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Abstract—To accommodate the heterogeneous requirements of
emerging 5G services, 5G Radio Access Network (RAN) will
support the rising paradigm of network slicing, where a single
physical RAN infrastructure is divided into multiple logical
networks characterized by diverse requirements in terms of
performance, cost, latency, and security, etc. The optimality of
RAN slicing depends on various factors, such as slice require-
ments, resource availability and adopted network architecture.
In 4G, RAN architecture evolved from a distributed architecture
towards a 2-layer architecture that separates remote radio heads
(RRHs) from baseband processing units (BBUs). However, this
architecture has soon shown scalability limitations. To address
this problem, the concept of flexible 5G functional split has been
proposed, where RAN functions are distributed on a 3-layer
architecture featuring a radio unit (RU), a distributed unit (DU),
and a central unit (CU). Besides RAN architecture, isolation
among different slices, which is necessary for slicing security,
has a significant influence on the RAN slicing. In this work,
we consider the isolation-aware RAN slice mapping problem
considering advanced functional splits and a 3-layer RAN ar-
chitecture. We propose a dual-objective heuristic algorithm for
RAN slice mapping over a physical infrastructure represented
by a wavelength division multiplexing (WDM) metro-aggregation
networks. The proposed heuristic targets the minimization of 1)
the number of active COs (i.e, hosting DUs and/or CUs) and 2)
the number of established wavelength channels under constraints
of network capacity and latency requirements. As our algorithm
is also designed to map the RAN slices with least amount of
physical resources for a given level of isolation, we also investigate
the impact of slice isolation on resource utilization. Results show
how higher isolation results in higher network cost.

Index Terms—RAN Slicing, Flexible Functional Split, Slice
Isolation, Slice Mapping, WDM Metro-Aggregation Network.

I. INTRODUCTION

large number of new mobile services is emerging in

5G mobile networks, such as Augmented/Virtual Re-
ality (AR/VR), automonous driving, industrial automation,
etc. These new services are characterized by heterogeneous
requirements in terms of data rate, end-to-end latency and re-
liability [1] and can be broadly classified into three categories:
enhanced Mobile Broadband (eMBB), ultra-Reliable Low-
Latency Communication (uRLLC), massive Machine Type
Communication (mMTC). eMBB services represent the high-
bandwidth demanding applications, e.g., AR/VR and live
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video. uRLLC services are characterized by a strict require-
ment on real-time interaction, e.g., as in autonomous driving.
mMTC services include both long-range MTC and broadband
MTC with low-cost and low-power, e.g., smart services for
metering, environment monitoring and traffic control in the
urban and rural areas, which result in very high device
density. Satisfying these diverse and often conflicting service
requirements over the legacy 4G system will be economically
unviable as dedicating network resources to each service will
result in high capital and operational expenditures (CapEx and
OpEx). Operators, in order to provide customized network
services while keeping CapEx and OpEx under control, are
considering the new concept of network slicing (NS) [2],
which divides a physical network into several logical virtual
networks, or “slices”. Each slice is customized and dedicated
to a certain type of service or to a specific application in
the context of a service type. On the one hand, network
slicing can help reduce CapEXx (i.e., costs including equipment
investment, civil work, and installation & commissioning) by
sharing resources among multiple slices. On the other hand,
flexible resource management enabled by software defined
network (SDN) and network function virtualization (NFV)
can also increase the resource efficiency while reducing OpEx
(i.e., costs including operation & maintenance (OM), energy
consumption, etc). [3].

Nowadays, the 5G RAN architecture is still evolving to ac-
commodate the concept of functional splits together with net-
work slicing (5G RAN slicing). In 4G, cloud-RAN (C-RAN)
transformed the traditional distributed RAN (D-RAN) into a
2-layer architecture by centralizing the baseband function units
(BBUs) into a common pool while leaving remote radio heads
(RRHs) in the cell sites (CSs). It becomes soon clear that high
bandwidth demands of the fronthaul network interconnecting
RRHs and BBUs would make it economically unsustainable
to deploy C-RAN everywhere, especially in fiber-poor rural
or suburban areas [4]. Hence, in 5G, new functional splits
have been proposed to flexibly divide RAN functions among
centralized and distributed units depending on factors as the
quality of service (QoS), latency, reliability, and network cost.
Thanks to the increased flexibility in locating functions, these
advanced functional splits can facilitate effective RAN slicing.
3GPP [5] has proposed a flexible 3-layer RAN architecture,
where three new functional blocks are created: the radio unit
(RU), distributed unit (DU) and centralized unit (CU). The
transport network is correspondingly divided into three parts:
fronthaul, midhaul, and backhaul.

5G communications impose high requirements on bearer
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Fig. 1: 5G RAN slicing over WDM metro-aggregation network

network bandwidth, latency, flexibility, and cost. For example,
in 5G, peak data rate (Gbit/s) will be 20 times higher and la-
tency (ms) will be 10 times lower than the ones in 4G networks
[6], which imposes great challenges to transport network. For
fronthaul, wavelength division multiplexing-passive optical
networks (WDM-PON) is the promising solution which might
be an “easy and cheap” option [7]. For midhaul and backhaul
portions of the 5G transport network, optical transport network
(OTN) is the “best fit”, as it is already widely deployed and can
support the bandwidth, latency, and flexibility requirements of
5G services. Recently, China Telecom and ZTE have cooper-
ated on the standardization of the Mobile-optimized OTN (M-
OTN) technology [8] targeting at requirements of low latency,
low power consumption, and low cost. In addition, optimal
placement of DU/CU is crucial to improve resource efficiency
while satisfying 5G requirements. The 3-layer architecture
investigated in this paper significantly enhances the flexibility
in DU/CU placement: CU and DU can be integrated or
separated. In the early stage of 5G, DU/CU integration is
adopted to promote low latency, low complexity operation and
maintenance. However, in the mid-to-long term, the network
will be upgraded to accommodate more challenging uRLLC
and mMTC services, and DU/CU separation will become more
beneficial [9] [10].

