Interference Minimization in 5G Physical-Layer
Network Slicing

Marco Zambianco and Giacomo Verticale

Abstract—The interference resulting from densification of
access points and the coexistence of different numerologies
within the same spectrum severely hinders inter-slice isolation.
We propose a slice allocation policy that enforces inter-slice
isolation by minimizing the inter-slice interference suffered by
each virtual operator. In detail, we design a binary quadratic
non-convex optimization problem that minimizes i) the inter-
slice interference generated by interfering base stations and ii) the
inter-slice interference generated by the multiplexing of spectrum
slices having different numerologies. We also provide a heuristic
algorithm to render the solution scalable in practical scenarios.
We assess the performance of both approaches by evaluating
the signal-to-interference-plus-noise ratio (SINR) associated to
each slice through simulations. Results reveal that the heuristic
algorithm provides a solution comparable with the optimal one on
different minimization scenarios. Moreover, a considerable SINR
improvement is observed with respect to a base-line scheme that
does not account for inter-slice interference.

Index Terms—Radio spectrum management, resource manage-
ment, interference

I. INTRODUCTION

RAN slicing makes it possible to “slice” the physical
network resources, managed by a network owner (NO), among
multiple Mobile Virtual Network Operators (MVNOs) en-
abling the deployment of different services on top of the same
network infrastructure. A network slice is commonly defined
as a set of network functions and the resources to run these
network functions, forming a complete instantiated logical
network to meet the specific network characteristics required
by the application [1]. In other words, each network slice can
be considered as an independent network entity tailored to
guarantee a set of service level agreement (SLA) requirements.

RAN slicing entails additional effort in the design of effi-
cient and effective slicing policies for two main reasons: i)
radio spectrum is a scarce resource and ii) slice performance
is related to the portion of spectrum to which it has access.
In fact, when different slices are multiplexed within the same
bandwidth, each slice performance is affected by the number
of radio resources that are simultaneously shared with other
slices. Slice isolation becomes an essential requirement since it
ensures that coexisting slices do not have any mutual impact on
each other’s performance. From a radio perspective, spectrum
slices must not interfere with one another so that every MVNO
can schedule its own users without affecting the performance
of users in other slices.

Due to the densification of the access points and to the em-
ployment of beamforming, inter-cell interference (ICI) across
base stations (BS) is going to be a common issue that needs
to be taken into account in the design of efficient RAN

slicing policies. In addition, a traditional single-numerology
access scheme consisting in a homogeneous division of the
time-frequency resources is no longer suitable to embrace the
different service requirements characterizing 5G applications.
Instead, a mixed-numerology scheme is proposed to increase
the flexibility and reliability in the accommodation of services.
Specifically, differently from the conventional orthogonal fre-
quency division multiplexing (OFDM), this scheme supports
the allocation of heterogeneous frequency-time resources,
denoted as resource blocks (RBs), composed by different
subcarrier spacing and transmission intervals within the same
transmission frame. On one hand, such technique provides a
common underlying physical to multiplex various services,
on the other hand, it affects the inter-slice isolation due to
the inter-numerology interference (INI) generated between
adjacent non-orthogonal RBs [2]. The main contributions of
this paper are summarized as follows:

+ We provide a mathematical model to represent a mixed-
numerology RB grid as composed of single-numerology
RBs.

o We design a slicing allocation policy that enforces inter-
slice isolation between different MVNOs. More precisely,
we formulate a non-convex binary quadratic optimiza-
tion problem that minimizes the inter-slice interference
generated when i) multiple MVNOs are simultaneously
allocated to the same spectrum slice on interfering BSs
and ii) spectrum slices composed of RBs of different
numerologies are simultaneously multiplexed.

o« We propose a heuristic algorithm that outputs an RB
allocation policy requiring a lower amount of time than
the optimal solution. The scheme provides a solution
that balances the trade-off between the two interference
sources and achieves a performance level that is compa-
rable to the optimal one.

o We assess the benefit deriving from inter-slice inter-
ference minimization by computing the average SINR
associated to each slice throughout simulations. In detail,
we show a significant SINR improvement provided by
both approaches with respect to a base-line allocation
policy that does not enforce inter-slice isolation.

The rest of the paper is organized as follows. In Section II, we
describe the considered system model. Section III discusses
the formulation of the optimization problem that minimizes
inter-slice interference. In section IV, we show the simulation
results. Finally, the conclusions are drawn in Section V.

II. RELATED WORK

RAN slicing has received a growing interest in the last
few years from the research community. An overview of the



key concept of this topic as well as the related challenges
is provided by several surveys such as [3][4][5]. Most work
in this field proposes RAN slicing schemes that leverage the
design of an orchestration framework [6], an admission control
policy [7], and a resource management policy [8]. The goal
of the aforementioned work is to ensure that RAN slices are
characterized by an efficient sharing of the resources and a
suitable customization to accommodate each service. However,
the proposed slicing schemes are agnostic of the underlying
physical layer, since they do not show how to quantitatively
allocate radio resources to each slice. In addition, slice isola-
tion is not directly considered in the system model but it is
empirically evaluated by simulations.

