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Abstract. Network slicing is a novel technology to effectively provide
solutions for heterogeneous mobile service requirements in 5G network.
Meanwhile, the shortage of spectrum resources becomes more severe with
massive access requirement of Internet-of-Things (IoT) applications. In
this paper, we study how to allocate spectrum resources to satisfy the
diversified traffic requirements with network slicing and improve the uti-
lization of spectrum resources. A spectrum resource allocation model with
three layers is considered, including operator layer, slice layer and user
layer. At the mobile operator layer, mobile operators can borrow frequency
bandwidth from one another to improve the spectrum efficiency. Then, the
mobile operator allocates its frequency bandwidth to the slices according
to users’ demand. At last, the slice assigns bandwidth to users. A network
utility maximization problem is formulated and a distributed resource allo-
cation algorithm is proposed based on alternating direction method of mul-
tipliers (ADMM). Simulation results show that the proposed algorithm
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can quickly converge to the optimal solution. In addition, the overall net-
work utility can be effectively improved by lending or borrowing spectrum
resources among operators. By adding the slice layer, the network can meet
different types of service requirements.

Keywords: Spectrum leasing - Network slicing - Alternating direction
method of multipliers (ADMM)

1 Introduction

The fifth generation (5G) wireless networks are envisioned to interconnect a
massive number of miscellaneous end devices (e.g., smartphones, remote mon-
itoring sensors, and home appliances) generating both mobile broadband data
and machine-to-machine (M2M) services/applications (e.g., video conferencing,
remote monitoring, and smart homing), to realize the ubiquitous Internet-of-
Things (IoT) architecture [10]. Therefore, the communication networks must be
able to adapt to different application scenarios. However, the traditional commu-
nication network mainly serves the mobile broadband users, and cannot adapt
to the diversified traffic requirements of 5G in the future. A promising approach
to address this need is the novel concept of network slicing, which aims at allo-
cating portions of network resources to specific tenants, such as enhanced mobile
broadband (eMBB), IoT, e-health, etc [9]. In [8], network slices were defined as
end-to-end (E2E) logical networks running on a common underlying (physical
or virtual) network with independent control and management. Such networks
can simultaneously accommodate diverse business-driven use cases from multiple
players, and hence it can solve the problem of multi-scenario services in 5G.
The appearance of multi-scenario services in 5G triggers the increasing
demand of spectrum resources, which however, are limited due to the scarcity
of frequency bands. How to improve resource utilization in a sliced network to
meet the requirement of multi-scenario services is an urgent challenging problem
to be solved. Nowadays, the resource allocation problem in network slicing sys-
tem has attracted a lot of research interests from both academia and industry.
The authors in [5] introduced a slicing plane for radio access network to enable
innovative sharing of network resources. However, the resource allocation in [5]
is a static solution, which can not adapt to the dynamics of slicing. Flexible
slicing design is presented in [4] and [3]. The proposed algorithm flexibly shares
the radio resources among multiple tenants, but does not consider the different
service requirements of slices. In [7], an ToT-oriented architecture was proposed
to enable the IoT applications and services with diverse requirements based on
dynamic 5G slice allocation. And in [6], a dynamic wireless resource allocation
scheme considering the different service requirements of slices was proposed.
Besides, a dynamic slicing and trading framework is developed in [1] that not
only determines the size of the network resource slices required for various active
services, but also adapts resource prices in accordance with the microeconomic
laws of supply and demand. However, the exist works do not take into account
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the shortage of spectrum resources and the spectrum resources owned by mobile
operators are static.

In this paper, we consider a resource allocation problem in a network slic-
ing system. The spectrum resources are owned by different mobile operators in
a communication network. Unlike previous works, to deal with the shortage of
spectrum resources, we assume that the spectrum bandwidth can be borrowed
among mobile operators. When the spectrum resource of a certain mobile oper-
ator is abundant and while the others are in short supply, the utilization of
spectrum resources can be improved by spectrum leasing. Meanwhile, mobile
operators are motivated to lend spectrum resources to increase their incomes
by charging the borrowed spectrum. Then, the mobile operator allocates spec-
trum resources to the slice according to traffic requirements. In order to solve
the problem of spectrum leasing and resource allocation among multiple opera-
tors, a distributed resource allocation algorithm is proposed based on alternating
direction method of multipliers (ADMM) [2]. In this algorithm, the resource allo-
cation policy is iteratively and distributively calculated by each mobile operator
in the network slicing system. Simulation results illustrate the efficiency of the
proposed algorithm.