Although network slicing can improve resource efficiency
and decrease network cost, when different tenants create slices
over the same infrastructure, inter-slice security becomes a
significant issue. Therefore, inter-slice isolation should be
performed, where RAN functions and traffic of different slices
are isolated from each other for security and privacy reasons.

GSMA [11] has recommended different levels of isolation
among slices. Slice functions and network connectivity can
be partly or fully isolated according to the isolation level.
In contrast to network sharing, isolation makes each slice
operating over dedicated physical resources, hence reducing
resource efficiency.

In this work, we focus on a new solution to perform
isolation-aware RAN slice mapping to improve the processing
and bandwidth resource utilization. As shown in Fig. 1, we
consider RAN slicing in a multi-layer OTN over WDM metro-
aggregation network, where several CSs, collecting mobile
traffic, are distributed and interconnected with central offices
(COs) by optical fiber links. COs are divided into multiple
stages, depending on their positions in the aggregation hierar-
chy. Specifically, at the lowest network stage (say stage 0) CSs
are present, while stages 1 and 2 are composed by Access COs
and Main COs, respectively. And a single Core CO, acting
as point of presence (PoP), represents the interface toward
the core network segment. These metro COs are organized
in “ring-and-spur” topology and each CO supports optical-
electronic-optical (OEO) signal conversion, which can be used
to perform traffic grooming, but introducing additional latency
due to the switching and signal conversion. Besides the switch-
ing ability, metro COs can also be equipped with processing
capacity for hosting RAN functions. In this work, we solve
the RAN function (e.g., DU, CU, and MECH placement in
the metro COs, jointly considering routing and wavelength
assignment (RWA) for the traffic flows between functions. We

'Mobile Edge Computing server, we assume that all the services will be
served in the MEC server



design a heuristic algorithm to solve the problem with two ob-
jectives: minimizing the number of active COs and minimizing
the number of wavelengths. Then we investigate the interaction
between RAN function placement and RWA, and evaluate the
impact of capacity/latency constraints, and different isolation
levels on the network and processing resource efficiency.

The rest of the paper is organized as follows. Section II
gives a brief overview of the evolution of RAN and flexible
functional split RAN architecture. In Section III, we define
the concept of 5G RAN and explain how slice isolation
affects RAN slicing. In Section IV, we introduce the isolation-
aware 5G RAN slicing problem in a WDM metro-aggregation
networks and propose a heuristic algorithm to address this
problem. Illustrative numerical results are shown in Section
V. Section VI concludes the work.

II. RELATED WORK

The 5G RAN architecture and the concept of network
slicing are still under study and standardization by several
organizations, e.g., 3GPP, ITU-T, IEEE, etc. Next, we present
recent related works on 5G RAN and network slicing.

A. RAN evolution

In recent years, C-RAN architecture has been widely inves-
tigated. Some studies compared D-RAN and C-RAN in terms
of cost and power consumption. Ref. [12] [13] emphasized the
impact of optical communication as an enabling technology in
5G networks. Ref. [14] analyzed the total cost of ownership
(TCO) for constructing a RAN infrastructure, showing that the
optical infrastructure plays a dominating role in the migration
from D-RAN to C-RAN. Ref. [15] investigated CapEx when
deploying C-RAN, showing cost saving in terms of optical
switches compared to a distributed architecture. Recently,
using a WDM metro-aggregation network for C-RAN de-
ployment is under investigation (see, e.g., overviews in [16]
[17]), Refs. [18] [19] investigated the BBU placement problem
over an optical aggregation network, and proposed ILP and
heuristic solutions for BBU placement in a 2-layer C-RAN
architecture. Moreover, always in the context of 2-layer C-
RAN, Refs. [20] [21] [22] proposed solutions to dynamically
associate RRUs and BBUs through reconfigurable lightpaths
in fronthaul for enhancing wireless performance metrics, such
as energy efficiency, radio coordination gains, etc. Ref. [23]
focused on the mapping between radio resource blocks and
optical bandwidth resource in the beam-forming scenario.
Considering the high bandwidth requirements for fronthaul,
more flexible functional split between RAN functions are
becoming a key proposition in designing new 5G RAN ar-
chitecture. Ref. [24] performed a techno-economic study on
how to design a low-cost C-RAN, showing that the proposed
Hybrid-RAN with functional split can achieve up to 15% cost
saving compared to D-RAN. Both Refs. [25] and [26] studied
baseband function placement considering different functional
splits. Ref. [25] presented a graph-model-based functional
splitting, then investigated the deployment cost under delay
constraints. Ref. [26] discussed different RAN functional splits
with a specific emphasis on multiplexing gain in computational

resources. To the best of our knowledge, existing works have
only considered baseband function placement in 2-layer RAN,
and there are no works analyzing DU/CU placement in 3-layer
RAN. Therefore, in our preliminary work [27], we modeled
a DU/CU placement problem for C-RAN deployment with a
3-layer RAN architecture using ILP. The results in [27] has
proved that 3-layer RAN outperforms than 2-layer RAN in
the aspect of baseband function consolidation. In this work,
we emphasize on the impact of isolation on RAN slicing in
the 3-layer RAN architecture.