Following these observations, recent work has proposed
slicing schemes to address these issues. In [9], the authors
propose a resource sharing agreement policy that accounts
for the correlation among data to reduce the number of
dropped packets. The same authors design an interference
management module to enable resource isolation. However,
they consider fractional frequency reuse, thus limiting the
slice flexibility and lowering the system efficiency. In [10],
the authors design an inter-MVNO RB sharing policy that
allocates resources based on the interference level affecting
various users. However, since multiple RBs can be shared
among multiple MVNO, advanced communication techniques
like CoMP cannot be applied. In [11], the authors propose
a slicing scheme that allocates RBs capable of satisfying
the SLA requirements. Such policy selects RBs from over-
provisioned slices and assigns them to the under-performing
slices. The authors of [12] propose an online approach based
on genetic algorithm to slice resources, that does not require
any pre-knowledge about the utility model. In [13], a RB
allocation scheme is designed such that the number of satisfied
slices in term of SLA requirements is maximized with a
minimum number of allocated RBs. However, the approaches
proposed in [11] [12] [13] ensure slice isolation only for a sin-
gle BS case, whereas multi-cell scenario remains uncovered.
The authors of [14] describe how to enforce slice isolation by
minimizing inter-slice interference between MVNOs deployed
on interfering BSs. However, the solution does not account
for the multi-numerology case. The authors of [15] propose
an auction-based policy that allocates RBs to different slices
according to the users bids, where each slice is modelled
with a different numerology type. However, although a mixed-
numerology scenario is considered, their auction-based scheme
neglects the effect of inter-numerology interference.

Differently from these papers, we design an allocation
policy of the radio resources that enforces inter-slice isolation
among RAN slices employing different numerologies. More
precisely, the proposed scheme accounts for two interference
sources that affect the isolation among MVNOs: i) inter-
slice interference derived from interfering cells and ii) inter-
numerology interference derived from the simultaneous mul-
tiplexing of RBs having heterogeneous subcarrier spacing.

III. SYSTEM MODEL

In this section we introduce the considered RAN archi-
tecture and we describe the models employed to describe a

mixed-numerology resource grid as well as inter-slice inter-
ference.

A. RAN slicing model

We consider a 5G RAN of bandwidth L consisting of B
macro BSs equipped with Remote Radio Heads (RRHs), and
a centralized pool of Base Band Units (BBUs). The various
RRHs are shared among a set of M MVNOs that provide
different network services. Each MVNO is a logical standalone
radio interface that schedules the available radio resources
among its users in order to fulfill the SLA requirements. We
consider a mixed-numerology OFDMA scheme such that each
spectrum slice assigned to MVNO m on the BS b, denoted as
Z, 5, can be modelled as a set of RBs, each one representing
a fixed number of contiguous subcarriers, allocated over T’
time slots. The duration of each time slot has a granularity
tailored to the radio environment statistics (e.g. shorter time
slots are suited for urban environments, whereas longer ones
could be employed to model RANS in rural scenarios) and it is
considered as constant in our problem. The NO manages the
whole RAN infrastructure and periodically assigns spectrum
slices £,,, , among the MVNOs in each BS following the slice
assignment policy Sy, = {Li/ o Vmp = DAY cpr by =
L,Ym,m' # m € M,¥b € B}. In this context, the RAN
slicing architecture can be considered as composed by a two-
level scheduler. The higher level is represented by the MVNOs
schedulers, whereas the lower level is represented by the NO
scheduler. The latter allocates spectrum slices, according to
Sm.b, to each MVNO in order to provide better scheduling
opportunities for their users.

Every MVNO m is modelled with a different numerology
type (., suited to satisfy the application requirements. Conse-
quently, the associated spectrum slices are composed by RBs
having subcarrier spacing Af,, = 2#= - 15 kHz. Concerning
the RB allocation over time, as imposed by 3GPP specification
[16], we consider a synchronized transmission in each time
subframe of length 1ms to prevent symbol misalignment. In
Table I we report the available numerologies as well as the
RB structure in 5G NR standard. According to such RB
characterization, the resulting resource grid R is composed by
Ngrp RBs of different subcarrier spacing that are multiplexed
over T' time slots based on .S, 5.

TABLE I
NUMEROLOGY STRUCTURE IN 5G NEW RADIO STANDARD

u  Af (kHz)  Subcarriers per RB  RB per subframe
0 15 12 1
1 30 12 2
2 60 12 4
3 120 12 8
4 240 12 16

B. Mixed-numerology resource grid model

Differently from single numerology systems, the total num-
ber of RBs in mixed-numerology schemes that can be allocated
varies according to the bandwidth occupied by each RB. In



detail, the higher is the bandwidth per RB, the lower is the
total number of resources that can be allocated in a particular
transmission frame. Therefore, a homogeneous resource grid
cannot provide an effective way to meet this behavior, since
the bandwidth spanned by each RB depends on the specific
numerology used in that time slot. To address this issue, we
rely on the observation that each numerology is an integer
multiple of a minimum subcarrier spacing, thus each RB can
be seen as a set of contiguous RBs with minimum numerol-
ogy. Specifically, let i,,;, = argmin{Af,,} be the smallest
numerology in the system. The numerology associated to each
MVNO m € M can be expressed as F,, = 2(#m—tmin)
contiguous RBs of numerology fi,,;. Note that this property
holds only if the number of subcarriers in each RB is constant,
since it requires the RB bandwidth to be directly proportional
to the subcarrier spacing.

Hmip — argmin{Af, }
s

Af, =15 x 23 kHz
Af, =15 x 22 kHz
Afy =15 x 21 kHz

Frequency

Fig. 1. Mixed-numerology RB grid representation.

Leveraging this alternative numerology representation, de-
picted in Fig. 1, we define the resource grid R as the set of
N rp RBs with constant numerology fiy,;, over T time slots.
This allows us to model the RB assignment by means of the
allocation indicator function z,pn,; € {0,1}. In detail, the
latter is defined for any MVNO m € M with numerology fi,,
on BS b € B as:

1) RB (n,t) € R is allocated if
Tm,bn,t = 1
and, if F,,, > 1,

Tm,bn+it = 07 1< < (Fm - ]-)

2) RB (n,t) € R is not allocated if

Tm,bn,t = 0
and, if F,, > 1,

Tm,bn+it = 0, 1 < ) S (Fm — ].)

