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Abstract—Network slicing is the key enabler to support vertical
applications with diverse service level agreements and is expected
to be inherited in the future mobile networks. However, due to
the tricky inter-slice interference, the slicing strategy within the
radio access network (RAN) domain is still considered to be
a challenging problem, which needs to be optimized globally by
taking the radio resource allocations of all cells and all slices into
account. In this paper, we propose a low-complexity RAN slicing
strategy by using the suggest-and-improve framework, where
two high-level steps, i.e., the suggest step and the improve step,
are performed alternatively. In the suggest step, a randomized
method is utilized to find a candidate tuple consisting of a
slice and a cell. In the improve step, a swapping operation is
performed between the resource blocks of the specific slice and
other slices within the specific cell. Simulation results show that
the proposed suggest-and-improve algorithm outperforms the
existing algorithms in terms of the total inter-slice interference
as well as the average user throughput, while maintaining the
computation time in the order of few milliseconds.

Index Terms—Inter-slice interference, network slicing, radio
access network, radio resource allocation, video streaming.

I. INTRODUCTION

With the rapid integration of vertical industries with mobile
communication systems, the network-as-a-service paradigm
has shown great potential in the follow-up evolution of 5G [1].
As compared to the existing industry-specific networks, where
dedicated infrastructure and spectrum are deployed to build a
physically private network, network slicing is envisioned as a
better implementation that isolates multiple virtual end-to-end
networks, referred to as slices, above a unified infrastructure
to meet the various service requirements of different verticals.
These slices include the eMBB slice supporting high resolution
video streaming, the URLLC slice for life-critical applications,
the MIoT slice for smart city applications, the V2X slice for
vehicular communication, and the HMTC slice for industrial
automation applications.

End-to-end network slicing can be divided into three rel-
atively independent components corresponding to different
network domains, i.e., the radio access network (RAN) slicing,
the transport network slicing and the core network slicing.
Among all three components, RAN slicing is considered to
be the most challenging one due to the dynamic wireless
environment and limited radio resources. In the early practice
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such as smart port and smart building [2], RAN slicing is
implemented by using specific 5G quality-of-service (QoS)
flows or dedicated bandwidth. The advantage is that they
are easy to deploy in practice. However, these preliminary
solutions cannot provide an efficient tradeoff between slice
isolation and spectral efficiency. In the QoS flow solution, the
slice performance decreases as the cell load increases, which
violates the isolation requirement. In the dedicated bandwidth
solution, the slice isolation requirement is fulfilled, while the
spectral efficiency can be low for dynamic slice traffic.

In the literature, many efforts have been devoted to radio re-
source management for RAN slicing, whose main purpose is to
achieve an efficient tradeoff between slice isolation and spec-
tral efficiency [3]-[7]. However, due to the existence of inter-
slice inter-cell interference, the existing methods proposed for
the single-cell scenario cannot be extended to the more general
case with multiple slices and multiple cells [8], [9]. On the
one hand, inter-slice coordination is highly limited due to the
isolation requirements and customized configurations of dif-
ferent slices, which implies inter-slice interference may cause
unexpected impact on slice performance and severe data rate
degradation of cell-edge users. On the other hand, it requires
global resource block (RB) allocation to decrease inter-slice
interference, which can be highly difficult considering the
scale of practical networks. Thus, low-complexity inter-slice
interference minimization solutions are of great importance for
RAN slicing in multi-slice multi-cell networks.

In [10], the authors formulate RAN slicing as a quadratic
programming problem with an indefinite matrix. The number
of “linked” RBs is maximized to increase intra-slice coordinat-
ed transmissions and to decrease the inter-slice interference at
the same time. The problem is proved to be NP-hard in general
and the three approximation algorithms are proposed. In [11],
a priority-based heuristic method is proposed by using the RB
requests of different slices in difference cells, which intends
to maximize the number of non-interference RBs. Numerical
results show that it highly increases the orthogonality of
RAN slices and achieves low computational complexity at
the same time. In [12], the authors reuse the model in [10]
and propose an iterative heuristic method by searching better
RB allocations in local areas. Numerical results show that
it increases the overall network throughput and achieves low
computational complexity at the same time.
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Fig. 1. Illustration of RAN slicing with 5 RBs, 2 slices and 2 cells.