B. 5G network slice

Ref. [28] proposed a grooming graph for dynamic slicing
to minimize service blocking by jointly considering radio,
transport and cloud domains. As understanding user’s behavior
is highly significant for effective network slicing, a big-data-
analytics-based slice admission policy was proposed in [29],
where traffic-prediction-based dynamic slicing is shown to
achieve lower service degradation. All existing works dis-
cussed above investigate network slicing in traditional C-RAN
or D-RAN, however, functional split and 3-layer RAN archi-
tecture will also have a significant impact on the performance
of RAN slicing and will be the subject of investigation in this
work.
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Fig. 2: RAN architecture evolution

ITI. FLEXIBLE RAN ARCHITECTURE WITH FUNCTIONAL
SPLIT

As shown in Fig. 2, RAN architecture is evolving towards
a more distributed functional decomposition. Following in-
creased densification and coordination of small cells in 4G
RANS, it has already been proposed to split traditional BS.
Centralizing BBUs in a pool facilitates efficient resource
management and cell coordination, which can reduce the total
network cost. Because of high bandwidth demand between
BBUs and RRHs, and emergence of diversified 5G applica-
tions, RAN is evolving towards a more flexible architecture,
a 3-layer architecture has been proposed recently [5]. Part
of physical layer functions are moved to the CS, combined
with original RRH, called RU. Higher-layer PHY functions,
MAC layer and RLC layer constitute the DU, while the CU
includes PDCP layer functions and user plane functions of
the core network. The MEC mainly includes control plane



functions from the original evolved packet core (EPC) and
edge application server.

New network interfaces between RU, DU and CU are cur-
rently under standardization by 3GPP [5] and other alliances
[30] [32], etc. As shown in Fig. 3, 3GPP has proposed multiple
functional split options, typically listed from option 1 to option
8. Based on the proposal by 3GPP, ITU-T [33] recommends
the split at Option 2 (interface F1) and Option 7 (interface Fx)
as the standard split options between RU, DU and CU.

Transport bandwidth: The interface F1 at Option 2 (also
known as midhaul interface) dynamically scales its bandwidth
requirement with traffic load and requires only slightly more
bandwidth than the backhaul interface. The bandwidth of
fronthaul interface Fx at Option 7 also varies with the air
interface traffic load but requires higher rates (typically by up
to an order of magnitude compared to backhaul).

Processing complexity: The processing complexity of base-
band functions can be measured in Giga Operation Per Second
(GOPS) [34]. The processing complexity of low-PHY is
related to carrier bandwidth and the number of antennas (called
“cell-processing” functions, as shown in Fig. 3), whereas the
processing complexity of MAC/RLC/PDCP layer and high-
PHY Ilayer functions are also related to the traffic load (called
“user-processing” functions).

Transport latency: Transport latency requirements of back-
haul and midhaul links are determined by service latency
requirements, i.e., around 10 ms for eMBB, about 1 ms
for uRLLC and ranging from 1 ms to several 10 ms for
mMTC [35]. For the fronthaul link at Option 7, the latency is
determined by the requirements of the RAN technology. For
example, a latency budget of round-trip time RTT = 3 ms
is available between a DU and its corresponding RU [36]
due to Hybrid Automatic Repeat reQuest (HARQ) processing.
The latency contributors modeled in this work include the
propagation latency and switching latency: propagation latency
depends by the distance between source and destination nodes
of a connection, and it is assumed to be 5 us/km; switching
latency includes OEO and queueing time in switching nodes.
The formulas below allow to calculate processing complexity
and bandwidth requirement.

Cruv=kr-B-A 1)
Cpuy=kp-B-A-L (2)
Cov =kc-A 3)
Cyvec=ku-B-L “4)
Df=kpi-B-A-L+kp-A 5)
D,,=ky-B-L (6)
Dy=kp-B-L @)

where C' is the processing complexity required by a given
RAN function (DU, CU, etc.), D is the bandwidth required

by the network connections, k is a coefficient related to the
specific RAN function, B is the wireless bandwidth of the cell,
and A is the MIMO number of the antennas, L is the traffic
load under the cell, which is expressed in numbers of wireless
resource blocks (RBs). The reference values for coefficient k&
for the various RAN functions are taken from [30].
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Fig. 3: Example of functional split options (adapted from [31])

IV. ISOLATION IN RAN SLICING
A. Definition of 5G Network Slice

A network slice represents a collection of network functions
and network connections dedicated to certain mobile services
with similar requirements in bandwidth, processing, latency,
reliability, etc. In this work, we assume that the mobile users
within a slice are located in n adjacent CSs. For different types
of slices, users’ traffic are quite different and can be measured
by the number of requested RBs. As an example, for eMBB
slice, mobile users need higher data rate for transmitting a
large amount of content, while for mMTC slice, users may not
require high data rate, but need continuous data transmission
during the whole lifecycle of slice. Similarly, for latency, an
eMBB slice requires the user plane delay not to be larger than
4 ms, while fronthaul delay must be less than 100 us, and
midhaul delay must be less than 150 ps. Instead, a uRLLC
slice requires stricter delay, namely, user plane delay must be
less than 0.5 ms, while fronthaul delay must be less than 50
ws [37].
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Fig. 4: Example of isolation levels