In other words, the RB allocation indicator represents each
numerology as a group of F},, contiguous RBs of numerology
Wmin Dy flagging the position of the first RB and zeroing
the subsequent ones. We do not need to specify additional
conditions for the RB allocation over time domain as we
assume that they are aggregated to provide a synchronized
transmission every time slot ¢. Given this model, the allocation
policy can be designed similarly to a single-numerology access
scheme. The advantage of this representation is to formulate
more easily the objective function (see Section IV).

C. Inter-numerology interference model

Inter-numerology interference is caused by the loss of the
orthogonality between subcarriers within the same OFDM
symbol. In fact, OFDM samples at both the transmitter and
the receiver side are corrupted by the spectral emissions of
subcarriers having different bandwidth. To analytically model
this behavior, we rely on the formulation proposed in [2]
to compute the interference between subbands of different
numerologies. We consider two subbands B; and By of
numerology type p; and po with Af; < Afs, each one
composed by Z; and Zs subcarriers. For each subband, we
denote the Discrete Fourier transform (DFT) symbol and cyclic
prefix (CP) length as N(5) and Néi’i), respectively. The INI
power suffered from kth subcarrier of subband B; due to
vth interfering subcarrier of subband B, at spectral distance
Ak = k — v can be approximated as

2
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where v = [N®B/NP2) | NB2) — NB2) o NB2) gand
H(B2)(v) is the frequency response of the vth subcarrier
of subband Bs. Similarly, the INI power caused by the wvth
subcarrier of subband B; on the kth subcarrier of subband By
can be approximated as
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where H(B1) (v) is the frequency response of the vth subcar-
rier of subband B;. From the above formulations, it is possible
to observe the asymmetric behavior of the interference power
that is mutually generated by each subband. Specifically, the
wider is the spectral gap between different numerologies (in
other words, Af; << Afs), the higher is the interference
generated on the subband with the smaller numerology type.

D. Beamforming interference model

We model the radio coverage area with a hexagonal-cell
network layout following the guidelines for 5G dense macro-
cell scenarios as dictated by ITU [17]. In detail, each BS
provides radio coverage on a 120° sector that is modelled
with a hexagonal area. The various BSs are grouped as triplets
in order to provide an aggregated coverage of 360° and are
located on different sites that are at distance d one from the
other. Every site orientation is such that sectors on different
sites do not directly face each other on the same coverage
direction. A representation of the considered RAN topology
is shown in Fig. 2. According to such network layout, we
do not consider any intra-site interference. Differently, we
account for the interference between BSs that are located on
neighbor sites at distance d and have substantially overlapping
coverage. This results in sectors that can interfere with at
most 4 other BSs. Following this assumption, we define the



Fig. 2. RAN topology model.

adjacency matrix Y such that y,, = 1 if BSs b and b’
interfere each other and y; ;v = 0 otherwise. Each sector serves
the users within its coverage area by means of beamforming
transmission and spatially multiplexes U beams towards their
locations. Beamforming impacts on the isolation of network
slices for two reasons: 1) the transmission of highly directional
signals enables the deployment of closer BSs that boost the
network capacity. However, cell-edge users could suffer from
severe interference generated by beams, on interfering BSs,
directed on the boundaries of their coverage area ii) the benefit
of interference reduction in the regions closer to each BS is
limited by the effect of inter-numerology interference as its
interference power is comparable to the inter-cell one.

We measure the inter-slice interference experienced by each
user as the number of RBs that are simultaneously assigned
to multiple MVNOs on interfering cells. In detail, when the
RBs allocated to every MVNO span the same spectrum slice
during time slot ¢ on interfering BSs, inter-slice interference
is absent. Conversely, if RBs are assigned to more than one
MVNO in the same time slot ¢, inter-slice isolation cannot be
ensured and users scheduled in each slice generate interference
towards users belonging to other MVNOs. In other words, if
a spectrum slice is accessed only by a single MVNO, users
on different slices are not affected by inter-slice interference,
otherwise the level of interference generated depends on the
number of overlapped RBs assigned to different MVNO in
each time slot.

We consider a statistical approach to model the inter-slice
interference power generated by the various beams that are
transmitted by each sector. Specifically, as proposed in other
works [18][19][20], we assume that the main lobe of each
beam of beamwidth 6; € [0, 27 /3] provides a constant trans-
mission gain g; = () and it is directed towards the intended
user, whereas side lobes are approximated with an overall
transmission gain of g; = ¢ with ¢ < @ and are pointed in
other directions. Similarly, we model each user with steerable
directional antennas that have constant receiving gain g, = )
for beamwidth 6, € [0, 2] and g, = ¢ otherwise. Assuming

perfect beam alignment between serving sector and user, the
total transmission gain of the serving link can be computed as
Gs = g¢-9r = Q- Q. Similarly, we model the interference gain
G on the serving link due to the transmission on interfering
sectors, as a discrete random variable. Specifically, according
to the angle of departure (AoD) ¢4 of the various beams from
the interfering sectors and the angle of arrivals (AoA) ¢, of
such beams on the antenna pattern of a generic victim user,
the total transmission gain can assume one of the values in the
alphabet X = {QQ, Qq, qq}. In this regard, we consider both
AoD and AoA to be independent and uniformly distributed
within the interval 0 < ¢4 < 27/3 and 0 < @, < 27
respectively, thus the probability density function p¢, (X)) can
be computed as

0, 0,
o 27T/3—9t Gr 9t 27T—0T
p6,(Q1) = == ot s T an
_2n/3—0; 2m—0,
pa,(qq) = 273 5 3)

