

Off
wheretyi=" (n) = t§  (n) - B, - log, gljt k]’” |h| (>|2dﬂ§,Am -OpeS /INEC 5 L (n),

scheduled loT device’s offloading time duration, power,

The MEC server at the AP can start computindoTy, ,,.(n)'s computational task only after
receiving 10T, ,,(n)’'s task and finishing computation of 19T ,,(n)’s computational task.
This fact is considered in (8) by considerimgaximum function. It is to be noted that we
may getk,,! permutations (! is the symbol of factorial) of 10T devices’ scheduling sequence at
AP,,. We try to find out optimal sequence from our optimization problem. Therefore, we define

following set with 10T devices according to their offloading sequence in,Rihich is one of

|IEEE Transactions on Communications
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11

our optimization parameters in optimization problem in Section Ill.
Sm(n) = {10Tpm(n), ..., 10Tk, 1.m(n) }. (9)
Following constraint takes care of timely computation completion at the MEC server,at AP
Tm(n) + L m(n) < T, Vm, k,n. (20)

In (10), we show that relaying and 1Q],,(n)’s remote computation should be completed by

end of the frame duration, i.€I;, which has been shown in Fig. 3.

3) Limitation of energy at lof,,,, Vk, m: We consider |0T,, has finite energy at its battery,
which it uses judiciously for local computation and offloading based on,’&Rccessibility
to an RB. Following we write energy consumption at g, where the first term is for local

computation [12] and the other for offloading:

€rm = Wimlpon (fioe)® + Zal m ()R (R)pE (1), (11)
wherewy, ,,, is coefficient depending on chip archltecture. Energy cairdtiat [0T, ,, becomes:
€km S Ek,m- (12)

D. Optimization problem
In our system model, there are two different networks with two different interEststhe

primary network, the BS will try to maximize the communication rate, whereas, in 10T networks,
total number of computed bits is of interest while maintaining latency constraint in (7) and (10).
For applications, e.g., image, video processing, number of computed bits may define quality
of service. Therefore, optimization of number of computed bits is important, which has been
considered in [12], [19]We consider a single weighted objective function while adesng

both networks’ interests, and form following optimization problem:

P1: max  aR™ 4+ (1—a)R"T (13a)

,A,P,S,Tr,TL TO

st: (C1) (), (7). (10), (12)

1 M
2) )Y ajm(n) < 1,9, (13b)
=0 m=1
1 N
Zajm <1,Vm, (13c)
7=0 n=1

|IEEE Transactions on Communications
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12

wherea € [0, 1] is corresponding weight on the primary network’s rdl&, = [7,,(n)], A =
[ajm(n)], T- = [t;%],S = [S(n)], T = [t (n)], and P = [pg" (n)]. The BS communicates

with a PR using an RB either by direct transmission or via an AP as relay, which is considered in
(13b). (13c) means that RRand AR,,, Vm, is allocated an RB at maximum. It can be observed
that optimization problenP1 is combinatorial in nature. We may find the optimal solution by

exhaustive search, whose complexity increases substantially for large vali¢santl V.

In next section, we propose an optimal and computationafigient approach to solvé’1,
which we zest as follows:(a) We map optimization probl&mhwith bipartite graph problem for
both N > M (Section Ill.A) andN < M (Section III.B), (b) ForN > M, we get optimization
problem P2, which further can be divided int&’3 and P4 based on whether 10T AP relays data
and hence gets access to RB or not, (c) Bipartite matching is done in optimization prBblem
based on received values fraR8 and P4, (d) Optimization problenP3 is non-convex; without
losing optimality, we writeP3 in form P3.1. Still, we observe optimization problerR3.1 is
non-trivial due to presence of 10T nodes’ scheduling order. Following Proposition 3.2 and 3.3,
we simplify it and rewriteP3.1 in form of P3.2, which is convex, (e) We solv€3.2 optimally
by solving its corresponding dual problem (Chapter 5 of [40]). Dual variables are found from

(34) and using those, primal variables are found frBt L P [15].

[1l.  OPTIMAL GRAPH-BASED SOLUTION PROCEDURES
In this section, we discuss about the solution procedure for the optimization prablekve

map it with bipartite graph problem to get an optimal and efficient solution. Based on number of
RBs and AP, PR pairs, we may get two different cases, Nexz M and N < M. We analyse
these cases and find optimal solutions for both. Before going into further detail, in following

(14) and (15), we rewrite (13a) and (11), which help us in our subsequent analysis.

o2

M N off
— al,TIL(’”’) O[Tl m 1 — a t B 10g2 <1 + pk,m( )| Ik}yA’HL( )| Ik Pm) + 7"7;10(:}

S (1) [arg,%<n>+<1—a>r;s°]+<1—a>zr,ts°[ =S +am<n>>],

m=1 n=1 m=1 n=1

(14)
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N 1 N 1
ehm = ) | D Wim (0)wh 55 (FE90)* + arm (MR, ()P () | + (1= YD ajm(n))wpmt i (fio0)™
n=1 Lj=0 n=1 j=0

(15)
A. Analysis forN > M
For N > M, we have provision to allocate RBs to all PRs. Based on this fact, we present

following proposition.

Proposition 3.1:For N > M, each PR receives an RB either for direct or relay transmission,

such that, (13b) holds at equality, .85 o >>", aj.(n) = 1,¥m.
Proof: We prove this from the objective function @t1 as has been given in (14), where

the last line is for the scenario when a PR does not receive direct/relay transmission. From
(14), it can be observed that first two terms, which are multiplied with (n) and ag ,,(n),
respectively, are larger than the last term. It means that we can always increase the value for the
objective function ofP1 by allocating an RB to a PR either for direct transmission or for relay
transmission. From this fact, we can conclude that ag\for M we have provision of allocating

RB to a PR either for direct or for relay transmission, igjzo SN ajm(n) =1,Ym. |

Under Proposition 3.1, last terms of (14) and (15) become, Z&rpwe can rewrité’1 as:

. Pri . Loc
P2 a,A, Prsn%z(TL Tomz:l ; ao,m (1 O”"o " (n) + (1 —a)r
M N K’UL p?ﬁ (n)
+ Z_l Zl al,m( Oérl m 1 — Oé Z tk m B log2 1+ ’0_2 ‘hlk;A'rn (n)‘2d|k,Pm_H + Tl;noc}]
(16a)
£1(C1) (6),(7),(10),(13b)
N
(€0 D13 A+ 12 02 0] € i, (16b)
n=1 7=0
1 N
3" aju(n) = 1,¥m. (16c)

7=0 n=1
As the optimization problen®2 is combinatorial in nature, it is not straightforward to solve
it. Therefore, we try to find out simple ways to solve it. In that direction, we observe that one

reason behind non-convexity of (16a) is multiplicative terms (i.e., associatedwvitfherefore,
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we do our further analysis for given value @f= @, which also helps in dividing”2 into two
optimization problems, which we discuss below. For a given painhandn, we have at most
one non-zero element (i.ez,,,(n)) due to constraints as given in (13b) and (16c). From this
fact and fora = @, we may divideP2 into following two optimization problems, i.e?3 and
P4, for ay ,,(n) =1 and ag,,(n) = 1, respectively.

P3: max &ri@n Ztk ' (n)B,, log, (1 + pOﬁ (n) |, A, ()2 dy Pm>

Pm (n),,Sm (n)ﬂ—m (n) bk 7tom (1’1)

+ 7] (17a)

S.t(C1) 177,(n) > Qum, (17b)
(C2) ;% < T,Vk, (17c)
(C3) T(n) + Ipgm(n) < T, Vk, (17d)
(C4) Wit (fion)” + toa (W)DEm (n) < B, VE, (17e)

wheret' = [t} ...t ]t (@) = [9,,(n), . 1R, ()], Pm(n) = [prm(n), - Px,m(n)], @Nd

Sn(n) has been defined in (9). Optimal solution proceduresHBdris given in Section IlI-Al.