B. Isolation requirement

Isolation is regarded as one of the key features of network
slicing. For security considerations, slice tenants may require a
slice to be fully or partly isolated from other slices. Generally,



TABLE I: Network Requirement of Slice Request

Requirement  Description

coverage Cs = (c1,¢2,...,¢n)
RB Rs = (71,72, +,Tn)
latency Ls = (lf,lm,1lp)
isolation Is ={I:1o,1I1,12,13}

RAN slice isolation is divided into two parts: processing
isolation and transport isolation. Processing isolation refers to
isolating functions of different slices into separate physical
entities (e.g., by placing functions of different slices in dif-
ferent virtual machines (VMs) or different physical servers).
Transport isolation means traffic should be transmitted in sep-
arated wavelengths, or even different physical links. Different
RAN isolation levels have been defined [11], according to
how many functions need to be isolated, as shown in Fig. 4.
For example, slice tenants might call for a shared RAN with
isolated core network functions, or both isolated RAN and
core network functions. For isolation level Iy, all functions
can share physical resource among multiple slices, including
VM resources and transport resources. In I3, all functions
need to be isolated. As isolation level increases, more RAN
functions need to be isolated. Higher isolation level implies
higher network cost because each slice is provided with
specialized VMs and transmission bandwidth. From operators’
perspective?, isolation requirements can be set in two different
ways: 1) slice tenants directly ask for isolation, or ii) tenants do
not express any isolation requirement, but the operator takes
decisions on isolation based on other requirements (e.g. service
level agreements (SLA) or resource availability). We assume
that i) within the same operator, isolation levels are different
for different slices; ii) among different operators, slices must
always be isolated. To achieve isolation between slices, NFV
allows deploying network function instances to different VMs
on general-purpose servers, while transport isolation can be
implemented by OTN/WDM technology and FlexE technology
which can provide independent wavelengths or time slots for
different connections.

In summary, according to the requirements on processing
complexity, transport bandwidth?, latency, and isolation level,
the properties of 5G RAN slice are summarized in Table I.
Each generic slice request s is defined by its slice coverage,
represented by a set of n cells (c1,ca,...,¢,), the number
of RBs requested per cell, represented by (71,72, ...,7y), its
latency requirement in fronthaul /¢, midhaul /,,, and backhaul
lp, and its isolation level (to be chosen among Iy, I1, Io, I3).

V. A HEURISTIC ALGORITHM FOR ISOLATION-AWARE 5G
RAN SLICE MAPPING PROBLEM

A. Problem Statement

Since the metro-aggregation network has a hierarchical
structure, it is beneficial to concentrate more network functions

2In this work, we assume that there is only one physical infrastructure
owned by infrastructure provider (InP), several operators buy/lease the phys-
ical resource and rent the resource to the slice tenants

3We use the requested RBs to represent the processing complexity and
transport bandwidth, and refer to [30] for how to calculate processing
complexity and transport bandwidth according to the number of RBs

TABLE II: Network Parameters

Parameter
G(N,E)

Description

Physical Topology

Set of physical nodes, N = Ny, UN. Ny, represents
metro nodes, N represents CSs

Set of physical links, e(i, j) represents the link with
source ¢ and destination j

Processing capacity of physical node ¢

Bandwidth of link e(z, j) (number of wavelength)
Distance of link e(3, j)

Processing capacity of VM

Capacity of wavelength
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into fewer COs in higher network stages to achieve higher
multiplexing gain. We define a metro CO as an “active” node
if it hosts at least one active VM (hosting DU/CU) and then
we define a metric called “consolidation ratio” R = N, /N,
where NN, represents the number of active nodes (COs), and NV,
represents the number of total nodes in the networks. Lower
values of R correspond to higher consolidation. Minimizing
the number of active nodes (and hence RR) by consolidating
more DU/CU into fewer COs is beneficial to operators, es-
pecially for energy saving. However, more consolidation (i.e.,
lower R) comes at the cost of higher bandwidth consumption
and higher latency, because traffic has to traverse longer paths
and more COs. Moreover, the isolation requirements also
affect processing/bandwidth utilization when mapping network
slices into metro-aggregation networks.

Hence, in this study we investigate the isolation-aware
5G RAN network slice mapping problem in WDM metro-
aggregation networks, that can be formally stated as follows.
Given i) a hierarchical multistage metro-aggregation network
topology, represented by a graph G(N, E), where N is the
set of nodes (including COs and CSs) and F is the set of
optical fiber links, and ii) slice requests defined in Section
IV.A, we decide how to map the RAN slice requests into a
physical infrastructure (mapping includes functions placement
and RWA for fronthaul/midhaul/backhaul traffic), with two ob-
jectives: 1) minimizing the number of active nodes, constrained
by network link capacity, latency and isolation requirement, ii)
minimizing the established wavelengths, constrained by net-
work processing capacity, latency and isolation requirement.

Note that, since the RU performs radio frequency and
some physical layer functions, it always needs to be deployed
on a dedicated processing platform at the cell sites. Hence,
placement is only devised for DU, CU, and MEC.