E. Signal-to-interference model

We describe the large-scale propagation fading, G, by
means of Close-In (CI) path loss model, that is relevant for a
wide range of frequencies as well as 5G propagation scenarios
[21]. The inter-slice interference power is composed by two
terms: i) ICI generated by beams on adjacent sectors and ii)
INI generated by the multiplexing of spectrum slices having
different numerologies. Therefore, let m € M be a MVNO
whose spectrum slice is composed by Z,, subcarriers, the
signal-to-interference-plus-noise ratio (SINR) associated to a
generic user located at distance r from the serving BS s, with
transmission power Pj, and at distance ' from a neighbor
interfering BS ¢, with transmission power P;, can be computed
as

PsGsG l(r)
SINR = L 4
PiniGpl (7") + PiciGpl (’I’/) + Wm ( )
where
Zm Zrn’
P =G 30 (S0 S pEn (), 5)
k=1 m'eM v=1
m#m’
U
Pii =Py G (6)
u=1

and W,, is noise power over the bandwidth composed by
Z., subcarriers. To better clarify the above formulations, we
remark that the INI power in a subband due to multiple adja-
cent subbands of different numerologies is computed following
two steps. First, we compute the interference power caused
by adjacent subbands over the subcarriers of the considered
subband using (1) and (2). Then, we compute the total
interference power by summing the interference contribution
affecting each subcarrier. Concerning ICI power, we recall that
G, is generated according to the probability distribution (3).



IV. INTER-SLICE INTERFERENCE ANALYSIS

In this section we discuss the proposed optimization prob-
lem that minimizes inter-slice interference. Specifically, we
compute the optimal RB allocation by accounting for both
interference terms in the objective function. Moreover, we
propose a heuristic approach to overcome the computational
complexity of the optimal formulation.

A. Problem formulation

Among all the feasible slice assignment policies Sp ,,, We
focus on the design of a slice allocation policy that enforces
inter-slice isolation. We achieve this goal by minimizing the
interference affecting each MVNO. Specifically, we formulate
an optimization problem that computes an RB allocation
capable of minimizing inter-slice interference generated by ICI
and INIL

To achieve the first objective, we recall that inter-MVNO
interference is absent when the same spectrum slice is simul-
taneously assigned to the same MVNO on interfering BSs.
Formally, a RB (n,t) of numerology type i, on the resource
grid R is uniquely allocated to MVNO m on two interfering
BS b and ¥’ if and only if

Tm,bn,t = Tm,b n,t = 1
and, if F,,, > 1,
Tm,bn+it — Tm,b' n+it — 0 1<:< (Fm - 1)

From this definition, it easy to understand that RBs allocated
in this way allow the corresponding MVNO to access a
specific spectrum slice in the same time slot from different
BSs, thus enabling a coherent and coordinated transmission.

To address the INI between different slices, we rely on the
model described in Section III to design an allocation policy
that reduces the INI power on each slice. Employing INI power
equations (1) and (2) results in a complicated, non-linear
objective function that cannot be easily solved. Therefore,
we propose a simpler objective function based on the RB
allocation indicator function previously defined. From (1) and
(2), we observe that INI power mainly depends on two factors:
i) the spectral distance Ak between the victim subcarrier
and the interfering subcarrier and ii) the relative difference
between the numerology types of the subcarriers in the two
subbands. Specifically, the wider is their difference (that is
reflected by their DFT size N(B1) and N(P2)) the higher is
the interference generated over the subcarriers with the smaller
numerology type. Consequently, RBs of similar numerologies
produce less interference when they are allocated close to each
other than RBs with very different numerologies. This result
is also supported by authors in [22], where they show the
signal-to-interference ratio (SIR) degradation as function of
the numerology gap between different subbands.

Following this observation, our policy is designed to min-
imize the number of contiguously allocated RBs of different
numerologies over the same transmission interval. To formal-
ize this concept, first we provide the definition of contiguously
allocated RBs based on the RB allocation indicator function.

An RB (n,t) of numerology type i, is contiguously allocated
next to an RB (n’,t) of numerology type pi,, if and only if

ITmbn,t = Tm/ bn—F,,,t = 1
and, if F,,,, > 1,
Tm,b ,n—F,, +it = 0 1<:i< (Fm’ - ]-)

Based on this, given an RB (n,t) of numerology type ., the
INI power generated by a contiguous RB (n/, t) of numerology
type ftm, is minimized if and only if

\bm — ponr | < s — py| - Vi, j € M.

Intuitively, the designed policy aims at allocating RBs with
the same numerology over a contiguous spectrum slice based
on the assignment policy Sp .. In this scenario, the INI power
derives only from the interference generated between RBs at
the boundaries of each spectrum slice.

To quantitatively model this behavior, we design a penalty
function f,(m,m’) that, for every MVNOs pair {m,m'},
associates a cost ¢, ,,s to the contiguous allocation of the
related RBs. In detail, f,(m,m’) expresses how much the
numerologies of each MVNOs pair differ in terms of sub-
carrier spacing. Consequently, the higher is the numerology
gap Kpm,m = |ftm — Wm’| between each pair, the higher is the
cost ¢, m/. Formally, we define the penalty function as

0 if km,'rn/ =0
fp(m,m')y =<1 it kg =1 7
C- km,m’ if km,m’ > 1,

where the constant C' > 1 allows to tune the penalty associated
to the contiguous allocation of RBs that are very different in
terms of subcarrier spacing. We note that (7) does not penalize
the contiguous allocation of RBs with equal numerologies
since they do not interfere each other. Instead, it assigns a low
penalty when RBs of similar numerologies (i.e., ky, s = 1)
are contiguously allocated, whereas it assigns a higher penalty,
depending on C, in the other cases. Based on the structure of
(7), we define the penalty matrix W such that each element
Wiy, me 1S €qual to Cpy .