K, m] ’

P4 max Eyrg,r,in(n) + (1 — a)ree (18a)
st (CL)% < TV, (C2)wimti e (fio0)® < Ejm, VE. (18b)

We discuss about solution steps for optimization problednin Section 111-A2.

At this point, we define following term, which is used in subsequent equations:

_ Ri. 19
J" = arg max I (n), (19)

where R, ,,(n) and Ry ,,,(n) are corresponding solutions for the above mentioned optimization

problemsP3 and P4, respectively.

Consequently, for given value of = @, we can rewrite optimization problerA2 in form of

following optimization problem, i.e.P5, without loss of optimality:

M N
max >N aj m(n) Ry n(n) (20a)
m=1 n=1
{(C1) Zajm < 1,Yn;(C2) Zajm =1,Ym, (20b)
n=1
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2
2 where A* = [a;-,(n)], j* is found from (19) for given pair ofn andn. From the nature of
Z optimization problemP5, it can be observed that we can mBp with a bipartite graph. Later,
7 in Section 111-A3, we show that the bipartite graph can be written in form of balanced bipartite
8
9 graph, such that, we can apply efficient Hungarian algorithm to solve it.
10 . L . . T
11 In Fig. 4, we present a pictorial overview about relations between optimization protéms
:g P3, P4, and P5 (P3 — P5 will be discussed in following Section 1lI-Al, IlI-A2, and IlI-A3).
14
15
16 (Fgf_ ) Optimization problem P3
17 D= Find: R_lym(n),Vm,n Optimization problem
18 (Section llI-A1) P5 using:
19 Optimization R, .(n),Ry .(n)¥'m,n
20 problem P2 Optimization problem P4 / Solve by Hungarian

For Find: R, ,(n),Vm,n Algorithm
21 Gy, (n)=1 (Section lIl-A2) (Section lI-A3)
22
23 . . o
>4 Fig. 4. Relation between optimization problem®8, P4, and P5
25
26 1) Solution procedure foP3: We observe thaf’3 is a mixed integer non-linear optimization
27
28 problem, where the set for loTs’ scheduling order, i&,(n), is discrete, and rest parameters
33 are continuous. We may consider different offloading orders for 1oTs and solve optimization
g; problem different times to get the optimal result, which may be computationally complex as we
33 can order 10T, , - 10Tk, m.. IN K;,,! ways. Therefore, we try to find an efficient way to solve
34
35 optimization problem. We observe that for a given scheduling order for I583s not convex.
g? One reason behind that is non-convexity of the term as given in (3), which has been u3&d in
gg We resolve this by introducing (n) = t2" (n)p" (n), vk, such that, we can rewrite number
40 of offloaded bits by IoT,,,,, as:
41

Off 2 —K

42 ek’,m(n)|h| *7A7n (n)| dl *7P7n
43 tgﬁm(n)Bn log, (1 + tc’;ﬁ B k . (21)
44 k,m
45 It is shown in [40] that ag'(z) = log,(1+x) is concave, it's perspective function, i.¢(z,y) =
46
47 ylog,(14x/y), is also concave. Following that fact, we can say that the term in (21) is concave.
48 . o . . , ,
49 However, still optimization problen®3 is non-convex due to the constraint as given in (17d).
g? From the expression afy,,(n) (in (8)), it can be observed that there is a tefffi® (n), which
52 depends on (21) and is concave according to our previous discussion. Therefore, we are getting
53
54 concave function less than a constant in constraint as given in (17d), which may make the set
gg over optimization variables discontinuous and hence non-convex. Following [11], [13], [15], [41],
57
58
59
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we resolve this problem by replacing the term in (21) with an auxiliary optimization parameter ,
ie., rgfn(n). As we consider the auxiliary optimization parameter, wedneeconsider following
constraint in (22). It is to be noted that constraint in (22) holds equality in optimal case, as we

can increase the value for objective function in (23a) by increas?{j,gn).:

e (n)|h d
Tk(iﬁm( ><t?f:n( )Bn10g2 1_'_ k’,m( )| LgﬁA,n( )|2 Ik, Pm . (22)
tk m( )O'
We write modified optimization problem as:
K’!?L

P3.1: max arty,(n) + (1 -« ror (n) 4+ 1l 23a

S (1), 7 (1) 1.1 (1) A2, (). R, (m) (m) =+ )[; ko (1) + 7] (232)

s.t.: (C1)(17b)— (17d), (22); (C2) wimtios (fro0)* + ein () < B m. (23b)

whererg, (n) = [P (n), .. r,?ﬁl(n)],eo (n) = [P (n), .. P?f:n( )]. Now, we try to find out the

m

order for l0Ts for their offloading and computation at the MEC server, 8g.(n). In that

direction, we present following proposition.

Proposition 3.2:For f%° = fy, wim = wy,, C}% = CX°T, andC’V'EC CM Yk, 10T, should

be scheduled before 197F, under following condition:
Epml|h? 2ot > Eql|hl 1 2d
Proof: Proof is given in Appendix A. [ |

Now, we try to simplify the constraint as given in (17d) andgama following proposition:

Proposition 3.3:1n optimal case, we can consider following two equations in place of (17d):

R () > Sy (n), k=2, . Ko, (24a)
+Zt () < Typ =1, .., Ko (24b)
Proof: Proof is given in Appendix B. [ |

Following Proposition 3.2 and 3.3, we can rewrite optimizatproblemP3.1 as follows:

K m

P3.2: ma F’f;n +(1— ofon n I;noc -
T""(n)’TLvrom(H)?‘E%(n),eom(n) ary (n) ( a)[; L (n) r ] ( )
t.. (17b)(17c), (21),(23b), (24a) (24b) (25b)

|IEEE Transactions on Communications



Page 17 of 42

oNOYTULT D WN =

Under review for possible publication in

17

Km Km
L(7n(n), t5, 10, (n), t(n), ep (m), m, A, 1, €, B) = arfy,(n) + (1= a) Y [ (n) + rg50] = > Ml
k=1 k=1

K m

e (MM a,, (n) Pdi, p,,~
an {Tk m km( )B 10g2 (1 + . t(l;ff (n)0'2 - Z'uk Wk mtllgoncl Lc;g)3+
k7
Km Km
Off ) o tMEC o t t tMEC _T
ekm( ) k,m Zg(k lm( ) km Zﬁk Tm +Z + km( ) .

k=2

(26)

We observe that optimization problef3.2 is convex.Hence, we can solve the dual problem
of P3.2 to get the optimal result as has been discussed in Chapter 5 oflfd6fder to make

it simple in terms of notation, without loss of generality, we consider thaf Jo scheduled

at k™ order for offloading and computing at AP Corresponding Lagrangian fd?3.2 is given

in (26), wheren = [m1,..,1k,,], A = [A1, -, Ar o = (1, o, € = [Cos i Q] @nd B =
151, -, BK,,], are Lagrange multipliers for constraints as given in (17c), (21),(23b),(24a),(24b).
We can write the dual function(n, A, u, ¢, 3) for P3.2 as follows:

L(7n(n), t5, 15, (n), £, (1), e, (n), n, A, 1, €, B); s.t.: (17)

We find optimal values by solving following dual problem:

max
Tm (n) 7tL ,I‘%(l’l) 7tg1(n) 76%(1"1)

max g(n, A p,B),8t:n=0,A%=0,p=0,{ 0,80, (27)
7:.2,1,$,8

wherex = 0 means all elements of vectar is greater equal to zero. For given values of
n, A\, 1, ¢, and3, We can decompose optimization problem in (27) into following sub-problems,

wherer,0(n) = Q,, /2 log, {1 + min(vg A (1), V8P 1 A, P (1))} is evaluated from (17b):

max  ar Tm(n); St 7 (n) > °(n 28a

max  arf Zﬁk (n) > 2(n) (28a)
K’UL

n}chix(l —a Z TR — Z A28 — Z [ Wh o (feo9)? st 0 < 55 < T, (28b)
k=1

t B 1 1 6]?:?71 (n) |h|k Arn( )| dlk Pm & Off tOﬁ
o 8 an o ogy [ 1+ O ()02 = et (n) + Z G
k=1

k,m

K m

— Z {ﬁk Zt } ;S.t1 ¢ =0,7m0(n) <t (n) <T,0 < egh (n) < Egm, (28c¢)
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Km Km Km Km
max (1—a)d rdh (n) E:%T )—}:&%5% }:ﬁtwc
m k=1
Em d
siyﬁﬁxn)gtankg2<1+- eam P2 §52| P ), (28d)
’ g

Next, we find optimal solutions fot;, (n), t", r2 (n), t9 (n), ande? (n) from Karush-Kuhn-

Tucker’s conditions, which we present in following propositions.