B. Algorithm Description

Fig. 5 illustrates an example of RAN slice mapping. We
assume mobile users are of two types, uRLLC users and
eMBB users, which belong to different operators (colored
by red, yellow, blue and green). Fig. 5(a) shows how the
processing isolation works when mapping RAN functions. Due
to low latency of a uRLLC service, all its functions will be
placed in COs near the cell sites, see, e.g., the placement of
blue and green users in Fig. 5(a). For example, note that, in
the case of the DUs for blue users, due to latency constraints,
all the functions can only be placed in access CO 1. For the
eMBB users, the functions can be deployed at higher-stage
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Fig. 5: Illustration of 5G RAN slice mapping

COs to achieve higher processing consolidation as latency
constraint is looser. Placing functions in core CO enables
higher DU/CU consolidation, but also higher transport latency.
Concerning isolation, the blue DU and yellow DU are located
in the same VM (dashed square) in access CO 1, however,
the green DU is located in another VM, because green users
belong to the different operators from blue and yellow users.
Fig. 5 (b) shows the illustration of bandwidth isolation which
also implies the relationship between DU/CU consolidation
and bandwidth consumption, more consolidation comes at the
cost of more bandwidth consumption.

The proposed algorithm addresses the 5G RAN slice map-
ping problem in a static scenario, i.e., when all the slice
requests are given, the algorithm aims at accommodating all
the slice requests and targets at the minimization of network
and computational resource. According to problem statement,
the network slicing problem in this work can be regarded
as a service function chain (SFC) mapping problem which
can be divided into node mapping and link mapping. As for
node mapping, we solve it using bin-packing methodologies.
Then after determining the locations of RAN functions, the
connections between functions need to be mapped. This prob-
lem is a routing and wavelength assignment problem in a

multilayer OTN over WDM aggregation network. As we know,
SEC problem is an NP-Hard problem [38], hence, to find an
scalable solution, we divide it into two objectives: 1) minimize
the number of active nodes and 2) minimize the established
wavelengths in the network. When considering objective 1,
we set bandwidth capacity in each link as limited and the
computational resource as always enough, so we can target
at the minimization of active nodes. On the contrary, when
considering objective 2, we set the computational resource in
each CO as limited and the bandwidth resource as always
enough, so we can aim at the minimization of established
wavelengths in the network.

The execution of the algorithm is detailed in Algorithm
1. The characteristics of slice requests are given by the
parameters shown in Table I, and the network parameters are
summarized in Table II.

1) Node Ranking: For function mapping, the problem is
solved by using existing bin-packing methodologies. All the
physical nodes are ranked in a certain order considering the
residual processing resource of nodes, the residual bandwidth
of optical ports of nodes, the distance to the source node,
and the node level (Access CO, Main CO, and Core CO) in
the metro-aggregation network, then the RAN functions are



placed into the physical nodes with highest ranking value. To
this end, we propose the following node ranking method:

F, =aU, + ﬁBn + A]{n + 'YLn (3

where F), is the comprehensive evaluation index of the physi-
cal node n, U, is the used processing resource of node n, and
B,, is the used bandwidth resource by all the ports of node n,
By =3 pepm BW(p), BW (p) is.used bandwidth of each
port of node n. H, is the average distance between the node
n and all the source node in slice request, H,, = W,
dis(r) is the shortest distance between node n and each cell
site r. R is the set of source nodes in slice request. L,, is
the stage level of node n in the metro networks. «, 3, A,y are
coefficients and o« + S+ A+~ = 1.

The coefficient «, 3, A\, can be adjusted according to
different slice types and algorithm objectives. For example, for
the eMBB slice, the value of « can be larger, so that the nodes
with more remaining processing resource are more likely to
be chosen. For uRLLC type slice, the value of 3 should be
larger compared to other coefficients, so that the nodes closer
to the cell sites are more likely to be selected.

2) RAN slice mapping: Firstly, the algorithm sorts the slice
requests in .S in descending order according to the total amount
of RBs requested by each slice, put the sorted slice requests
into S/, then iterates the slice requests in the set S’ (line
1). Next, we perform node ranking (line 2) for current slice
request s, then sort the CSs of slice s in descending order
of requested RBs in each CS, then put the sorted CSs into
set C" (line 4). Next, we pop up the CS ¢ in C’, calculate
the processing requirement of DU, CU and MEC and the
bandwidth requirement of fronthaul, midhaul and backhaul
using formula (1) ~ (7) (line 6).

o Objective 1: Minimize the active nodes. For the func-
tion f in {DU,CU, MEC}, check whether there is at
least one path between node n’ in set N’ and CS ¢ whose
distance is lower than [y /l,,/l,, if there exists such a
path, check if there is enough available bandwidth in
each link along the path (line 10). Then try to place
function f in the node n’ with MapFunction(f,n’)
(line 11), otherwise, iterate next node in N’. During
the placement of function f into the physical nodes,
isolation is the main consideration when performing
MapFunction(f,n'). First, we try to re-use the existing
active VM v, since reusing active VMs can maximize
utilization of processing resources, then we check if
there is an isolation conflict between the function f and
the functions already in the VM wv. (1) Check if the
function f belongs to the same operator with functions
in VM v. (2) According to the function types, check the
isolation level. For DU, if the already placed functions in
v and function f are both with isolation level Iy ~ I,
then function f can be placed in VM v sharing the
processing resource with other slices. If either function
is with isolation level I3 or their operators are different,
the function f should be placed by creating a new VM
(line 29-41). Link mapping is after the function f being
placed, since there is already an available path satisfying

the latency and bandwidth constraints, then the isolation
is the only consideration when mapping connection [
between function f and its former function into physical
links. Just like function placement, transport isolation
means two connections that need to be isolated should be
mapped into two separated wavelengths. For fronthaul, if
the connection [ and connections in existing wavelengths
are both with isolation level Iy ~ Is, then map this
connection [, otherwise, establish a new wavelength.