We remark that the proposed design is sub-optimal with
respect to the direct minimization of (1) and (2), since it is
not able to model the complete INI dynamic. In fact, our
approach does not account neither for the INI asymmetry nor
for the INI generated by other RBs that are not directly located
next to the victim RB. Nevertheless, we assessed by means of
numerical analysis that our simplified model provides a good
approximation of the INI behavior. Specifically, the analysis
showed that the gap, between the solution obtained with the
problem formulation discussed in Section III and the best
solution extracted by an exhaustive search of all feasible RB
allocations, can be easily neglected.

B. Optimal solution

Leveraging the ideas of uniquely allocated RBs and contigu-
ously allocated RBs, we design a binary quadratic optimization
problem that minimizes inter-slice interference due to ICI



and INI. To balance the contribution of the two interference
sources, we introduce a weight coefficient, denoted as «, that
allows to prioritize the minimization of one term over the
other. Formally, we have:

min(l — «)-

T Ngp

(= X Y>> v (Futmbinatmsnd) )+

meM t=1 n=1 bEB p’'+#£b
b'eB
Nrs T

Oé( E E § E § Wm,m'Tm,bn,tLm’ bn—F,,, ,t)

beBmeM m’eM n=1 t=1
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Z Z Tm,bn,t = ;L7b7Vb S B,Vm eM 9)
t=1 n=1 m
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S Tppneis < LV(n,t) € R0 € B¥Yme M (10)
=0

Fm_l _

S° N bt <LV(nt) € RV E B (1)
meM =0

Tm,bn,t € {07 1},V(n,t) S R, Vb e B,Vm e M. (12)

In equation (8), the objective function includes two terms,
whose minimization priority is dictated by the parameter
a € [0, 1]. In particular, when o« = 0, the proposed formulation
targets ICI minimization only. Conversely, when o = 1, only
INI is minimized. For all other values of «, the resulting
RB allocation provides an interference minimization that is a
weighted trade-off between the two objectives. Specifically, we
minimize the inter-slice interference due to ICI by minimizing
the number of non-uniquely allocated RBs to multiple MVNOs
on interfering BSs. Note that F), is needed to equalize the
contribution of each uniquely allocated RB according to its
numerology. In fact, following the proposed model of mixed-
numerology RB grid, a RB with numerology ., accounts
as F,,, RBs of numerology fi;in, thus it provides a reward
that is F},, times higher when it is uniquely allocated (in the
particular case of all RBs with equal numerology, F},, can be
neglected since it assumes a constant value). Differently, we
minimize the inter-slice interference due to INI by minimizing
the number of contiguous RBs having different numerologies
on every BS. Intuitively, the effect of this simultaneous min-
imization is that, for every uniquely allocated RB to MVNO
m, the objective function pays a penalty w,, s based on
the numerology gap from the RB of MVNO m/ that is
contiguously allocated.

Problem constraints define the set of feasible allocation
policy solutions according to the employed mixed-numerology
RB model. In detail, constraint (9) ensures that all MNVOs
receive a number of RBs expressed as groups of F},, contigu-
ous RBs according to the spectrum slice ¢,, . Constraints (10)
and (11) account for the multiplexing of RBs with different
numerologies represented through the RB allocation indicator.

More preciselyy, constraint (10) characterizes the numerology
m of each MVNO m by imposing groups of F;,, contiguous
RBs with numerology ft;,;n. Constraint (11) guarantees that
each group of F},, contiguous RBs is allocated to one MVNO
only. Finally, (12) ensures that the RB allocation indicator can
only assume binary values.

C. Solution complexity and scalability

The complexity of problem (8) is NP-hard. In fact, as
the matrix associated to the quadratic form of the ICI term
is indefinite (the proof is provided by authors in [14] that
proposed a similar problem formulation), it is known that the
related problem complexity is NP-hard [23]. This is sufficient
to prove that also (8) is NP-hard as the solutions instances of
the problem in [14] are a subset of the solutions of problem
(8) obtained when every MVNO has the same numerology.

Regarding the scalability of the problem with respect to
the number of BSs and MVNOs, we note that ICI term
scales quadratically with number of interfering links between
the available BSs. The adjacency matrix Y defines the BSs
couples that require the minimization of the number of non-
uniquely assigned RBs. When each BS interferes each other,
the couples cardinality grows with square of the number of
BSs, since every interfering link produces the couples yp i
and y . This observation has an important implication from
a practical perspective as the addition of more BSs does not
necessarily degrade the computational time performance to an
unacceptable level. In fact, the scalability can be close to linear
if Y is sparse, which corresponds to a realistic scenario where
each BS interferes only with a subset of the total number of
BSs belonging the same RAN.

A similar reasoning can be applied to the scalability with
respect to the number of MVNOs when the penalty ma-
trix W is considered. The computational complexity scales
quadratically with number of MVNOs as they produces more
RBs couples of different numerologies. More precisely, such
quadratic relationship is actually related to the number of new
pairs Wy, m and wy, ., that are generated by multiplexing
more MVNOs of different numerologies. However, in practical
systems, the number of numerology types is limited, hence the
computational complexity increases with a behavior close to
linear once all the available numerologies are employed.

D. Heuristic solution

The time complexity required for the optimal RB allocation
policy computed with (8) denies a online deployment on
systems that require frequents updates of the assignment policy
Sm.p. For this reason, we propose a heuristic algorithm to
speed up the convergence time of the original problem at
the cost of a sub-optimal solution. As (8) generates different
solutions based on «, it is not feasible to provide a heuristic for
each value. Therefore, we design a scheme to approximate the
set of optimal solutions providing a balanced trade-off between
the number uniquely allocated RBs and the number of con-
tiguously allocated RBs of different numerologies. Intuitively,
this corresponds to the range of o values that are sufficiently
low to minimize the number of non-uniquely assigned RBs



and, at the same, sufficiently high to minimize the number of
contiguously assigned RBs of different numerologies.