Proposition 3.4: Optimal solution fort2" (n) ande” (n) from (28c) are:

T— 7—7'7[7?(”)7 dk,m <0
to () = [0, T —72(n)], i = 0 (29)
07 dk,m >0
e (1) = prm(n)EE, (n), (30)
Nk Bn o + + Km
Where,Pk,m(n) — |:Mk-21n2 — |h|k,Am(n)‘2d|k»Pm7R:| 5 [ZL’] = Imax {0, :f} 5 dk7m = Z’i:k P — <k+
UanPk,m(")‘hl ,Arn(n)l d a’:’rni'€ pk,m(n)lhl -,Arn(n)‘ d, --,P'm,7N
@)oo e (e =) B 1082 (1 + e )
Proof: Proof is given in Appendix C. [ |

We follow same procedures like Proposition 3.4 for provintiofeing Proposition 3.5, 3.6,

and 3.7, which we have excluded due to brevity.

Proposition 3.5: Optimal solution forr,,(n) from (28a) is:

T, f<0
Tm(n) = [12(n),T], f=0 (31)
o (p), f>0

Wheref = Zfi’"{ 57/ - (]‘ - a)% 10g2 {1 + min(,yBﬂAm (n)7 VB7P7VL+Am7Pm (n))}

Proposition 3.6: Optimal solution fort,';f’; from (28b) is:

T, up < 0
0, ug > 0

where, uy = A, + puetpm (fE2)? — (1 — a) fr9/CL%.
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Proposition 3.7: We considecx, .1 = 0 and find optimal solution for?" (n) from (28d) as:

k,m
e (n)|h n)|? K
th (n)Bn log, (1 + S Wlt%ffAn(li)(),‘z D P ) ,0p <0
eoff n"mL n)|? -k
) =4 (0,19 () Bylogy (1+ e e |y 0 (39)
0, v >0,
CMEC CMEC

wherewv, = frgge + e — (1 — @) — Gea e -
With optimal primal variables defined in Proposition 3.4 to 3.7 for givgn\, i, ¢, 3), we
can evaluate optimal dual variables with help of ellipsoid method. We use sub-gradients for

(Mk, Ak, o, Ck, Ox) 1IN ellipsoid method as follows:

Off 2 —K
Off Off (M1 Am ()21 P, Loc Loc / rLoc)\3
rk,m(n) - tk7m(n)Bn 1Og2 (1 + tgﬁ, (n)o? ) tk:,m - T’ wk7mtk,m( k’,m)

k
eim (1) = Bn, (155 (n) — 120,(n), 7o (n) + 30,y tom (n) + )55 (n) = T

(34)

From ellipsoid method, we receive opti};nal dual variables, irg", \*, u*, ¢*, 8*), from which,
we evaluate optimgb* (n) = {pzm(n) ., and then solve following linear programming:

Km
P3.LP: max arp™? (1 — a)[ 9 (n) 4 ke (35a)
Tm (n),t4,r9, (1) £2, (n) k,n,l ( )[kz:; k, ( ) L}

s.t.{C1)(17c) (24a) (24b)

Pk A, (1) Pdy, P, "
(C2)rph,(n) < 175,(n) By log, (1 T e VE, (35b)
(€3) ™05 105, (1 4 min(r6 0, (). Y07, cm (1))} 2 Qs (350)
(CHwrmtio (Fro) + P () < En- (35d)

In following algorithm, we show different solution steps to solve optimization probi&he:

Algorithm 1: Optimal algorithm for solvingP3.2
1 Initialize: n, A\, i, ¢, 3;
2 repeat

3 Evaluater,,(n) and rof

k,m

(n), t2" (n), e (n), ;% Vk from Proposition 3.4 to 3.7;

k,m
4 Calculate subgradient from (34), and updateu, 3, ¢, n using ellipsoid method;
until Until n, X, i, ¢, 3 converge

5 Result: Optimal valuesyj ,,(n), 77, (n), 7ot (n), to(n), eg™(n), ;25 Vk.

m km >
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2) Solution procedure fo’4 in (18a)(18b) For ag,,(n) =1, PR, receives direct transmis-
sion from the BS in RB, to which AB,, does not get access. It can be observed that, there is
no parameter to be optimized for direct transmission for the primary network. Only, we need to
find out 10T, ,,’s, Vk, local computation durations. From (18a)-(18b), we can conclude that in
optimal case, we get,%® = min(7, %)

3) Mapping P5 in (20a)(20b) with a b’alanced bipartite graphin this section, we discuss
about the solution procedure of optimization probléth, from where we get optimal mapping
between RBs and different AP, PR pairs. We observe that structuré ofatches with maximum
weighted bipartite matching (MWBM) problem in the domain lmpartite graph[42], which

can be solved using computationally efficient Hungarian algorithm for balanced partite’graph

10T AP and PR
pairs
pairs

Resource blocks
] [
|
= —
P
[l P
=

Resource blocks

IoTAP and PR 10T AP and PR

dummy pairs

(@ (b)
Fig. 5: Bipartites showing RBs and AP, PR pairs mapping(fér> M) (j* is solved from (19))

(a) unbalancedb) balanced after adding dummy AP, PR pairs
In optimization problemP5, we can construct two partites with RBs and AP, PR pairs, which

is shown in Fig. 5(a)R;- . 1,m = 1, .., M, are corresponding weights for the mapping between
RB; and AR, PR,, pair for j*, which can be solved from (19). Following this same procedure,
we can map other RBs (i.e2,= 2, .., N) with AP, PR pairs, which we have not shown in Fig. 5

to keep it simple. ForV > M, we include dummy AP, PR pairs, i.e., blocké+ 1 to N on the

right side of Fig. 5(b). However, these dummy pairs do not exist in real, such that, they do not
have any effect on optimization problem. We consider corresponding weights for dummy pairs

as zero. In general, we can write different weights in Fig. 5(b) as given belowdof1, .., N }:

#0,ue{l,.., M},

Rj*,U(U)
=0ue{M+1,..N}.

2In a balanced bipartite graph, both partites have identical number of vertices.
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After incorporating dummy nodes, we get identical number of RBs and AP, PR pairs, such that,

we can map our problem to balanced bipartite graph and solve using Hungarian algorithm [43].

In following Algorithm 2, we show optimal steps for solving2 for N > M.