o Objective 2: Minimize the established wavelengths
Different from objective 1, the minimization of estab-
lished wavelengths requires another solution for link
mapping. In objective 2, the capacity of physical nodes
is set to be limited and bandwidth capacity is set infinite.
In the node mapping phase, after node ranking, all the
ranked nodes are checked if satisfying with processing
capacity and latency constraints. Then, among the nodes
which satisfy the constraints, calculate the number of
links of the path between candidate nodes and CS ¢,
choose the node which has a minimum number of links
to CS c in order to avoid establishing more wavelengths
along the lightpath. Once the candidate node is decided,
call the MapFunction(f,n’) and MapLink(l,n*) to
finish the node mapping and link mapping.

Algorithm 1 5G RAN slice mapping scheme

Input: slice requests S, physical topology G(V,E)
Output: RAN functions placement, routing and wavelength
allocation of each slice

1: Sort the slice requests in S in descending order according
to the total amount of RBs requested by each slice, put
the sorted slice requests into S’

2: Set the parameter «, 3, x according to the type of slice
request, calculate the node evaluation factor F,, put the
ranked nodes into N’

3: for all slice request s in S’ do,

4: sort the CSs belonging to s in descending order
according to the requested RBs, put the sorted CSs into
C’

: for all CS cin C’ do

: calculate the processing requirement of RU, DU,
CU and MEC function and bandwidth requirement of
fronthaul, midhaul and backhaul with formula (1) ~ (7).
For each CS, RU function is deployed locally in CS.

7 for each function f in DU, CU, MEC do

8: Objective 1: Minimize the active nodes

: for all node n’ in N’ do

10: if (1) there is at least one lightpath between
node n’ and CS ¢ whose latency is lower than {;/l,, /I,
(2) if the lightpath exists, whether there is enough band-
width available in each link on this ligthtpath [ then

11: MapFunction(f, n’)

12: MapLink(/, physical links)

13: end if

14: end for

15: Objective 2: Minimize the active wavelengths
16: for all node n’ in N’ do



17: if (1) whether there is at least one lightpath
between node n’ and CS ¢ whose latency is lower than
Ly /U /1y, (2) if there is enough processing capacity in the
node n’ then

18: put node n’ into set N”

19: end if

20: for each node n” in N do

21: calculate the number of links between

node n” and CS ¢ and choose the lightpath [ with
minimum number of links between node n* and CS ¢
22: end for

23: MapFunction(f, n*)

24: MapLink(l, physical links)

25: end for

26: end for

27: end for

28: end for

29: function MAPFUNCTION(function, physical node)

30: check the isolation level of this slice request s

31: if the isolation level is 10 ~ 12 then

32: find a existing active VM v with enough processing
capacity

33: if the slice s’ in VM v and slice s belong to the

same operator and the isolation level of slice s is also 10
~ 12 then

34: map the DU into this VM v

35: else

36: create a new VM to instantiate this DU
37: end if

38: else

39: create a new VM to instantiate this DU

40: end if

41: end function
42: function MAPLINK(lightpath, physical links)
43: for all candidate links n in the path L do

44: if the isolation level is 10 ~ 12 then

45: find a existing active wavelength w with
enough bandwidth capacity

46: if the slice s’ in wavelength w and slice s

belong to the same operator and the isolation level of slice
s’ is also 10 ~ 12 then

47: map the lightpath into this wavelength w

48: else

49: create a new wavelength to map this light-
path

50: end if

51: else

52: create a new wavelength to map this lightpath

53: end if

54: end for

55: end function

VI. ILLUSTRATIVE NUMERICAL RESULTS
A. Case Study

We initially consider a small-scale RAN slice deployment
scenario, with 9 metro nodes and 6 cell sites in the network,
at most 2 wavelengths at 1 Gbps in each fiber link and VM

Fig. 6: Large-scale network topology

capacity set to 100 GOPS. The radio configuration of each
sector of a cell site is 20MHz carrier bandwidth, QPSK, and
2 x 2 MIMO and 100 RB under this configuration (1 RB
for 180kHz and 7 OFDM symbols). All the slice requests
belong to the same operator. Each slice request contains 5
cell sites, and the requested RBs follow a normal distribution
with an average 10 and deviation 5. In addition, there is no
isolation requirement in this case. Using this simplified case,
we validate the performance of our heuristic against the ILP
in [27].

Then we consider the large-scale topology in Fig. 6, with
52 metro nodes, consisting of 2 core COs, 6 main COs, 44
access COs, each access CO is associated with 3 CSs, thus
132 CSs in this topology (not shown in the figure for the
sake of clarity). At most 40 wavelengths at 10 Gbps can be
established in each fiber link. VM capacity is 1000 GOPS
and node capacity is 3/10/20/50 VMs for cell sites/access
CO/main CO/core CO. The radio configuration is in line with
the guidelines of a 5G urban aggregation network, as specified
in [39], which is 100MHz, 256 QAM and 8 x 8§ MIMO. Under
this radio configuration, 500 RBs are available in each cell.
Multiple slices can share these 500 RBs in each CS, which
means that the number of requested RBs of all the slices in
one CS can not exceed 500. We assume that the requested
RBs of each CS within one slice are normally distributed,
for the eMBB/uRLLC/mMTC type, the average number of
requested RBs is 100/30/30. Moreover, the number of CSs in a
slice is uniformly distributed between [5,10]/[5,10]/[20,30] for
eMBB/uRLLC/mMTC type. Three operators are considered in
this case. The maximum tolerated fronthaul/midhaul/backhaul
latency for eMBB/uRLLC/mMTC type under the considered
RAN split are shown in the Table III, derived from [40] [41].