In this paper, we consider the RAN slicing problem in
multi-cell multi-slice networks. Specifically, we note that each
allocated RB may interfere multiple neighboring cells, and
thus, simply minimizing the number of RB pairs with inter-
slice interference can be misleading. Here, we formulate a
non-convex integer programming problem by minimizing the
number of actually interfered RBs, and propose a heuristic
algorithm based on the suggest-and-improve framework. The
proposed method utilizes the inter-slice interference level as
a heuristic to suggest a specific slice in a specific cell, and
then adjusts the local RB allocation to improve the overall
inter-slice interference performance. Numerical results show
that the proposed algorithm outperforms the state-of-the-art
algorithms in terms of both the total inter-slice interference
and the average user throughput, while at the same time,
maintaining low computational time of few milliseconds.

II. SYSTEM MODEL

We consider the downlink of a RAN with S slices and NV
cells, the sets of which are denoted as S and N/, respectively.
We note that each slice may cover multiple cells and each cell
may involve multiple slices. We denote by A € {0,1}V*¥N
as the adjacent matrix of cells, in which a;; = 1 if i # j
and the coverage areas of cell ¢ and cell 5 overlap each other,
and a; ; = 0 otherwise. For any cell n € N, we denote by
B, = {i € N | an; = 1} as the set of its neighboring
cells and by B,, = |B,,| the number of its neighboring cells.
The spectrum is equally divided into M RBs, each of which
represents the minimum resource unit that can be requested
by any slice in any cell. The set of all RBs is denoted as M.
In Fig. 1, we show an illustrative example with M/ = 5 RBs,
S = 2 slices and N = 2 cells.

We denote by L, as the number of requested RBs of slice
s in cell n, which is a long-term estimation of the total traffic

demand of the corresponding users. We denote by L as the
total number of requested RBs of all slices in cell n, i.e.,
Ll = Zle L., We denote by L as the total number of
requested RBs of slice s in all cells, i.e., L3 = Zg 1 Lo
ObV10usly, we have L& < M1 < n < N. We denote by
L =" Le/M as the traffic load of the considered RAN.
In the illustrative example, cell 1 requests L;; = 1 RBs for
slice 1 and Ly 2 = 3 RBs for slice 2, while cell 2 requests
Ly 1 = 3 RBs for slice 1 and Ly 5 = 1 RBs for slice 2. The
traffic load is given by L = 0.8.

We denote by ps ,, € {0, 1}M as the RB allocation of slice
s in cell n, in which ps,(m) = 1 if the m-th RB of cell n
is allocated to slice s, and p; ,,(m) = 0 otherwise. We denote
by qs = [pl1,pl,, ..., pl N]" as the RB allocation of slice
s,andby ¢ = [q] ,q2,...,q%]" as the overall RB allocation.
Thus, x is an SN M-dimensional column vector with all its
elements belonging to {0, 1}, i.e.,

x € {0,1}5NM, (1)

In the illustrative example, the overall RB allocation is given
by z = (1,0,0,0,0,1,0,0,1,1,0,1,1,0,1,0,1,0,0,0)” and
it fulfills all RB requests.

For a feasible RB allocation «, any RB m of any cell n can
only be allocated to at most one slice. Thus, we have

Ty, m <1, @)

where ¥, € {0,1}°NM s the vector for the summation

of all slices for RB m in cell n, ie., y,m(k) = 1if k =
(n—1)M +m (mod NM), and y,, (k) = 0 otherwise.
Also, for a feasible RB allocation x, the number of RBs
requested by any slice s in any cell n must be fulfilled. Thus,
we have
mTZs,n = LS,?’L? (3)

where z,,, € {0,1}°NM is the vector for the summation
of all RBs for slice s in cell n, ie., zs,(k) = 1if k >
(s—1)NM+(n—1)M+1and k < (s—1)NM +nM, and
zsn(k) = 0 otherwise.