2 System Model and Problem Formulation

In this section, the system model is introduced and the optimization problem is
formulated by jointly considering the spectrum resource leasing among mobile
operators and spectrum resource allocation to slices and users. As shown in
Fig. 1, the whole network can be divided into three layers: the mobile operator
layer, the slice layer and the user layer. The mobile operator layer is in charge
of allocating resources to slices, then the slice layer provides specific services to
its users. Different from previous works, in order to improve the utilization of

Mobile
Operator
m

slice slice
1 IN|

Fig. 1. Three layers of the network.
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spectrum resources, we assume that the resource-lacked mobile operators can
borrow spectrum bandwidth from other mobile operators.

Consider a set of mobile operators M. At any given time, the mobile operator
m (m € M) has a set of slices AV,,. Denote Un,m as a set of users that belong
to slice n (n € N,). The total bandwidth that is owned by mobile operator m
is By, and the amount that mobile operator ¢ borrows from mobile operator j
is ¢;; (i,j € M,i # j), therefore the total amount of available bandwidth of
mobile operator m is

by = B, — Z Qim + Z dm.js (1)

i#m j#m

where

Denote p,, as the price per unit of spectrum bandwidth lent by mobile oper-
ator m and C, as the total budget of mobile operator m. The cost for borrowing
spectrum from other mobile operators minus the income of lending spectrum to
others should not exceed the total budget. We have

Z qm,jPj — Z qi,mPm S Cvm (3)

J#Fm i#Em

Furthermore, the spectrum ratio of mobile operator m allocated to slice n is
denoted by frn (m € M,n € N,,,), where 0 < f,, , < 1. Likewise 0 < $p, 0 <
1 (m € M,n € Ny, u € Uy, ) represents the spectrum ratio of slice n allocated
to user u. The spectrum efficiency of the user u (u € Uy, p) is

Cm,nu = 1092(1 + SNRm,n,u)7 (4)

where SN Ry, ., is signal to noise ratio. The transmission rate of the user u
(u € Up,n) is

"m,nu = bmfm,nsm,n,ucm,n,u~ (5)

Denote L, ,, as the service requirement of users in slice n of operator m, then
we have
Tm,n,u > Lm,n- (6)

The overall network utility is defined as

W = Z Z Z logQ(Tm,n,u)- (7)

MEMNEN uEUm n

We aim to maximize the overall network utility while satisfying users’ require-
ments and operators’ cost constraint. The problem is formulated as

max w (8a)

Am,j>fm,nSm,n,u
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subject to
Z dm,jPj — Z qi,mPm <Cp, Vm, (8b)
Jj#m i#Em
T'm,n,u Z Lm’n, Vm,n, u, (8C)
Z Sm,n,u S 1, Vm,n, (8d)
UEUm n
S’rn,n,u Z 07 Vm,n,u, (86)
S fun <1, m, (8f)
HENWL
fmn >0, Vm,n, (8g)
> Gim < B, Ym, (8h)
i#Em
Gm,; >0, Vm, j#m. (81)

3 ADMM-Based Distributed Resource Allocation

The problem (8) is a convex problem, therefore lots of classical algorithms can
solve this problem, such as simplex method and lagrangian multiplier method.
However, these methods are all centralized, which are not suitable for our prob-
lem as mobile operators make divisions individually based on their own benefits
and costs. Therefore, we consider a distributed algorithm to solve problem (8).