Algorithm 1: Heuristic algorithm

Result: RB allocation policy
1 Sort MVNOs in increasing order of numerology type;
2 while RBs requiring allocation do

3 Choose next MVNO 7;

4 Compute s = min{b € B : S, > 0};

s | if () = {)} then

6 Remove MVNO i from the sorted list;

7 continue;

8 end

9 for Vb € B do

10 if S;p > 0 then

11 Allocate s() RBs in sequential order on the
resource grid R;

12 Remove the number of allocated RBs to
MVNO i from S 3;

13 else

14 Choose MVNO j : S;; > 0Nargmin{k; ;};

15 Allocate min{s(?, S;,} RBs in sequential
order on the resource grid R;

16 Remove the number of allocated RBs to
MVNO j from S;;

17 end

18 end

19 if MVNO i is the last element in the sorted list

then

20 ‘ Reverse the MVNOs order

21 end

22 end

Following this assumption, we present the pseudo-code of
the proposed heuristic scheme in Alg. 1. The key idea behind
the algorithm is to allocate clusters of RBs, belonging to
same MVNO, that are aligned on similar frequency-time slots
in every BS. This has the benefit of INI mitigation as RBs
with the same numerology are more likely to be contiguously
allocated and, at the same, of ICI mitigation as such RBs
simultaneously share similar spectrum regions (i.e. they are
aligned) on different BSs. In detail, RBs are allocated starting
from the MVNOs with smaller numerologies as they are more
affected by INI (line 1). The allocation scheme is repeated
until every RB is allocated (line 2). Starting from the first
MVNO available (line 3), 7, we compute the maximum number
of aligned RBs that can be allocated on the same frequency-
time slots (n,t) across every BS (line 4), excluding the ones
with no policy assigned (i.e. S;, = 0). Such BSs are not
considered as they will produce non-uniquely assigned RBs
in those slots regardless from the RB allocation of MVNO %
on the remaining BSs. In the case MVNO ¢ has not RBs in
any BSs (line 5), we remove it from the list of MVNOs since
either its RBs have already been allocated or have never been
assigned by the policy S, » (line 6). For every BS, we allocate
RBs to MVNO 7 (line 9). Specifically, when the considered BS
has some RBs to allocate (line 10), we sequentially allocate

the computed number of aligned RBs, s, to MVNO i (line
11) and we subtract them from the total amount (line 12). If
the considered BS has not assigned RBs to MVNO i (line 13),
we choose MVNO j among the ones having RBs to allocate
on the considered BS such that the numerology gap from
MVNO i is minimized (line 14). We sequentially allocated
a number of RBs to MVNO j that spans a similar spectrum
region as occupied by the RBs of MVNO ¢ on the other
BSs (line 15). In other words, the frequency-time slots that
cannot be uniquely assigned are “padded” with RBs of similar
numerologies of other MVNOs in order to keep a similar RB
alignment on each BS. The total number of allocated RBs to
MVNO j is updated accordingly (line 16). Once the allocation
for MVNO ¢ is completed on every BS, if MVNO ¢ is in
the last position of the MVNO list (line 19), we reverse the
MVNOs order with respect to the previous iteration (line 20).
This last step is performed to minimize the numerology gap
between the last MVNO allocated on the current iteration and
the first MVNO allocated on the next iteration. If this operation
was not performed, on the next iteration, the algorithm would
contiguously allocate RBs with a small numerology next to
RBs with a high numerology, thus increasing the INI.

V. PERFORMANCE EVALUATION

We assessed the performance of the allocation policy com-
puted by the optimization problem (8) and the heuristic algo-
rithm (Algorithm 1) with respect to a baseline scheme, denoted
as Random policy. The latter does not account for inter-
slice isolation and randomly allocates RBs among MVNOs.
The optimal RB allocation policy was computed using the
commercial solver IBM ILOG CPLEX Optimization Studio,
which efficiently addresses integer non-convex quadratic prob-
lems [24]. We performed 100 independent generations of the
assignment policy Sy, ,,, and we averaged the obtained results.
Specifically, for each simulation instance, first we randomly
generated S,,; according to N rB = 50 and assumed to
be valid for 7' = 1 time slots. Then, we computed the
RB allocation policy using the aforementioned schemes. We
averaged the results across the different iterations and we
plotted the 95% confidence intervals.

We considered every numerology currently available in the
3GPP specification (see Table I) in order to better investigate
INI mitigation performance in complex scenarios. Therefore,
we assumed a RAN shared by up to 5 MVNOs characterized
by numerologies ranging from 15 kHz to 240 kHz. The penalty
assigned to the contiguous allocation of RBs with numerology
gap Ky, > 2 was computed with C' = 5.

A. Convergence time results

We analyze the convergence time performance of both the
optimal and heuristic solution in order to assess their applica-
tion in real scenarios. Fig. 3 depicts the convergence time for
3 and 5 mutually interfering BSs as the number of MVNOs
with different numerologies increases from 2 to 5. Note that we
added numerologies in increasing order starting from the one
with the smallest subcarrier spacing. For each case, we plot the
results achieved by the optimal solution when oo = 0, & = 0.5
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Fig. 3. Convergence time of heuristic and optimal solution for different values
of BSs and MVNOs. The half-width of the confidence intervals (not shown)
is smaller than 4.5% of the measured value.

and o = 1 and by the heuristic solution. We note the non-linear
dependency as the number of interfering links and numerology
types increases which confirms our previous analysis discussed
in Section IV. Specifically, we note that o = 0.5 leads to the
highest increase of the convergence time since both ICI and
INI minimization terms are considered during the optimization
process. Differently, setting « = 0 and o = 1 provides a
more limited impact on the computational complexity as the
INI and ICT term, respectively, are not simultaneously active.
Moreover, we observe that, in general, the convergence time
is more affected by the number of BSs due to the quadratic
relationship between interfering links present in the ICI term.
Regardless of the considered combination of MVNOs and
BSs, the convergence time required by the proposed heuristic
scheme heavily outperforms the optimal solution, thus making
it suitable for practical systems.