Node ranking is essential for the heuristic since it provides a
criterion during the node mapping phase, which will affect the
performance of the heuristic. Therefore, the parameters in (8)



TABLE III: Latency requirement of front/mid/backhaul for
eMBB/uRLLC/mMTC Type

user plane fronthal midhaul backhaul
latency
eMBB 4dms < 100us < 1ms < 20ms
uRLLC  0.5ms < 50us < 50us < 500us
mMTC 3 ~ 10ms < 250us < 10ms < 20ms

TABLE IV: Reference value of «, 3, A,y for different objec-
tives and different slice types

objective  slice type a 5 A ¥
1 eMBB 0 03 0 0.7
1 uRLLC 0 0 03 0.7
1 mMTC 0 0.1 0.1 0.8
2 eMBB 08 0 0.1 0.1
2 uRLLC 02 02 06 0
2 mMTC 04 0 03 03

should be set accordingly*. The value of parameter o, 3, A,y
for different slice types is presented in the Table IV. All the
parameters used in the numerical evaluation are summarized
in Table V.

B. Discussion

In the following numerical evaluation, we define the follow-
ing metrics: (1) consolidation factor R; (2) number of created
VMs; (3) number of established wavelengths, and we study
the impact of slice demand, slice types, isolation level and
network capacity on these metrics.

1) Small Topology: We solve the RAN slice mapping
problem using ILP and heuristic with small topology. The
details of ILP are shown in our previous work [27] and the
heuristic only performs objective 1. In this case, no isolation
is performed and no specific slice type is enforced. Fig. 7
shows the comparison between ILP and heuristic in terms of
consolidation factor R. Lower value for R represents more
consolidation, i.e., less COs are activated to host the RAN
functions. As shown in Fig. 7(a), ILP achieves the best per-
formance (smaller values) in terms of R, but heuristic results
lay approximatively within 10% of the ILP. Leveraging its
finer granularity in placing RAN function, 3-layer architecture
achieves a better performance than in 2-layer architecture. In
fact, when placing functions, the functions with less processing
requirements are more likely to be mapped into the VMs
without exceeding residual capacity.

Besides residual capacity, the RAN function placement also
depends on other factors, e.g., latency requirement (in this
case, we set the user plane latency requirement between RU
and MEC varying from 100 ps to 1000 ps, and the fronthaul
latency requirement is fixed value with 250 ps [42] in this
case). As shown in Fig. 7(b), the value of R increases and
reaches a maximum value at 500 slice requests, then decreases

“For the objective 1, minimization of active nodes is the main objective,
the weight of node level should be set highest and weight of used processing
resource is set to be 0, other parameters could be set according to the slice
types. For example, the weight of bandwidth is supposed to be higher in order
to increase the possibility of multiplexing gain in bandwidth for eMBB case,
the weight of latency should be set higher in order to increase the possibility
of mapping uRLLC slice.

with the maximum latency requirement. When the latency
requirement is strict, almost all the functions are placed in the
cell sites (red bar). When the latency requirement is relatively
loose, part of functions (e.g., CU and MEC) tend to be placed
in the higher stage of networks, while few functions (e.g.,
DU) are still located in cell site due to the strict fronthual
latency requirement, thus the total active COs increase. When
the latency requirement is loose enough, most of the functions
will be placed in the core COs remaining few DUs in the cell
sites.

Fig. 7(c) shows the impact of the number of wavelengths on
the consolidation factor R. Besides the latency requirement,
the link bandwidth capacity also influences the RAN function
placement. For instance, fronthaul connections are charac-
terized by high bandwidth demand, shortage of bandwidth
capacity in physical links will force the RAN functions to be
placed in the COs near the CSs. Therefore, the more bandwidth
capacity in physical links, the more consolidation in processing
resource. In addition, 3-layer architecture is also proved with
a better performance in function consolidation because of the
flexible RAN functions placement and traffic routing than 2-
layer architecture.

2) Large Topology: In this case, we solve the problem only
by a heuristic as the ILP cannot solve this case in a reasonable
time. In Fig. 8(a), we compare the performance of heuristic
in terms of R for 3 slice types: eMBB, uRLLC and mMTC.
It shows that uRLLC slices activate most COs, which is the
lowest consolidation in processing resource since the latency
requirements of uRLLC slices are much stricter than the other
slice types. As the latency requirement of mMTC slices is
the loosest among the three types, mMTC case achieves the
highest resource consolidation. Note that, to clearly show the
impact of latency requirement on processing resource consol-
idation, we set the overlay as a metro-aggregation network
transport solution, where each traffic flow is allocated with
dedicated wavelength without traffic grooming. Therefore, the
slice type (also latency requirement) is the only impacting
factor in this case.

Next, the results show the impact of transport network
capacity (i.e., number of wavelength W) on the consolidation
factor R in Fig. 8(b). If W = 1, the number of active nodes
increases rapidly with slice requests, when the number of
slice requests is 100, almost all the CSs and part of COs are
active for processing the RAN functions since there is not
enough transport bandwidth, most of the functions must be
placed locally. If W > 10, the curves rise smoothly and more
processing consolidation can be achieved.