Algorithm 2: Optimal algorithm for solvingP2 for N > M
1 Divide a € [0, 1] into L grids, i.e.,a ={0,1/L,2/L,..,1};

2 for [=1:L+1 do

3 a=al);

4 for m=1:M do

5 for n=1:N do

6 evaluateR, ,,(n) and R, ,,(n) by solving P3 and P4, respectively;
7 L Find j* from (19)

8 | Find value for utility function following Section I1I-A3

9 Choose optimal value for the objective function i#2 and hencex, for which we get it;
10 Result: Optimal solution forP2 for N > M

B. Analysis forN < M
For N < M, all PRs and hence all APs would not get access to RBs, i.e., for giveraR8

PR.., AP,, pair, we may gety,(n) = a;,(n) = 0. Therefore, unlike forN > M, the last term

in (14) will be there forN < M, which corresponds to non-allotment of RBs. In other words, we
can say that, for given association between RBs and AP, PR pairsA),ewe get: Total utility

= utility for alloted RBs + utility for without allotment of RBs. From (14), it can be observed
that we always get higher utility value for first two cases (i.e., for allotment of RBs) than the
last one (i.e., without allotment of RBs). It means that in optimal case, we should allot all RBs
for N < M, i.e., Zif:l Jl.:o ajm(n) = 1,Vn. We can do this allotment by performing same
mapping procedure between RBs and AP, PR pairs, which we did/ for M in Section IlI-A.
Following, we write RBs and AP, PR pairs mapping optimization problemNot M:

M N M N
PG : max DN () Ry (n);SLAC1) Y ajen(n) = 1,Y0;(C2) Y~ ajem(n) < 1,Vm,
m=1 n=1 m=1 n=1

where all terms have been discussed in Section IlI-A. We follow Section IlI-A3 to tranBlate
in form of balanced bipartite graph problem (by adding dummy RBs). Due to brevity, we have
not shown the graphical representation for bipartite matchingMor. M in this paper. After

translatingP6 into balanced bipartite graph problem, we can solve it using Hungarian algorithm.
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After solving P6, we get AP, PR pairs, which get access to RBs. Rest AP, PR pairs do not get
access to RBs. Corresponding loT devices under the AP (whose associated PR does not get

access to any RB), perform local computation only. In Algorithm 3, we represent our findings.

Algorithm 3: Optimal algorithm for solvingP2 for N < M
1 Divide « € [0, 1] into L grids, i.e.,a = {0,1/L,2/L,..,1};
2 for I=1:L+1 do

3 Follow step-3 to 7 of Algorithm 2;

4 Follow Section IlI-A3 for optimal mappings between RBs and AP, PR pairs using
Hungarian algorithm (dummy RBs to be added to create balanced bipartite);

5 Find set for PRs’ indexes (which are APs’ indexes too), i¥.= {m|a;,(n) = 0},
which do not get access to any RB;

6 10Ty ., V&, under AR,, m € M, perform local computation only, whose durations can

| be found from step-4 of this algorithm. Evaluate value for utility function;
7 Choose optimal value for the objective function #2 and hencex, for which we get it;

8 Result: Optimal solution forP2 for N < M

Discussion on multiple RB allocation: In our system model, we consider single transceiver
chain at IoT devices and PRs. We have considered that PRs and IoT devices access RBs following
TDMA, and hence, they may not be able to access multiple RBs due to time synchronization
problem. Therefore, allocation of multiple RBs to an AP, PR pair may not be relevant in our
system model. However, our system model can be easily extended for multiple transceiver chains
at PRs and IoT devices to make suitable for multiple RBs allocation. If we keep provision for
allocating up-taV RBs, then the constraint as given in (13c) beco@a;‘s:0 Eﬁle ajm(n) <N,
for which, we may not apply our so far discussed solution procedure. If we want to allocate up-to
N number of RBs to an AP, PR pair, then without loss of optimality, we may condidemmber
of copies for that pair while solving the optimization problem. Therefore, modified set for AP,
PR pairs becomeéM = {1,1,1, 142, .., Lan—1,-.cc, M, My1, My, .., Mg n—1}, where for the pair
AP,;, PRy, we have considered dummy nodes ; to M, y_; to makeN number of copies for
the pair. Now, constraints as given in (13b) and (13c), will bec@jgo Y omem @im(n) < 1,Vn
and >0 (YN ajm(n) < 1,Vm € M, respectively. After this operation, we g&f.N' number
of AP, PR pairs. Therefore, we need to appénd// — 1) number of dummy RBs to make both
partites balanced to use Hungarian algorithm, which we have discussed earlier. Due to brevity,

we have not included detailed discussion on this. One may refer to [44], [45] in this regard.
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IV. DISCUSSION ON COMPUTATIONAL COMPLEXITY
In this section, we will discuss computational complexity for solving the problem&for M

and N < M, which have been discussed in Algorithm 2 and 3, respectively. At first, we discuss
about the scenario faV > M, which is solved by Algorithm 2. It can be observed that there
are three different steps, i.e., step-6 (soly&sand P4), 7 (findsj*), and 8 (solves5), which
mainly contributes behind the complexity for Algorithm 2. Following we discuss about them:
1) In step-6 of Algorithm 2, we find values faR, ,,(n) and Ry,,(n). Value for Ry ,,(n)
is found from optimization problenP3, which is rewritten in form of optimization problem
P3.2. In Algorithm 1, we show steps for solving3.2. Complexity for step-3 and setp-4 of
Algorithm 1 areO(4K,,+1) andO(5K,,), respectively. So effective complexity can be written as
O(5K,,+1). After considering the convergence order of ellipsoid method from [46], we can say
effective complexity of step-2 to 4 of Algorithm 1 @&(K3 log %), whereR andr are parameters

of ellipsoid algorithm. In step-5 of Algorithm 1, we solve a linear programming. Complexity of

solving the linear programming i@(hﬁfm) [47]. Now, as step-3 of Algorithm 2 runs fav/ N

times, we can write effective complexity for findirng, ,,,(n) at step-3 of Algorithm 2 becomes
OMN(-M K2 log & + Ko, )). We solveR,,,(n) following Section IlI-A2, which would

In Ky,

have effective complexity o) (M N Zn”le K,,). Therefore we can write the total complexity

of step-3 of Algorithm 2 a)(MN (XY K log £ + ) 4+ MN YV K,,).

2) In step-7 of Algorithm 2, we find whether we should do direct transmission or relay
transmission. As there are just two possibilities, the complexity of this st AgN).
3) In step-8 of Algorithm 2, we solve one assignment problem using Hungarian algorithm.

Following [43] we can find the complexity of step-8 of Algorithm 2 @$max (N, M)?).

Now, it can be observed that step-6 to 8Kif are run forL number of times based on different
values fora.. Therefore, effectively, we can write complexity B2 is O[L{MN(Z%Z1 K} log £+
f;;") +MNSM K, +MN +max(N, M)*)}], which is polynomial in time and far efficient
compared to exhaustive search. It can be observed that except step-5 and 6 of Algorithm 3,

all other steps of Algorithm 3 match with Algorithm 2, which do not increase complexity for

Algorithm 3 separately. Hence, we conclude that /o M also complexity remains same.

V. RESULTS AND DISCUSSIONS
In this section, we show our proposed model’s efficacy from simulation results. We show

different parameters’ values in Table Il, which we have considered. As IoT devices may be
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deployed in LTE spectrum [33], we have considered the spectrum bandwidth according to LTE

spectrum bandwidth. Among other parameters, path loss expanen8, distances between
TABLE II: Different parameters’ values

Parameters Values Parameters Values

Time frame durationT) 1 ms. Coefficient related to hardware architecture,j | 1028

Total system bandwidthE) 3 MHz. Receiver noise power spectral density?) -174 dBm/Hz
10T, m's CPU frequench{,Eoc ), Yk, m | 1010 Hz. BS transmission powerpgs) 43 dBm
Required CPU cycles/bltC('-OC )Vk,m 108 CPU cycles/bit | AP transmission powerpgp) 30 dBm

the BS to PRs, the BS to APs, APs to PRs, and APs to 10T devicedisriouted uniformly in
between 200 to 300 meters, 70 to 80 meters, 50 to 60 meters, and 20 to 30 meters, respectively.
We assume that different channels in our system model follmvsplex Normal distribution,

such that, we can say thata,, p, (n)|% |, _a,, (n)]? |he_a, (n)|?, and |hg_p, (n)|* follow
exponential distribution. We assume unity mean exponential distribution for all channel gains.
We considery = 0.5 for Fig. 7, 8, 9, and 10.