B. Inter-slice isolation results

As we are interested in the interference power that is
mutually generated among different slices, the aggregate SINR
achieved by each MVNO is a meaningful metric to evaluate
the inter-slice isolation. Specifically, the SINR is calculated
over the RBs allocated to each MVNO using the formulation
in (4). We remark that high SINR values enhance the inde-
pendence between slices. This has the benefit of providing
each MVNO with better radio resources that can schedule
effectively among its users.

We provide the results based on the network scenario
depicted in Fig. 2. Since the maximum number of interfering
links is 4 independently of the number of sites, we asses the
performance considering only 1 BS that mutually interferes
with 4 BSs located on 3 adjacent sites. Therefore, the RB
allocation policy is computed for 5 BSs that interfere each
other following the pattern described in Section III. Note that
increasing the number of surrounding cells would not affect the
inter-slice isolation performance as no additional interfering
links are generated between the new sectors and the considered
BS. For this reason, as we already discussed the scalability of
the optimal solution, we can limit our analysis on a scenario
that provides the highest number of interfering links with the
minimum number of BSs.
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Fig. 4. SINR as a function of a when 5 MVNOs with numerologies of
subcarrier spacing {15, 30, 60, 120, 240} kHz are active. The half-width of
the confidence intervals (not shown) is smaller than 5% of the measured value.

We assume fully loaded BSs so that the available spec-
trum allocated to each slice is entirely exploited. Each BS
spatially multiplexes 10 beams, that replicate the computed
RB allocation policy. The same transmission power is used
by each sector and it is equally split among the 10 beams. In
the case not every beam can be spatially multiplexed due to
users being located in close regions, the BS power is divided
among the available beams. The power assigned to each beam
is partitioned between RBs following this scheme:

+ RBs with equal numerologies have equal power

e RBs of different numerologies have a power that is
directly proportional to their bandwidth (for example, RB
with numerology 15 kHz has half the power of a RB
with numerology 30 kHz, since it occupies half of the
bandwidth).

The complete set of system parameters used in the simulations
is reported in Table II, where their value was chosen following
the ITU guidelines for dense-urban environments.

TABLE I
SYSTEM PARAMETERS

BS transmission power 45 dBm
Inter-site distance 200 m
System bandwidth 10 MHz
Carrier frequency 4 GHz

Number of beams 10

Main lobe antenna gain 10 dB
Side lobe antenna gain 0 dB
Main lobe beamwidth 15°
Path loss exponent 2.7
Noise PSD -174 dBm/Hz

In Fig. 4 we show the impact of the parameter o on the
SINR of each slice. To provide a meaningful and general
analysis, we consider a scenario consisting of 5 MVNOs
that employ all the numerologies defined in the NR standard
and we compute the average SINR achieved by their users.
We note that increasing « improves the performance of the
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solution and by the optimal solution for different v values when numerologies
of subcarrier spacing {15, 30,60} kHz and {15, 30, 60, 120,240} kHz are
active.

MVNOs with smaller numerologies (15 kHz and 30 kHz). This
is due to the fact that numerologies with a small subcarrier
spacing are more affected by INI than higher numerologies,
hence the performance improvement derived from INI min-
imization is more evident. Conversely, MVNOs of higher
numerologies assume the highest SINR values when o is
small as ICI dominates over INI. In general, we observe
that there is no a unique « that allows to simultaneously
maximize the SINR of every MVNO, but there are multiple
values that provide different performance trade-off according
to the employed numerologies. More precisely, a € [0.1,0.5]
ensures a balanced trade-off minimization between ICI and
INI as it provides high SINR values to MVNOs with small
numerologies while limiting the performance loss for MVNOs
with high numerologies. Based on this analysis, we now
restrict the results discussion by focusing on the RB allocation
computed with o = 0, « = 0.5 and o = 1 that corresponds to
ICI minimization, a trade-off minimization of both interference
sources and INI minimization, respectively.

Due to the multi-objective nature of our problem, first we
separately investigate the effect of the RB allocation policy on
INI and ICI in each slice. In this analysis phase, we do not
consider the noise contribution in order to better profile the
performance of our approach. Analytically, we calculate the
associated SIR due to INI and ICI by assuming P;.; = 0 and
P;ni = 0 in (4), respectively.

Fig. 5 compares the SIR due to INI, SIR;,;, when 3 slices
of numerology 15 kHz, 30 kHz and 60 kHz (M = 3) and
when 5 slices using all the available numerologies (M = 5)
are sharing the RAN. We observe that the optimal solution
achieves higher SIR;,,; values as « increases, where the highest
relative gain is obtained when « is 0.5. This behavior is caused
by the INI term in the objective function that assumes a higher
priority than the ICI term when o gets bigger. In fact, this
trend is confirmed by setting « = 1, that allows to achieve the
best SIR;,,; performance as the ICI minimization is completely
neglected. Instead, the heuristic solution provides a SIR;,;
improvement that is almost comparable to o = 0.5 for every
MVNO. As a general observation regarding the INI behavior
related to the number of MVNGOs, it is possible to note that,

the heuristic solution and by the optimal solution for different « val-
ues when numerologies of subcarrier spacing {15,30,60} kHz and
{15, 30,60, 120,240} kHz are active.

when the number of numerologies raises from 3 to 5, the
average SIR;,; per slice is reduced. This fact can be easily
justify considering that, as more numerologies are multiplexed
over the same spectrum, the higher is the level of interference
generated. Moreover, the latter asymmetrically affects each
slice based on the employed numerology type. Specifically, the
narrower is the subcarrier spacing, the higher is interference
suffered from numerologies with a wider subcarrier spacing.
For example, we note a substantial performance degradation
on MVNOs with numerology 15 kHz and 30 kHz when the
number of MVNOs is increased to 5.