The alternating direction method of multipliers (ADMM) is a powerful tool
that is well suitable for distributive convex optimization. It takes the form of
a decomposition-coordination procedure, in which the solutions to small local
subproblems are coordinated to find a solution to a large global problem [2].
To apply ADMM algorithm, we rewrite the problem as a standard minimization
problem. It’s obvious that to maximize the utility of network, (8d) and (8f) must
be satisfied with equality. Hence, the problem can be rewritten as follows

min — Z Z Z ZOQZ(bmfm,nSm,n,qu,n,u) (93')

qm,jsfm,n>Sm,n,
mgofmymSman meM nEN, u€Um n

subject to
Z Sm,n,u = 1, Vm,n, (gb)
€U n
Z fmn =1, Vm, (9¢)
neEN,
Z qm,jPj — Z @i,mPm < Cmy  Vm, (9d)
J#Fm i#m

Tm,n,u > Lm,n, vma n,u, (96)
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> Gim < Bm, VYm, (9f)
i#m
gmj 20, Vm, j#m, (92)
Smanu >0, Vm,n,u, (9h)
fmn >0, Vm,n. (91)

By adding complement variables and penalties, the augmented problem of
(9) can be given as follows

min - Z Z Z ZOQQ(bmfm,nsm,n,qu,n,u)

A, 5> fm,n, Smn,u

Tm, Ym,n,us Fm meEM nENm u€Um,n

U, js Vm,n,us Wm,n

S S X s 0 S (T )

MmEMNEN,, u€Um n meM  neN,,
+ Z (Z qi,m - Bm + Zm)2 + Z Z Z (Sm,n,u - Um,n,u)2
meM i#m MEM NEN,, UEUp, n
+ Z (Z Qm,jpj - Z qi,mPm — C(111 + xm)Q + Z Z (Qm,j - um,j)z
meM j#m i#m meM j#m
+ Z Z Z (Tm,n,u - Lm,n - ym,n7u)2 + Z Z (fm,n - wm,n)2:|
meEM neEN,, uEUm, n meM neN,,
(10a)
subject to
Z Smonu =1, Vm,n, (10b)
UEUm n
> fmm=1, Vm, (10c)
n€ENm,
> Gmipi = Y GimPm — Com + Tm =0, VYm, (10d)
j#m i7m
T"m,nu — Lm,n —Ymnu = 07 Vm, n,u, (106)
> Gim = Bm+2m =0, Vm, (10f)
qm,j — Um,j = 0; vmv ] 7é m, (10g)
Smmu — Umanu =0, Vm,n,u, (10h)
fm,n — Wm,n = Oa vm7 n. (101)

where p > 0 is the penalty parameter and Ty, Ym,nus Zm> Um.j> Um,n,us Wm,n
(me M, n e Ny, u€lUpy,y) are slack variables.
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The dual problem of (10) is given as follows

max { min — Z Z Z 1092 (bm fm,nSm,n,uCm,n,u)

am,n deenhSMn,n,u Am ]‘sfnL.anm,n.u

. o ! MEM NENy uEUM ,

hms km o lm,n,u, tm,n T, Ym,n,us Fm € ENm u€Um n
U js Vm,n,us Wm,n

DD SN SRR S SRy

MEMNEN,, uEUm n meM  neNn,
Yt Bt a4 XS (s vl
meM i#m MmEMnENy uEUm n
+ DO amapi = Y Gimbm = Cn )+ > D (G — )’
meM j#m i#Em meM j#m
EY Y S G Lt 4 Y S G = tm)?
MmEM NENp uEUM n meM neN,
+ Z em(z qm,jPj — Z qi,mPm — Cm +$m)
meM Jj#EmM iEm

+ Z Z Z gm,n,u(Tm,n,u - Lm,n - ym,n,u)

MEM NENy uEUm, n,

+ Z hm(z CIz,m_Bm“!‘Zm)“F Z ka,j(Q’m,j _um,j)

meM i#Em meM m#j

I SIS T SITRRRII N S PIE
meEM neENy, UEUm ,n meM nENm

+ Z Z Z lm,n,u(sm,n,u_Um,7l,u)+ Z Z tm,n(fm,n_wm,n)}
meM neNy, uEUm n meM neNy,

(11)

where Am,n;s dm,s €m, Im.n,uy R, km,ja lm,n,u, tm,n (m € M7 n e Nma u €
Upn.n) are dual variables. In addition, we define Q,,, = (qm71, <o, 0,00 ’qu)T
with only the m-th element being zero to represent the resource array of
mobile operator m borrowing from other mobile operators. And Q',, =