According to the specific RB allocation x, the RBs can be
classified into three RB types, i.e., the non-interference RB,
the intra-slice coordination RB and the inter-slice interference
RB. For the non-interference RB, the corresponding RB is
not occupied by any slice in any of its neighboring cells. For
the intra-slice coordination RB, the corresponding RB is only
occupied by the same slice in its neighboring cells, for which
coordinated multi-point techniques can be applied to avoid
intra-slice interference. For the inter-slice interference RB, the
corresponding RB is occupied by some other slice in one of
its neighboring cells, in which case the inter-slice interference
may occur. In the illustrative example, RBs 1 and 2 are non-
interference RBs, RBs 3 and 4 are intra-slice coordination
RBs, and RB 5 is an inter-slice interference RB.

Here, we focus on minimizing the total number of inter-slice
interference RBs. For any RB m in cell n allocated to slice
s, we have xs ,, ., = 1. For any neighboring cell n’, we have
Gn, n = 1. Thus, the corresponding RB suffers from inter-slice



interference from cell »’ if and only if Zs,is T prom = 1.
Let us consider the matrix

Q=Is®(AxIy), “

where ® stands for the Kronecker product and I is the
k x k identity matrix. Therefore, given any RB allocation
x, the total amount of inter-slice interference can be written
as £7Qx. We note that the inter-slice interference RB are
counted multiple times when there are multiple cells causing
inter-slice interference. Thus, the total number of inter-slice
interference RBs is given by

f(x) = min {wTQ,l}a:, 5)

where min{-, -} returns the minimum value in each dimension
and 1 is an SN M -dimensional row vector with all its elements
being equal to 1.

Therefore, the overall inter-slice interference minimization
problem is formulated as

min f(x), (6a)
st. € {0,1}5VM (6b)
ey, m <1L,1<n<N,1<m<M, (60
xl 2z =Lsn,1<s<S8,1<n<N. (6d)

We note that the objective function (6a) is non-convex and
constraint (6b) is an integer constraint. Thus, problem (6) is a
non-convex integer programming problem, which is NP-hard
in general. In the following section, we propose a heuristic
RAN slicing algorithm by using the suggest-and-improve
framework, which utilizes problem-dependent heuristics to
search for high performance solutions.

ITI. SUGGEST-AND-IMPROVE ALGORITHM

The proposed suggest-and-improve algorithm consists of
three major components, i.e., the initialization method to find a
feasible RB allocation as the start point, the suggest method to
select a candidate slice and a candidate cell, and the improve
method to adjust the RB allocation of the specific slice in the
specific cell. The suggest and improve methods are performed
alternatively to decrease the overall inter-slice interference.
The implementation details are given as follows.

A. Initialization

The initial RB allocation x( is constructed by sequentially
fulfilling the RB requests {Ls,}s, of all slices in all cells.
Specifically, we set £y = 0 and consider the RB requests with
an outer loop of slices and an inner loop of cells. The slices
are sorted in a decreasing order of the number of requested
RBs, ie., s1,82,...,55 € S where Lii© > Lzlji,ce for any
1 <i < j < S§. The cells are sorted in a decreasing order
of the number of neighboring cells, i.e., n1,n2,...,ny € N
where B,,, > By, forany 1 <i < j < N.

For any index pair (4, j), we consider the RB request L, ,,,
of slice s; in cell n; with the instant RB allocation . The
set of unallocated RBs in cell n; is given by

M; (o) = {m € M | &fyn,m =0} 7)

For any m € M(xo), the total number of inter-slice interfer-
ence caused by the allocation of RB m in cell n; to slice s;
is given by

Cij(m;xo) = Z Z-’BoTes,n,m, ®)

nEBnJ S#S;

where e, is an SN M-dimensional unit vector indicating
whether RB m in cell n is allocated to slice s, i.e., €5, (k) =
1ifk = (s—=1)NM+ (n—1)M + m, and es (k) =
1 otherwise. Thus, C; ;(m;xo) can be seen as the cost of
allocating RB m in cell n; to slice s;. We select the RB with
the minimum cost, i.e.,

*

m* = argmin C; ;(m;xo). 9)

meM; (20)

Then, RB m™ in cell n; is allocated to slice s;. Thus, we have

oo [(si —)NM + (nj — )M +m*] =1.  (10)

For any L, ,, > 0, the allocation is performed Ly, ,,; times
until all requested RBs of slice s; in cell n; are fulfilled. We
note that constraints (6b) and (6¢) are strictly satisfied during
the construction of xg, and after SN iterations when all RB
requests {Ls, n, }i,; are fulfilled, constraint (6d) is satisfied.
Thus, the outcome x( is a feasible solution of problem (6).