As similarly done for INI, Fig. 6 depicts the SIR due to
ICI, SIR;.;, obtained with 3 and 5 MVNOs sharing the RAN.
We plot the performance when users are located in proximity
of the coverage boundaries of the serving cell in order to
assess the results on a radio scenario characterized by high
ICI values (in other words, when serving and interfering links
have similar path loss values). In this case, we note an opposite
behavior with respect to the INI case. The optimal solution
provides the highest SIR;.; when a = 0, whereas the lowest
value is achieved for a« = 1. This is explained by the fact
that small values of « prioritize ICI minimization with respect
to INI minimization, thus when « is increased the SIR;.; is
degraded. The heuristic solution provides a performance that
is comparable with o« = 0.5 in most cases and with o = 1
when highest order numerologies are employed (e.g. 120 kHz
and 240 kHz). This due to the fact that the alignment on
similar time-frequency slots of such numerologies is more
challenging to perform as they require wider portions of
spectrum to be uniquely allocated on every BS. Generally,
as similarly occurred for INI case, the average SIR;. per
MVNOs decreases when the number of MVNOs increases. In
fact, when more slices get multiplexed within the same RAN,
the number of non-uniquely assigned RBs generate higher
interference levels as the various MVNOs have access to a
smaller spectrum.

We now analyze the performance of the optimal and heuris-
tic solutions by accounting for both interference sources as
well as the noise power and we compare it with respect
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to the base-line policy. In detail, we evaluate the SINR
associated to each MVNO as a function of the distance from
the serving BS. Fig. 7 depicts the achieved SINR when
3 MVNOs are considered. We observe that the proposed
approach outperforms the base-line scheme, hence it confirms
the benefits in considering both INI and ICI to enforce inter-
slice isolation. More precisely, we observe that the optimal
solution provides the best SNIR performance in regions closer
to the serving BS when o = 1. Differently, on the boundaries
of the coverage area, the SINR improves for all MVNOs
when o = 0. This trend is explained by the fact that, in the
former case, INI component is dominant as the high path loss
attenuation from the interfering BSs reduces the ICI, thus INI
minimization ensures better results. Instead, in the latter case,
ICI component is dominant as the interfering BSs are closer,
thus ICI minimization is more effective. We note that o« = 0.5
provides the best SINR performance in the central regions of
the coverage area that are characterized by similar INI and ICI

power levels. The heuristic solution achieves a performance
that is comparable with the optimal solution when « € [0, 0.5]
for all MVNOs. This behavior validates our heuristic design
methodology that aims at providing a balanced minimization
of both interference sources.

Finally, we plot the SINR performance when 5 MVNOs
are considered in Fig. 8. The increasing number of slices
leads to a higher INI level which degrades the SINR on
the region closer to the serving BS. In particular, smaller
numerologies (15 kHz and 30 kHz) benefit the most from
INI minimization. Differently, highest numerologies, which
are less affected by INI, have a limited SINR improvement
when INI is minimized. For this reason, the optimal solution
provides similar performance regardless from the employed
a as well as a modest gain with respect to the base-line
scheme for MVNOs with numerologies 120 kHz and 240 kHz.
However, this effect is further exacerbated by the limited radio
bandwidth available (10 MHz) that can hardly accommodate



slices of such numerolgies in each BS for every time slot.
Therefore, these MVNOs are more likely to be affected by
inter-slice interference as they do not have assigned RBs
in all interfering BSs. In any case, the base-line scheme
provides very poor performance for MVNOs with smaller
numerologies, hence our approach is essential to achieve
the considerable SINR improvement depicted in the graph.
Despite the heterogeneous behavior observed by the various
MVNOs, we can observe that the heuristic solution still
provides comparable performance with the optimal solution
when a = 0 in each slice. We observe that a high number
of numerologies hinders the heuristic solution performance as
the scheme tries to align a wider set of heterogeneous RBs
on similar time-frequency slots in different BSs. However, we
remark that the considered scenario can be assumed as worst-
case since it employs all the numerologies that are currently
defined in the 3GPP NR specification. Therefore, such result
is still relevant as it confirms the flexibility of the proposed
heuristic scheme on different scenarios without requiring the
tuning of any parameter. In conclusion, the results prove the
benefit of our approach in enforcing inter-slice isolation and
highlight the importance of simultaneously accounting for both
ICI and INI to improve the system SINR.

VI. CONCLUSION

We investigated a resource allocation slicing policy capable
of enforcing inter-slice isolation across MVNOs. Specifically,
we proposed a multi-objective optimization problem that mini-
mized the inter-slice interference generated by interfering BSs
and by the simultaneous multiplexing of RBs having different
numerologies. To overcome the computation complexity of
such solution, we proposed a time-efficient heuristic scheme
that provides a balanced trade-off between the minimization
of the two interference sources. We assessed the performance
of optimal and heuristic solution under a variable number
of MVNOs having different numerologies. Results revealed
a consistent SINR improvement achieved by both schemes
compared to a random-based RB allocation.
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