We show a comparative result in Section V-A. Except that, ve® albbmpare with following
two baselines to show our proposed model’s efficacy:
1) No spectrum sharing (NSSJo show efficacy of spectrum sharing, we analyse the frame-
work for NSS. Under NSS, the BS directly communicates with PRs and 10T devices perform
local computing only for unavailability of spectrum for offloading. Corresponding optimization

problem for the primary network under NSS becomes:
M

NSS maxZmenrng :s.t(C1 men§1Vm C2) Y b < 1,0,

m=1 n=1 n=1 m=1

whereB = [b,,,], b € {0,1}, is the indicator of RB's allocation to PR, (i.e., b, = 1).

We can map the above optimization problem with balanced bipartite graph and solve using
Hungarian algorithm. We define the primary network’s gain from spectrum sharing as below,
where the numerator and the denominator are found by solihgnd NS S, respectively:

Primary network’s total rate with spectrum sharing

. . . 37
Primary network’s total rate without spectrum sharing 37

Similarly, for 10T networks, gain from spectrum sharing is defined as:
Total number of computed bits with spectrum sharing (38)

Total number of computed bits without spectrum sharing
where the numerator and the denominator can be found ff@nand P4, respectively.

2) Non-joint (NJ) optimizationin NJ optimization, relaying and computation parameters are
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found from two different optimization problems. Related literature includes [20], where authors
have considered NJ optimization problem in their system model context. Following/Jif1
and N J.P2, we discuss two optimization problems for primary network’s rate and 10T networks’
total computed number of bits maximization, while finding relaying time duration and compu-
tation parameters, respectively. FraW/.P1, we find out if APs help in relaying or not, i.e.,

A, which is used in subsequent optimization problaéii. P2. We solveN J.P1 and N J. P2 for

fixed « = @ and find optimal value forv by search operation. We divide total duration equally

for relaying and offloading, which is given in constraint (i.€.;2) in NJ.P1 and N.J.P2).

M N
NJ.P1: max > ) aRr™;sty(C1)(6), (16b) (16C) (C2)7,(n) < T/2,¥m,n.

m=1 n=1

We denote solutions fronV.J.P1 by A = A andT* = Tr, which we use to solve following:

M N
. ~\ ploT. . .
NJ.P2: pmax mZ:l ;(1 — @)R"T; s.(C1)(7), (12), (C2) Iy m(n) < T2, Yk, m,n.

A. Optimality and efficacy check for our proposed scheduling order
In our system model, unlike [16], [17], [19], we have considered finite computation power at

MEC servers. Therefore, offloading and computation scheduling order design is very important
for our system model, which has not been considered in [16], [17], [19]. In this section, we show
optimality of our proposed method to find scheduling order in Proposition 3.2 comparing with
exhaustive search (i.e., best one from all possible combinations of scheduling order). Moreover,
we also compare with the scenario when there is no fixed scheduling order, i.e., randomly
choosing any order to show efficacy of our proposed method. We have considered one AP and PR
pair (i.e.,M = 1), ten IoT devices under the AP (i.€%,, = 10), fAP = 106 Hz, and@,,, =1000

bits, to generate Fig. 6. Stored energy at 0T nodes follow uniform distribution in between 0.1
to 2 Joules. We have compared in term of weighted sum of relaying rate and total number of
computed bits in Fig. 6(a), and total number of computed bits in Fig. 6(b). It can be observed that
in both cases, our proposed scheduling order exactly matches with the best one from exhaustive
search, i.e., search among &l},,! permutations, which we have discussed earlier. Hence, we can
conclude that our proposed scheduling order in Proposition 3.2 is optimal. Moreover, in both
Fig. 6(a) and (b), we can observe that compared to random scheduling order, we get better result,
which proves efficacy of our proposed method. As we incregsgap between received values

from our proposed scheduling order and random scheduling order reduces. For higher values
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of a, the primary network’s rate gets more importance, which increases relaying time duration,
and hence reduces offloading time duration. As offloading time reduces, effective computation
mainly depends on local computation, which is the reason behind reduced value for total number
of computed bits in Fig. 6(b) for varying. This is also the reason behind lower gap in values
received for optimal and random scheduling for higher values of Fig. 6(a).

B. Varying number of 10T devices and RBs
In Fig. 7(a) and (b), we analyse the effect of varying number of 10T devices under APs and RBs

on primary network’s optimal rate and 10T networks’ total number of computed bits, respectively.
We consider identical number of 10T devices under each AP,Kg.= K,Vm. In Fig. 7(a) and

(b), we have considered,, = 1000 bits, fA” = 10'® Hz, ¥m, and uniformly distributed energies
(i.e., between 1 to 2 Joules) at 10T devices. In Fig. 7(a), we have considered// = 5. It is
observed that while increasirfg,,, primary network’s rate reduces, whereas, 0T networks’ total
number of computed bits increases. For our setup in Fig. 7(a), we observe that offloading rate
for 10T networks is higher than primary network’s communication rate. Therefore, time duration
for offloading is tried to increase while reducing relaying time duration. From these reasons, for
increasingk,,,, we may explain the rising and falling patterns in loT networks’ computed bits and
primary network’s communication rate, respectively. However, we observe saturation for higher
values of K,,,. Due to time constraint, we may not increase/decrease offloading time/relaying

time durations, which may explain the saturation phenomenon. In Fig. 7(b), we have considered
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Fig. 6: Comparison with exhaustive search Fig. 7: Results for varying (a) number of

and random scheduling order in term of (a) 0T devices under AR, Vm (i.e., K,,) (b)

Total utility (b) Number of computed bits number of RBs (i.e.}V)

M =5, K,, = 10,¥Ym. We observe that as we increase number of RBs (N&,,both primary
network’s rate and IoT networks’ total number of computed bits reduce. Effective bandwidth for

an RB reduces as we increade Now as there are constraints on both relaying and offloading
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time durations, for lower bandwidth, both parameters decrease. MoreovéY, fon/, N — M

number of RBs are not allocated, which may be another reason behind the decreasing pattern.
C. Varying stored energy at 10T nodes
In Fig. 8, we show how the primary network’s rate and the IoT network’s total computed

number of bits change with stored energy at 10T nodes. We consider identical number of 10T
devices under each AP, i.ek,, = K,Vm, Q,, = 1000 bits, fAP = 106 Hz, Ym, and N =

M = 5. We analyse for two different cases, i.e., stored energy at 10T nodes follow uniform
distribution in between 0.5 to 1 Joule and 2.5 to 3 Joule. We observe that with increasing number
of 10T nodes under an AP, 10T network’s total number of computed bit increases, whereas, the
primary network’s rate decreases. This can be explained following same analogy, which we gave
for Fig. 7. 10T nodes will be able to offload more with more stored energy, which increases
offloading time and hence reduces relaying time. Therefore, 10T network’s total computed bit

number increases and primary network’s rate reduces.