B. Suggest Method

Given the current RB allocation @, the suggest method
returns a tuple (s,n) consisting of the suggested slice s € S
and the suggested cell n € A Specifically, for any slice s € S
in any cell n € N, the set of allocated RBs is given by

Min(z) = {m e M ’ 2Teynm = 1}, (11

and the total number of experienced inter-slice interference is

given by
> X X e

R n(x) = (12)
meMg () nEan s#£8;

According to the weights given by R, ,(xz), we define a
discrete conditional probability distribution p(s,n|x) of tuple
(s,n) given z, i.e.,

Ry n(x)

S N :
Zs’:l Zn’:l RS'»"'(w)
In each iteration, the suggest method samples a tuple (s*,n*)
from the distribution p(s, n|x), which implies a specific slice
in a specific cell with high inter-slice interference. The tuple

is then forwarded to the following improve method to reduce
the inter-slice interference by adjusting its RB allocation.

p(s,n|x) = (13)

C. Improve Method

Given the current RB allocation  and the suggested tuple
(s*,n*), the improve method intends to decrease the total
number of inter-slice interference RBs by swapping the RB
allocated to the suggested tuple with other RBs. Specifically,
we randomly select an RB m from the set Mg« . (x) of RBs
allocated to slice s* in cell n*, and another RB m’ from the



Algorithm 1: Suggest-And-Improve for RAN Slicing
Input: S, N, M, A, {Lsn}sn
Output: RB allocation x

1 /*Initialization™/

2 xg « 0;

3 for i € [1,5] do

4 for j € [1,N] do

5 for k € [1,Ls, ,,] do

6

7

8

9

Calculate RB m™* as in (9);
Update RB allocation x( as in (10);
end
end
10 end
11 T < xo;
for t € [1,T] do
13 /*Suggest™/
14 Calculate probabilities p(s,n|z) as in (13);
15 Sample (s*,n*) from distribution p(s,n|x);
16 /*Improve™/
17 Calculate new RB allocation =’ as in (14) and (15);
18 if f(2') < f(z) then
19 ‘ T —x;
20 end
21 end

p—
(5]

set M — M- () of the rest RBs. We swap the allocation
of RBs m and m/, and obtain a new RB allocation =’. If RB
m/ is originally unoccupied, we have

/
T :z_es*,n*,m"_es*,n*,m'- (14)

If RB m/ is originally occupied by another slice s’ # s, i.e.,
z[(s' —1)NM + (n* — 1)M + m'] = 1, we have

/
T =& — €= n*m — €g/ n* m/ + €5 n* m/ + €5’ n* m- (15)

If the number of inter-slice interference RBs is decreased after
the swapping operation, i.e., f(2') < f(x), we update the RB
allocation as © = «’. Otherwise, the RB allocation x stays
unchanged. Note that the swapping operation ensures x’ is
also a feasible solution of problem (6). Thus, the RB allocation
is still feasible after multiple iterations of alternative suggest
and improve steps.

D. Convergence

As the number of inter-slice interference RBs decreases
monotonically as the iterations proceed, the proposed algo-
rithm converges when there exists no suggested tuple that can
be improved by any swapping operation. Since the number
of inter-slice interference RBs is bounded between 0 and
NM, the proposed algorithms converges in no more than
N DM swapping operations. However, due to the randomness
of the proposed algorithm, a large number of iterations may
be required to reach the convergence point. In practice, we can
set a large iteration number 7' to achieve a tradeoff between
the network performance and computation complexity. We
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Fig. 2. Ratio of inter-slice interference RBs as a function of traffic load L.

summarize the proposed suggest-and-improve RAN slicing
algorithm in Algorithm 1.