Then, the impact of slice isolation as a key requirement
when mapping RAN slices is evaluated, and we also inves-
tigate the computational resource consolidation under VM
isolation. To clearly show the impact of isolation on resource
utilization, we change the metric from R to the number of
created VMs. We investigate the number of created VMs with
the increasing slice requests for different types of slices. As
shown in Fig. 9(a), due to the huge traffic demand of eMBB
service, the number of VMs created for eMBB slices is the
highest among the three types. On the other hand, we can
observe that the better performance of 3-layer architecture



TABLE V: Parameters used in the numerical evaluation

Parameter Values for small-scale network  Values for large-scale network
Carrier bandwidth 20 100
N Modulation Format QPSK 256 QAM
Wireless part # of MIMO 2 %2 8 % 8
# of Resource Blocks 100 500
# of COs 9 52
# of CSs 6 132
Metro part # of wavelengths per link 2 <40
Wavelength capacity 1 Gbit/s 10 Gbit/s
VM capacity 100 GOPS 1000 GOPS
# of operators 1 3
Type of slices NULL eMMB/uRLLC/mMTC
Slice part average # of requested RBs 10 100/30/30
P # of CSs 5 [5,101/[5,10)/[20,30]
Isolation Level Iy To, In, 12,13
Latency requirements [100ps ~ 1000us] Table III
Others a, B, A,y 0.2,0.2,0,0.6 Table IV
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Fig. 7: (a) ILP vs heuristic in R with a small topology; (b) R values vs maximum service latency requirement (left: 2-layer,
right: 3-layer); (c) R value vs maximum service latency requirement with different W

measured in the number of active VMs. Especially, processing
consolidation of eMBB case with 3-layer architecture is the
highest among three slice types, e.g., almost 28% less created
VMs for 1200 slice requests.

In the results above, the isolation level of all the slice
requests is set to be Iy, which means no isolation is adopted,
all the RAN functions share the whole physical infrastructure
as long as there are enough available capacity in the VMs.
In the following, the number of created VMs with different
isolation levels are shown. In this case, we consider three
operators and three slice types mixed randomly. As shown
in Fig. 9(b), when the isolation level changes from Iy to
I3, the number of created VMs increases by 6 times on
I3 with respect to Iy. In addition, we set the number of
slice requests and isolation level fixed to show the impact of
the number of operators on created VMs for both uRLLC
and eMBB, as shown in Fig. 9(c). We find that the number
of operators has not a prominent influence as much as the
isolation level on the created VMs. We can envision that
more operators (possibly, virtual operators) can co-exist in
the same infrastructure sharing the whole network resource
without excessive cost increase, even if all the virtual operators
operate separately.

In Fig. 10, we perform the objective 2 to minimize the
established wavelengths (the sum of active wavelengths in all
the physical links) and evaluate the relationship between the
number of established wavelengths and slice types. In this
case, we set the isolation levels of slices as level I5. Firstly,
we can observe that the difference in established wavelengths
between 2-layer and 3-layer seems not as obvious as in created
VMs. Secondly, the number of wavelengths of different slice
types shows different trends at different stages. For eMBB
slices, because of the high bandwidth demand, a large amount
of wavelengths are established in the beginning stage. How-
ever, for uRLLC slices, the established wavelengths increase
rapidly and exceed the ones for eMBB slices when the traffic
load is high. As we know, different slice types mean different
latency requirements, because of the low latency property,
the RAN functions of uRLLC slices are more likely to be
distributed in the networks, there will be less possibility for
the multiplexing of bandwidth in fewer wavelengths. On the
contrary, more connections of eMBB slices can be multiplexed
in the higher stages of metro networks. Although in the
beginning, eMBB slices consume more wavelengths because
of high bandwidth demand, the uRLLC slice will consume
many more wavelengths than the eMBB case eventually.
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Finally, we present the number of established wavelengths
under different isolation levels. In this case, three types of
slices are randomly mixed. As shown in Fig. 11, the result
shows that higher isolation level, more wavelengths estab-
lished. Note that the type of isolation level does not have a
significant effect on the number of wavelengths (in fact, the
four curves are very close to each other) at low traffic load.
Because a large number of new wavelengths are established in
the beginning, with the increasing of slice requests, the slice
tends to be mapped in existing wavelengths, so the curves
increase slowly after a certain point.

VII. CONCLUSION

In this paper, we investigate the problem of 5G RAN slicing
considering a functional-split based 3-layer RAN architecture
over WDM metro-aggregation networks, with dual-objective
of 1) minimizing the number of active metro nodes, 2)
minimizing the number of established wavelengths. To solve

this problem, we propose a RAN slice mapping heuristic for
the RAN functions placement and RWA of mobile traffic
considering the capacity and latency constraints, as well as
slice isolation requirements. Results show that the RAN slice
mapping in 3-layer architecture outperforms the one in 2-layer
architecture in terms of processing resource consolidation
(e.g., created VMs decrease by 28% less with 3-layer architec-
ture on eMBB case), due to the more flexible placement with
a finer granularity of functions in 3-layer architecture. Finally,
the trade-off between network sharing and slice isolation is
investigated, and the results show that the slice isolation is
achieved at the cost of higher resource occupation (6 times
more VMs on I3 case than I, case).
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