T . .
(q1m, 0, ,qa,m)  with the m-th elements being zero to represent the
resource array that mobile operator m lends to other operators. We have

(Q7,Q7,--,Q%) = (Q, Q- Q). (12)

As each operator decides the amount of resource borrowed from others distribu-
tively, Q,, will be updated in each subproblem. Then, by (12), Q’,, will be
updated by sharing information among operators.
Let B = (fu1s fn2es fw) s P = (01,12, ,bm)  and S, =
Sm,1,1 " Sm,1,U
: . To apply ADMM algorithm to solve the problem dis-

Sm,N,1 *** Sm,N,U
tributively, we decompose the minimization problem into | M| subproblems. In
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particular, each operator optimizes Q,,, F,,, S, by solving the following sub-
problem separately.

(Q£§+1)7F$+1)7S£§+1)):‘179{ mins - Z Z l092(bsrlf)fm,nsm,n,ucm,n,u)

m>Fm,S;
Qm Fm,Sm nENp uEUm n

|:Zq(k) Bm—FZ,ErIf))Q-F Z ( Z sm,n,u_1)2

i#m neENpm  u€Um n
+(QEP = ¢ pr — O+ 28+ 3 (@), — ull))?

i#Em Jj#EmM
k k 2 2
NENm uEUm n neENm
+ Z Z (sgr]f)n u v7(rlf)n u)2 + Z ( 7<ri)n - w'Erlf,)WL)2:|
nENm u€Um n n€ENm
k
+el (D almpm = D drypi = O + )

+ Z Z g'gr]f)nu rgrf)nu*Lm,n*ygf)nu)

nENm uEUmM n

O3 g® — Bt 28+ 3D (), —u®)

i#m j#EM
+ DA D> s =D+ D (R —wih)
neN UEUm n neENm
LD DD D A PR IO S ]
nENm uEUm n nENm

(13)

After the matrix Q,, is update, the matrix Q’,, can be updated by the mobile
operators sharing how much bandwidth to be borrowed with one another. Later,
each operator solves the following problems distributively to update the slack
variables:

25 = argmin Z(QE) TP — (Q)P = O+ 2)? + P (14a)

yr(r]ftzlg = arg min 5( 7(7]:+1) Ly — ym,n,u) - gv(vlzc)n uYm,n,u (14b)
ym n,u
20 — qrg mln Z q(k+1) By + 2m)? + A 2, (14c)
z;ém
(k+1) _ . P, (k+1) (k)
Uy, 5 =arg anngl 5 (G~ — Um,j 2=k W j (14d)
) = arg min 2604 — v — B (140

w1 — = arg min = (f(kH)

m,n

,n)2 - tgzc,)n'wm,n (14f)



90 J. Chen et al.

In the end, the dual variables are also updated distributively:

alfth = alk), +p(> s — 1) (15a)
7 7 uel o
df D = dlf) + p(> " D —1) (15b)
neN
e = el +p(QUET)TP — (TP O ) (150)
g =g+ p(r S — L =y L) (15d)
WD = BE 4 p(37 gh D — B, + 28D (15¢)
i#Em

(k+1) _ (k) (k+1) (k+1)
km,j - km,j + p(qm,j — Uy 4 ) (15f)
1 =15+ p(sE0 — o) (15g)
D =t 4 p(fED —wFED) (15h)

In summary, the algorithm is given as Algorithm 1.

Algorithm 1. Proposed ADMM-based Resource Allocation Algorithm

1: Fix a penalty parameter p > 0; Initialize qqu))j, fr(,%l, sﬁﬁ?n,u, chg), yfg,)n,u,

A0 oy Wl @l d B, KO U 1 Set k=05
2: repeat

k1) pktl) g(kt)

3:  Each operator updates an according to (13);

4:  Each operator m propose its intended amount of bandwidth qu?l) to
borrow to every other operator j to update Q’gf_l)
5.  Each operator updates slack variables asg,{fﬂ), ,S’fi;ﬁl, zgfﬂ),

ugf;l), v,(,’f';l&, wffle) according to (14)

6:  Each operator updates dual variables agf#), dgfﬂ), hgfﬂ), kﬁ:;l), lg,]fj;l&,

tg,lffnl) accroding to (15)

7. k=k+1
8: until a predefined convergence criterion is satisfied.