IV. NUMERICAL RESULTS

We consider a network with NV = 5 cells and S = 3 slices.
The base stations are dropped randomly in a 500 x 500 m
square area with a uniform cell radius of 250 m. The total
100 MHz bandwidth is equally divided into M = 20 RBs. We
assume the total number of requested RBs is equal for all cells,
ie, Ls = Lgell ) LS, and the corresponding RB requests
are distributed randomly among all slices. We assume there
are 5 users of each slice in each cell, which are distributed
randomly and follow the full buffer model. The proportional
fair scheduler is applied for users of a specific slice within
a specific cell, and coordinated transmissions are applied for
cell-edge users within the same slice. We consider a typical
urban propagation environment, where the pathloss exponent
is 3.76 and the standard deviation of log-normal shadowing is
3 dB [13]. The small scale fading is assumed to be Rayleigh.
The transmit power is uniformly given by 20 dBm,

We compare the proposed suggest-and-improve algorithm
for inter-slice interference minimization (ISIM-SI) with four
state-of-the-art algorithms, i.e., the RSEP-EQ and RSEP-
MLF algorithms proposed in [10], the RSEP-IMLF algorithm
proposed in [12] and the IMNRA-PICA algorithm proposed
in [11]. We note that the RSEP-EQ algorithm is based on
convex quadratic programming, and the other three algorithms
are heuristic algorithms. The maximum iteration number of the
proposed algorithm is given by 7' = 5SN.

In Fig. 2, we show the ratio of inter-slice interference RBs
as a function of traffic load L. Intuitively, as the traffic load
increases, the number of total requested RBs increases and
the competition among slices are intensified, which makes
it more difficult to avoid inter-slice interference. Thus, the
ratio of inter-slice interference RBs increases with the traffic
load. Specifically, the curves increase slowly in the low traffic
load region as the radio resources are relatively sufficient.
While, as the traffic load surpasses a certain threshold, the
RB allocations of neighboring cells cannot be well coordinated
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and the curves increase rapidly. As we can see, the proposed
ISIM-SI algorithm outperforms the benchmark algorithms in
the entire region. We note that the RSEP-MLF algorithm has
a slightly decreasing curve as it mainly focus on improving
intra-slice cooperation, which may not fully utilize the entire
bandwidth in the low traffic load region.

In Fig. 3, we show the average user throughput as a function
of traffic load L. The average user throughput is fundamentally
determined by the amount of allocated RBs as well as the
interference level. As intra-cell and intra-slice interference are
strictly avoided by packet scheduling, the interference level
is fully determined by the inter-slice interference. In the low
traffic load region, the inter-slice interference keeps low as
shown in Fig. 2, while the number of allocated RBs increases
linearly as the traffic load increases. Thus, the average user
throughput increases rapidly. In the high traffic load region,
the inter-slice interference increases rapidly as shown in Fig. 2,
which offsets the gains from the increased number of allocated
RBs. Thus, the growth of the average user throughput slows
down and even declines at extreme high traffic loads. As we
can see, the proposed ISIM-SI algorithm still outperforms the
benchmark algorithms in the entire region.

In Fig. 4, we show the computation time of all considered
algorithms on a Core i7 CPU with N = 5, 10, 20, respectively.
As the number of cells increases, the computation time of both
the mathematical programming and the heuristic algorithms
increases. As we can see, the mathematical programming
algorithm, i.e., the RSEP-EQ algorithm, requires computation
time in the order of several seconds. While, the heuristic
algorithms, including the RSEP-IMLF, IMNRA-PICA and the
proposed ISIM-SI algorithms, only requires computation time
in the order of several milliseconds. We note that even though
the RSEP-MLF algorithm has sub-millisecond computation
time, it suffers from a significant performance degradation as
compared to the other algorithms.

V. CONCLUSION

In this article, we considered the inter-slice interference
minimization problem in multi-cell multi-slice networks. First,
we analyze the objective and constraints of RAN slicing and
formulate a non-convex integer programming problem. Then,
we propose a suggest-and-improve RAN slicing algorithm to
improve the global performance by iteratively performing local
improvements. In addition, we prove the proposed algorithm
converges in finite iterations. At last, simulation results verify
the superior performance of the proposed algorithm in terms of
the total inter-slice interference and the average user through-
put as compared to other existing methods, as well as its low
computation time in typical RAN settings.
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