7500 16000
S e

7000 - 14000
6500 -
12000
6000 -
5500 | 10000
U[0.5,1] Joules

km

network rate (in bits)

25000 " 8000

6000

10T networks computed bits

4000

2000
2 4 6 8 10

Fig. 8: Result for varyingEy, ,,, and K, (Um[a, bl:uniformly distributed between a and b)

D. Comparison with No Spectrum Sharing (NSS)
We compare with NSS model in Fig. 9, which has been discussed earlier in this section. We

have consideredV = 4, M = 8, K,, = K = 10,Vm, uniformly distributed stored energies
(i.e., in between 1 to 2 Joules) at 10T devices, &nd = 1000 bits, Ym. In Fig. 9(a), we plot

the primary network’s total rate and loT networks’ total number of computed bits for varying
MEC servers computation power, i.¢fA” = fA7 vm. It can be observed that with spectrum
sharing, we get higher values for both metrics compared to NSS. For spectrum sharing, 10T
networks’ total number of computed bits increases and primary network’s total rate decreases
for varying fA°. MEC servers can compute more computational tasks with higher computation
power, and hence, offloading time duration increases, which reduces relaying time duration. This
may explain those rising and falling patterns. Relaying time duration cannot be lowered below

a level due to required rate at PRs, which also put constraint on offloading durations, which are
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the reasons behind saturation in values for both metrics in higher valug¥ ofor NSS, the
primary network performs direct transmission and loT network performs local computation only.
Hence, both metrics do not depend $#, which can be observed in Fig. 9(a). In Fig. 9(b), we
emphasize on the benefit of spectrum sharing in our system model by comparing it with NSS.
Following (37) and (38), we have plotted Fig. 9(b). It can be observed that the primary network’s
gain decreases, whereas, 10T network’s gain increasesf#fithThis can be explained from our
previous discussion. From Fig. 9(b), it can be observed that for our set-up, the primary network

and loT networks can gain almost eight times and six times, respectively, from spectrum sharing.
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Fig. 9: (a) Comparison with NSS in term of ~ Fig. 10: Comparison with non-joint opti-
primary network’s rate and loT network’s  mization (given in beginning of Section V)
number of computed bits (b) Spectrum and exhaustive search in term of total utility
sharing gain (from (37) and (38))

E. Comparison with Non-Joint (NJ) optimization and exhaugsgearch
In Fig. 10, we analyse advantage for joint optimization problem (i.e., joint design of re-

laying and computation parameters i) over non-Joint (NJ) optimization problem, which

we have discussed in beginning of this section and has been considered in [20]. We also
validate our proposed solution method for solving the joint optimization problem by comparing
with exhaustive search, where we consider all possible combinations of RB allocation and
communication method selection (i.e., relaying or direct communication) to a PR. We consider
best possible result from all combinationde considerN = M = 4, fA° = 10'6 Hz, ¥m,

K,, = K = 6,Ym, and uniformly distributed energies (i.e., between 1 to 2 Joules) at loT
devices. We show the comparison result for varying = @, Vm. It can be observed that joint
optimization outperforms NJ one in term of total utility as has been defined in (13a). APs may

not be able to satisfy higher required rate at PRs, under which direct communication may take
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place to PRs and APs do not get access to RBs. Therefore, both primary network’s rate and loT
networks’ total computed bits reduce with increasig. This particular phenomenon occurs
with higher chance as we go on increasifg,, which is the reason behind increasing gap
while varying @,,, in Fig. 10.Our proposed solution method provides excatly same realt i
exhaustive search, which proves our proposed solution method’s optimality.

VI. CONCLUSION _ _
Spectrum management for massive I0T networks is an important aspect. In this paper, we

consider MEC for 10T networks in the context of spectrum sharing, where 10T networks get
access to licensed spectrum after helping a primary network by cooperative relaying. We have
formulated an optimization problem, where both relaying and MEC parameters have been op-
timized jointly. The optimization problem is observed to be non-trivial due to the presence of
binary variables, which makes the problem combinatoric. From our analysis, we could map the
optimization problem with a bipartite matching problem in Graph theory, which we solved using
optimal and efficient Hungarian algorithm. Moreover, we have also proposed optimal scheduling
order for 10T devices, which is very important in our system model. In the result section, we
have shown that both primary and 10T networks benefit from the cooperation, which we show

in Fig. 9(b). Distributed design may be a relevant future work for our model.
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APPENDIX A: Proof of Proposition 3.2

We prove this proposition based on following two facts: (a) Under identical values for computa-
tion parameters’, i.ef;° = f\, wym = wn, C;% = Cy,, 10Ts locally compute identical number

) Loc fL
of bits and consume identical energy to compute a bit, €g.,; = (wnt;% (f5)?) / (%)

k,m
wn(f5)2CE k= 1,2, (b) For identical requirement of CPU to compute a bit at the AP, i.e.,

Cliw = O, the AP takes identical time for all users to compute identical amount of task.

As loTs behave identically in terms of local computation and the AP treats all 10Ts in identical
way while computing their tasks, the only difference remains in offloading at IoTs. It is intuitive
that among 107 ,,, and 10T, ,,, the AP will give more preference to the IoT, which can offload
more data for identical offloading duration. Therefore, we can judge an l1oT’s offloading capability
by it's stored energy, channel gain and distance to the AP. In other words, from (21), we can
say that 0T, should be scheduled before lpTor E,, .|k, [*d, % > Eqml|hy,[d; %,
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APPENDIX B: Proof of Proposition 3.3
From (8), we can get following two cases: Casgl: , t2 (1) < Iy m(n); Case2> " | tof . (n) >

I—1,m(n). At first, let us analyse Casel faér= 2, which can be generalised later:
tor () + 15 () < Lyym(n) = 5], (n) <5 (n). (39)

Now, from (23a), it can be observed that objective function increases as we increase offloading
rate. Also from (21), we observe that offloading rate increases with offloading duration without

violating any constraint inP3.1. Therefore, the relation in (39) is not necessarily true. Hence,

we conclude that in optimal case, we gg{fm(n) > t’[\ffg(n). We can easily generalize this and

get the relation as given in (24a). We use the relation as given in (24a), then, from (8) we get:
Tigm Z £9 +HHEC (n). (40)
From (40) and (17d), we get (24b). So, in optimal case, we replace (17d) by (24a) and (24b).

APPENDIX C: Proof of Proposition 3.4

We prove this with help of KKT stationarity conditions. We get the relation as given in (30) from

the relation received from partial derivative of Lagrangian with respeef'tdn), i.e., a@%ﬂn) =
’ k,m

? B 2 ei)ﬁ"b(n)lhlkvA'rrI,(n)|2d|k,Prn7K .. .
Nk logy(e) Bulliy A, (0)|°d, p,, =" [{o?(1 + = )} — ux = 0. Similarly, while

tgffm (n)o?

deriving (29), we consider partial derivative of Lagrangian with respetidn), i.e., m%L() =
s feym n

Off 2 —
k,m (n) “L|k Am (n)] d'k \Pm "

" tc.}ffrm(n)v:r2 € ,n(n)lh rn(n)l d m "
— Zfik i—nk log,(e) By, o 5 — | +Chr1+7 By logy (1 + = It%: ( - )

2
14+ EkA,m(n)‘hlk-,A'm,(n)‘ dlk-,P'rrL m n)o—

(n)o?2
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Response to reviewers’ comments

Title of the manuscript: On joint cooperative relaying, resource allocation, and scheduling
for mobile edge computing networks

Manuscript ID: TCOM-TPS-21-0848.R1

We sincerely express our gratitude to the editor for considering this manuscript for review.
We thank the anonymous reviewers for their insightful comments that helped in re-
organizing and enriching the modified manuscript. We have shown the modifications in the
modified manuscript by using blue colour.

Editor’'s comments:
Comment 1:
The math expression part is hard to follow and needs to improve

Answer: We apologize for the difficulty. In our modified manuscript, we have made changes
to improve readability related to the mathematical expressions. We have discussed about
those changes in response to both reviewers’ last comments.