In this algorithm, each operator firstly determines whether to borrow band-
width from others according to their own spectrum bandwidth and users’ require-
ments and updates Q,,,. Then, each operator allocates bandwidth to its slices
and users and updates F,, and S,,. After Q,, is updated, mobile operators
tell one another how much bandwidth is needed to be borrowed. Thus, Q',, is
updated according. Next, each mobile operator updates slack variables and dual
variables according to (14) and (15). Since the problem is convex, the optimality
of the proposed algorithm can be guaranteed. Therefore, by iterating until a
predefined convergence criterion is satisfied, the maximum network utility can
be obtained.
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4 Simulation Results

In this section, the performance of the proposed algorithm is evaluated by simu-
lations. In our simulations, each operator has 2 slices and each slice has 2 active
users. The rate requirements specified by users in slicing are referred to [1]. The
simulation parameters are listed in the Table 1.

Table 1. Simulation parameters and values

Mobile operator 1 2 3 4
Spectrum bandwidth 50 MHz | 20 MHz | 50 MHz | 20 MHz
The price per unit of spectrum 15 30 15 20

The limitation of cost 200 150 200 300

Service requirement of users in slice 1|20 MHz | 10 MHz | 15 MHz | 60 MHz
Service requirement of users in slice 2 |1 MHz |40 MHz | 30 MHz | 1 MHz

Network Utility
IS
w
»

— — Global Optimal
. L L L . L L
0 5 10 15 20 25 30 35 40
Iternation Index

Fig. 2. The optimal network utility of the proposed method versus iterations, |M|=2.

The optimal network utility of the system versus iterations is depicted in
Figs.2 and 3, with 2 and 4 operators respectively. Simulation parameters of
Fig.2 are based on mobile operator 1 and 2 in Table 1. In order to evaluate the
performance of proposed algorithm, the global optimal solution of problem (8) is
given for comparison. According to Figs. 2 and 3, we can see that the proposed
algorithm can achieve the global optimal solution quickly. When there are 2
operators in the system, the proposed method converges in 5 iterations. When
there are 4 operators in the system, the proposed method needs 9 iterations to
converge.
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Fig. 3. The optimal network utility of the proposed method versus iterations, |M|=4.
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Fig. 4. The optimal network utility with and without spectrum resource leasing versus
reference SNR.

The optimal network utility when there is no spectrum leasing between oper-
ators is also compared, as shown in Fig. 4. As can be seen that with the increas-
ing of SNR, the network utility of the system enabling spectrum resource leasing
changes from 72 to 79. However, without spectrum resource leasing, the network
utility of the system only change from 68 to 74.2. It validates that when there
are operators lacking of spectrum resources, our model can effectively solve the
problem and improve the network efficiency.
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Fig. 5. The users’data rate with the proposed algorithm.

The users’ data rates are shown in Fig. 5. Comparing with the service require-
ments specified by the slices in Table 1, it can be seen that the transmission rates
of users of each mobile operator meet the service requirements specified in the
slices. Among them, mobile operators 1 and 3 have adequate spectrum resources.
In order to achieve maximum network utility, their bandwidth is evenly allocated
to each slice, then each slice allocates resources to its users evenly. Therefore,
the users’ transmission rates of different slices are the same. Mobile operators
2 and 4, however, do not have sufficient spectrum resources to meet the service
requirements, so they borrow spectrum resources from operator 1 and 3. In order
to maximize network utility, the slices allocate the spectrum resources to users
equally. Therefore, the proposed model can effectively adapt to various service
requirements in 5G.

5 Conclusion

In this paper, a network utility maximization problem is formulated and solved
by a distributed resources allocation method based on ADMM in a three-layer
network consisting of mobile operator layer, slicing layer and user layer. As the
problem is convex, the optimality of the proposed algorithm can be guaranteed.
By comparing with the global optimal solution, simulations validate the effec-
tiveness and optimality of the proposed algorithm. Meanwhile, on the premise
that spectrum resources between operators can be rented, the network spectrum
utilization has been significantly improved, and the users’ data rates can be
guaranteed through network slicing.
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