Comment 2:
There is lack of validations on the math derivations

Answer: The editor’'s comment is well accepted. In our modified manuscript, we have
incorporated some changes, which would help in understanding our mathematical
derivations. We have followed previous works while deriving some of our mathematical
expressions, e.g., Equation 1 and 11. In the modified manuscript, we have referred to those.
Moreover, we have also updated Figure 10 (which was Figure 9 before) while adding a result
for exhaustive search to validate our proposed optimal solution method. In exhaustive
search, we have considered all possible combinations of RB allocation to a PR and mode of
communication (i.e., relaying and direct communication). Then we have chosen the best
possible result from all combinations. Except these, we have followed some more steps to
increase the readability, which we have discussed in response to the second reviewer’s last
comment.

|[EEE Transactions on Communications



oNOYTULT D WN =

Under review for possible publication in Page 34 of 42

Comment 3:

The novelty of the problem formulation should be well justified, compared to many existing
works on multiple licensed spectrum resource block with multiple licensed users

Answer: We thank the editor for this comment. In our work, we have considered two major
aspects for loT networks, i.e., spectrum sharing and mobile edge computing. We have
explored potential marriage between those two aspects, which we feel is very much
important for lIoT networks and have been consistently omitted in previous literature. We
agree that in literature, there are works on multiple licensed spectrum sharing. However, to
the best of our knowledge, none of them have considered spectrum sharing and mobile
edge computing jointly. Hence, their system models are very different from ours. In our
system model, we consider multiple licensed resource block with multiple licensed users.
Except this, we consider multiple relays and multiple loT networks to make our system
model a generalized one. We form an optimization problem considering joint design of both
spectrum sharing and mobile edge computing parameters, which include relay selection,
resource block allocation, 10T nodes’ scheduling. Though the optimization problem is
combinatoric and hence non-trivial, we develop an optimal and efficient algorithm, which
solves the problem in polynomial time.

In response to second reviewer’s first comment, we have categorized the available
literature, where our work has been shown in red box. In our modified manuscript, we could
not include the hierarchy due to space constraint. However, we have modified ‘Literature
Survey’ in Section I.A by including relevant papers, i.e., [7], [25], [27], and [28]. Moreover,
we have also included ‘Literature gap’ at the end of ‘Literature survey’ section in the
modified manuscript and then modified the section ‘Motivations and contributions’.

Comment 4:
The optimization problem (P1) should be justified, and channel gain should be clarified

Answer: We apologize for not being clear about the channel gains in our earlier manuscript.
In our modified manuscript, we have discussed the channel gain parameters, which we have
added in response to first reviewer’s second comment.
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Reviewer-1

General comment: The authors responded to/ addressed the reviewers' comments which
improved the quality of the paper.

We thank the reviewer for taking time to review our paper.

Comment 1:

In the optimization problem (P1), considering the local computing time and offloading time
as decision variables is weird. In general, latency is a performance indicator.

Answer: We thank the reviewer for this comment. We agree that latency is a performance
indicator for wireless networks with delay sensitive applications. In our work, we have also
targeted delay sensitive applications and therefore, we have considered that tasks will be
computed within a stringent time limit (within a time frame duration). This evaluates our
proposed algorithm in the most stringent condition. We may relax the delay limit if the
application permits. Even in that case, our algorithm would be applicable.

It is to be noted that the number of computed bits would depend on how efficiently we
can allocate the available time for offloading and processing the tasks. If we can increase
the number of computed bits, the quality of service enhances (e.g., image, video
processing). Since total available time duration is constant, allocating time for offloading
and computation is vital for increasing the number of computed bits. Therefore, allocation
of time indirectly influences the quality of service. Also note that the local computation
might take place throughout the whole-time interval T (see Figure 2 of manuscript and
descriptions therein). Considering energy constraints, we have made a balance between
local processing and offloading time (as wireless transmission due to offloading consumes
energy).

We have optimized both division of time and energy consumption to maximize the
number of computed bits. In literature, we find following works, which have also considered
maximization of total number of computed bits:

e Bi, Suzhi, and Ying Jun Zhang. "Computation rate maximization for wireless powered
mobile-edge computing with binary computation offloading." IEEE Transactions on
Wireless Communications, vol. 17, no. 6, pp: 4177-4190, 2018 (Reference [12] in our
manuscript)
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e F. Zhou and R. Q. Hu, “Computation efficiency maximization in wireless-powered
mobile edge computing networks,” IEEE Transactions on Wireless Communications,
vol. 19, no. 5, pp. 3170-3184, 2020 (Reference [19] in our manuscript)

In [11] and [19], authors have maximized total number of computed bits under available
time and energy constraints. Authors have considered time and energy as available
resources, which have been evaluated while maximizing total number of computed bits. In
both [11] and [19], authors have considered single frequency resource block, which mobile
edge computing networks own.

Unlike [11] and [19], in our work, we have considered cooperative relaying-based
spectrum sharing, which has gained much attention due to its potential in avoiding
unavoidable spectrum gridlock situation due to ever increasing number of wireless devices.
We have considered multiple licensed frequency resource blocks, which are shared with
mobile edge computing networks under guaranteed benefit for the primary network (owns
those licensed multiple frequency resource blocks). We formulate a cross-layer optimization
problem, which considers both network layer scheduling and physical layer resource
allocation, e.g., transmission time, energy, and frequency.

In the modified manuscript, we have included following discussion at bottom of page
no-11 in this regard:

‘For the primary network, the BS will try to maximize the communication rate,
whereas, in loT networks, total number of computed bits is of interest while maintaining
latency constraint in (7) and (10). For applications, e.g., image, video processing, number of
computed bits may define quality of service. Therefore, optimization of number of
computed bits is important, which has been considered in [12], [19].

Comment 2:

There is no explanation about the channel gain h. The authors need to discuss the channel
model.

Answer: We thank the reviewer for pointing out this shortcoming. We apologize for not
being clear about it in our previously submitted manuscript. We consider that channel
follows complex Normal distribution. Hence, modulus of channel gain follows Rayleigh
distribution, and square of that follows exponential distribution. In the modified
manuscript, we have added following discussion below Table Il in page no-24:

[EEE Transactions on Communications



Page 37 of 42 Under review for possible publication in

oNOYTULT D WN =

‘We assume that different channels in our system model follows complex Normal
2 2 2
distribution, such that, we can say that |hAm_Pm(n)| ,|h,k_Am(n)| ,|hB_Am(n)| , and

2
|hAm_Pm(n)| follow exponential distribution. We assume unity mean exponential
distribution for all channel gains.’

Comment 3:
Mathematical representations need further improvement.

Answer: We thank the reviewer for this comment. In our modified manuscript, we have
made changes to improve readability related to mathematical expressions. Please refer to
the response to the second reviewer’s last comment, where we have discussed about those
changes.

Reviewer-2
Comment 1:

Spectrum sharing is not a novel issue. There are so many existing works focusing on it. If we
look at the submission without edge computing, it is a discussion about "Multiple licensed
spectrum resource block, Multiple licensed users".

Answer: We thank the reviewer for this comment. We agree that spectrum sharing has been
well studied in recent past. Moreover, it has received much attention for 5G and beyond 5G
communications due to its potential in avoiding spectrum scarcity problem. Following the
reviewer’s comment, we did another round of literature survey and have added references
[27] and [28], where multiple licensed spectrum has been considered, in which unlicensed
users have been scheduled.

Spectrum sharing has gained much attention for loT networks too as massive loT
networks may not be served with existing limited spectrum. Another important aspect for
loT networks is mobile edge computing, which may help typical computation power and
energy constrained loT nodes in computing tasks. Reference [7] (of our modified
manuscript) may be referred to in this regard. In this manuscript, we have explored the
promising marriage of mobile edge computing and spectrum sharing for loT networks for a
generalized system model. According to our understanding, we feel that it is very important
to jointly design parameters related to spectrum sharing and MEC. loT nodes may not have
access to licensed spectrum for offloading their computation tasks to MEC servers, which
can be solved with help of spectrum sharing.
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Based on our literature survey, we can divide resource allocation for loT networks,
which we have shown in form of hierarchy in next page and have shown our work in red
coloured box. In a broad sense, based on the availability of licensed spectrum, we can divide
the literature on resource allocation for mobile edge computing based loT networks into
two fields, i.e., without spectrum sharing and with spectrum sharing. With spectrum sharing
can be further divided into two, i.e., spectrum sensing based and cooperative relaying
based. For spectrum sensing, unlicensed network needs to perform spectrum sensing and
monitor licensed network’s activity in licensed spectrum in a continuous way. Moreover, as
the sensing outcome (i.e., licensed spectrum is being used or not by licensed network) is
probabilistic, it may be difficult to maintain the licensed networks’ quality of service due to
interference, which may happen when the licensed network is falsely detected as idle. These
problems do not arise for cooperative relaying-based spectrum sharing. The unlicensed
network helps the licensed network by cooperatively relaying its (licensed network’s) data
and in return gets access to licensed spectrum. For spectrum sensing, it is important to
regularly monitor the licensed network’s activity. Otherwise, unlicensed network may
interfere and degrade licensed network’s quality of service. In our work, we consider
cooperative relaying-based spectrum sharing for loT networks.

Resource allocation for IoT networks

I
I ]

Without mobile With mobile edge
edge computing computing
I I
| ] | ]
Cooperative relaying Spectrum sensing Without spectrum
based spectrum based spgctrum sharing [9]-[19] With spectrum sharing
sharing[25] sharing
I
| ]
Single licensed Multiple licensed
spectrum [26] spectrum [27], [28] Spectrum sensing based spectrum sharing Cooperative relaying based spectrum
sharing
Single licensed spectrum Multiple licensed
and single relay spectrum and
spectrum [20], [21], [22] multiple relay
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Following are some important literature gap, which we have observed and motivated
us in picking this problem:

eAllocation of multiple licensed spectrum resource block: We observe that multiple
licensed spectrum resource block allocation can be done using binary variables, which
would make the optimization problem combinatoric. Authors of [27] have scheduled
unlicensed users in the licensed spectrum resource block. However, they have not
considered any variable related to that. Though authors of [28] have considered multiple
licensed resource blocks, they have relaxed the binary parameters to be continuous

eScheduling of lIoT nodes at MEC servers at access points: We observe that scheduling of
loT nodes is very important for multiple 1oT nodes. In this context, both offloading and
computation (at MEC server) scheduling arises. We observe this scheduling has been
considered in references [16], [17], and [19] of our manuscript under assumption of infinite
computation power at MEC servers, which may not hold in realistic scenario. Unlike cloud
server, MEC server would be computation power constrained

eJoint design of spectrum sharing and MEC for generalized scenario: As we consider both
spectrum sharing and MEC, we need to design associated parameters properly. We
observe that authors of references [9]-[19] have considered MEC only. Though [20]-[22]
have considered both spectrum sharing and MEC, they did their analysis for single licensed
spectrum resource block and single relay. Moreover, joint design has not been considered
in [20]

From the previously submitted manuscript, our contributions could not be
understood clearly. We apologize for that. In the modified manuscript, we have done
following changes to put our problem in appropriate place, such that, our contributions
become clearer:

e Though we could not add the above shown hierarchy, we have mentioned about
those papers (given in boxes of different fields inside the hierarchy) in right context
e We have added ‘Literature gap’ below ‘Literature survey’ (end of Section I.A)

e We have rewritten ‘Literature survey’ and ‘Motivation and contributions’ (Section |.A
and 1.B)
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Comment 2:

The authors do not justify in which edge computing scenario this proposed algorithm will be
perfectly suitable.

Answer: In our manuscript, we have considered mobile edge computing for loT networks.
Spectrum sharing for loT networks is a very important topic and it has gained attention by
standardization body 3GPP also. loT networks can share licensed spectrum to carry on
communications with mobile edge computing servers. In our modified manuscript, we have
mentioned about application of our proposed system model below Table | in page no-7:

‘Possible application: We can say our system model is very much realistic from facts: (a)
cooperative relayingis used in Long Term Evolutions (LTE) networks [36] and (b) deployment
of 1oT networks in LTE band is found for Narrow-Band loT (NB-loT) networks [33], [37]. We
can consider loT access points of our system model as relays for LTE base stations and in
return loT networks share LTE spectrum.’

Comment 3:

(a) The mathematics is too complex, which makes it hard to read and believe.
(b) There are too many parameters, yet there are few experiments to support the
conclusion

Answer:

(a) We apologize for the difficulty. In the manuscript, we have given number of
mathematical equations to describe the optimization problem initially and then for
discussing its corresponding solution procedures.
In our modified manuscript, we have considered the reviewer’s suggestion and have
made following changes to increase the readability of the modified manuscript:
e We have shortened symbols for some parameters, which we have given in blue
colours
e We have made corresponding changes in Figures too, where we have used different
parameters
e We have followed previous literature to get some mathematical expressions in our
manuscript, e.g., Equation (1) and (11) can be derived following references [38] and
[12], respectively. In our modified manuscript, we have referred to corresponding
sources while describing those equations

[EEE Transactions on Communications



Page 41 of 42 Under review for possible publication in

1
2

i e A convex optimization problem can be solved by solving its corresponding dual
5 problem as has been given in Chapter 5 of the reference [40] of our manuscript. We
? have used this fact while solving the convex optimization problem P3.2 in page no-17
g and later. In the modified manuscript, we have mentioned this below Equation 26

10 e We have removed equation numbers from some equations, which are not referred
:; later or are used as intermediate steps to a final equation, for example number of
13 locally computed bits above Equation 5 of modified manuscript

1‘5‘ e We have added short discussion about our solution methodology above Section Il in
16 page no: 12. We hope this discussion would give an overview about our solution
1; approach

20 We have validated one of our important mathematical findings in the result section. In
21 Figure 6 of our manuscript, we have shown that the received result from our proposed
23 algorithm (with polynomial time complexity order) exactly matches with exhaustive search
(which is optimal but with non-polynomial computation order). In the modified manuscript,
26 we have changed Figure 10 (which was Figure 9 before) by adding a result for exhaustive
search. It is observed that the result for exhaustive search exactly matches with the result
29 received from our proposed algorithm.

(b) The reviewer’'s comment is well accepted. In the modified manuscript, we have added
35 another important result, i.e., Figure 8, where we have shown how the primary
network’s rate and the loT network’s total number of computed bits change with stored
38 energy at loT nodes.
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To,
The Editor,
IEEE Transactions on Communications.

03" June, 2022,

Subject: Cover letter

Dear Editor,

We really appreciate the effort that you and all the reviewers have put forward towards providing
insightful and valuable suggestions. With the help of the reviewers’ suggestions, we have
carefully revised our original manuscript while making relevant changes. Following, we discuss
some of them:

e Rewritten ‘Literature survey’ and ‘Motivation and contributions’ in ‘Introduction’
part. Moreover, added ‘Literature gap’ at end of ‘Literature survey’ to make our
contributions more clear

e Changed mathematical notations and added discussions to make mathematical
expressions more readable

e Added a discussion at the end of Section Il, where we have talked about our
approach for solving optimization problem P1 in zest

e Added justification behind our optimization problem and its relevance

e Added discussion on channel gains

e Added and modified results (Figure 8 and 10, respectively) to validate our
mathematical findings

e Added more literature and have discussed about differences with them

We have addressed each individual comment by the reviewers. We believe that the modified
manuscript has been significantly improved in terms of both its technical quality and clarity. We
thank you and the reviewers for their sincere and valuable efforts.

In our modified manuscript, we have highlighted all modifications associated to
reviewers’ comments using blue color. Detailed response to every reviewer’s comment indicating
corresponding changes in the modified manuscript is also attached along-with the submission.
We sincerely appreciate the helpful comments and suggestions. We believe that these have
greatly strengthened the paper. Thank you for facilitating this submission.

Thanking you,

Your’s sincerely,
Nilanjan Biswas, Zijian Wang, Luc Vandendorpe, and Hamed Mirghasemi

|IEEE Transactions on Communications

Page 42 of 42



