A Cloud Radio Access Network with
Power over Fiber toward 5G Network:
QoE-Guaranteed Design and Operation

© 2015 IEEE. Personal use of this material is permitted. Permission from
IEEE must be obtained for all other uses, in any current or future media,
including reprinting/republishing this material for advertising or
promotional purposes, creating new collective works, for resale or
redistribution to servers or lists, or reuse of any copyrighted component of
this work in other works.

This material is presented to ensure timely dissemination of scholarly and
technical work. Copyright and all rights therein are retained by authors or
by other copyright holders. All persons copying this information are
expected to adhere to the terms and constraints invoked by each author's
copyright. In most cases, these works may not be reposted without the
explicit permission of the copyright holder.

Citation:

Keisuke Miyanabe, Katsuya Suto, Zubair Md. Fadlullah, Hiroki Nishiyama,
Nei Kato, Hirotaka Ujikawa, and Ken-Ichi Suzuki, "A cloud radio access
network with power over fiber toward 5G networks: QoE-guaranteed
design and operation,” IEEE Wireless Communications, vol. 22, no. 4, pp.
58-64, Aug. 2015.

URL:

http://ieeexplore.ieee.org/xpls/abs all.jsp?arnumber=7224728



http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7224728

A Cloud Radio Access Network with
Power over Fiber toward 5G Network:
QoE-Guaranteed Design and Operation

Keisuke Miyanab®, Katsuya Sut®?, Zubair Md. Fadlullah?,
Hiroki Nishiyamd*, Nei Katd®, Hirotaka Ujikawad®, and Ken-Ichi Suzukf.

$Graduate School of Information Sciences, Tohoku University, Sendai, Japan.
INTT Corporation, Yokosuka, Japan.
E-mails: {nabé, sutd, zubaif, bigtre¢, katd’ } @it.ecei.tohoku.ac.jp, and
{ujikawa.hirotak8, suzuki.kenichi}@lab.ntt.co.jp

Abstract—While the concept of Cloud Radio Access Networks fic between the CO and RRHSs is much higher in contrast with
(C-RANSs) presents a promising solution to provide required the traditional RAN, high-speed links are required. However,
Quality of Service (QoS) for the future network environment, gatting up private optical-fiber cables to each RRH indicates a

i.e., more than 10Gbps capacity, less than 1ms latency, and, . | . .
connectivity for numerous devices, it is still susceptible to high installation cost. Second, some RRHs should be deployed

Quality of Experience (QoE). Until now, only a few researchers in places lacking external power supply in order to fulfill the
considered the design and operation of C-RANs based on QoE. desired coverage. To this end, Passive Optical Network (PON)
In this article, we describe our envisioned C-RAN based on exploiting Power over Fiber (PoF) is recognized as the key
Passive Optical Network (PON) exploiting Power over Fiber enabling technology [3]. In PON with PoF, an optical splitter

(PoF), which can be installed with low installation cost and is . dt bl nal tical-fib ble t ltiol
capable of providing communication services without external IS used to enable a single oplical-ber cable 1o serve multiple

power supply for Remote Radio Head (RRH), and describe QoE RRHSs, and an Optical Line Terminal (OLT) that aggregates

requirement on the envisioned network. For all users in the multiple RRHs supplies power to RRHs through the optical-

envisioned network to satisfy their QoE, effective network design fiper cable.

and operation approaches are then presented. Our proposed  \qreqver, the emergence of various species of services

design and operation approaches demonstrate how to construct . . )
the envisioned network, i.e., numbers of RRHs and Optical Line indicates the need to improve the overall performance from

Terminals (OLTs), and a sleep scheduling of RRHs for an energy- @ USer's perspective. Indeed, telecom-operators and service

efficient optical power transmission. providers are now switching their focus from network Quality
Index Terms—Cloud Radio Access Network (C-RAN), Passive Of Service (QoS) to user Quality of Experience (QOE). Ac-

Optical Network (PON), Power over Fiber (PoF), Quality of cording to many investigations accomplished by [4], [5], the

Experience (QoE), network design and operation. QOE value has slightly different measurement from QoS value
since QOE is determined by the user satisfaction. On the other
|. INTRODUCTION hand, the QoE model on C-RAN including our considered

Fifth-Generation (5G) mobile networks need to support nemetwork has not yet been established while QoS on Long Term
emerging services with a high network capacity, as well &svolution (LTE) networks has been already defined by 3GPP
deliver reduction in both delay and energy consumption, e.d.S 23.203. For these reasons, QOE assurance model, and QoE-
three-dimensional video streaming, Augmented Reality (ARJuaranteed network design and operation for our considered
data collection and real-time control from/to a massive numb€rRAN is absolutely imperative.
of devices for realizing the Internet of Things (loT), and so In contrast with the existing works in [6], [7] that employ
forth. The use of super-dense small cell deployments argsource management approaches, e.g., spectrum management
centralized resource management, i.e., cloud computing,fés RRHs [6] and End-to-End (E2E) network management
becoming a popular concept for achieving the aforementioneith Software Defined Networking (SDN) and Network Func-
5G requirements [1]. While small cells are capable of prdion Virtualization (NFV) [7], in this article, we aim to demon-
viding good quality communication between Remote Radgirate design and operation methodologies for guaranteeing
Head (RRH) and users, the users are vulnerable to interferenedain QoE levels in our considered C-RAN. First, we present
from inter-cells that results in the decrease of network capacity. QOE assurance model based on QoS on our considered
Therefore, Cloud Radio Access Networks (C-RANs), whereil@-RAN. This model is used to guarantee QoOE of users.
a central office (CO) connects with RRHSs via front-haul linkédditionally, we demonstrate the QoE-guaranteed network
and controls traffic for mitigating inter-cell interference, hadesign methodology, which decides the number of required
been attracting much attention [2]. RRHs and OLTs in a given area, based on the QoE assurance

Although C-RAN is expected as an effective solution, a fewmodel. Furthermore, we present a joint control method of
issues remain in its architecture. First, since the amount of tr&RH sleep and transmission power of OLTs to reduce the
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T'N :RRH CO is assumed to control both the wireless and optical parts in
N f \ S TR the considered C-RAN. In the wireless part, the CO intensively
L controls the RRHs. Additionally, the CO is responsible for

S resource management and other tasks involving Multiple Input
Multiple Output (MIMO), Coordinated MultiPoint (CoMP),
Fig. 1. Our considered cloud radio access network. and handover. On the other hand, in the optical part, the CO
performs bandwidth control between the OLT and the RRHSs.
transmission power while satisfying the individual QOE.  Fyrthermore, the amount of electric power, which is sent from

The remainder of this article is organized as followghe OLT to the RRHS, is also decided by the CO.
Section Il describes our considered C-RAN architecture and

the roles of each network component. QoE assurance mod§ls
to establish QoE-guaranteed network design and operation . .
methodologies are elucidated in Section Ill. Section IV presentsl™ our work, we consider the OLT to integrate the RRHs

the QoE-guaranteed network design and operation methoddigthout controlling them and we assume centralized control
gies. Finally, the article is concluded in Section V. of the RRHs by the CO. Basically, the OLT forwards the

data, that it receives from the CO, to the RRHSs. In addition,
the OLT sends electric power to the RRHs. This is done by
exploiting the broadcast communication feature employed by
C-RAN is a prominent area where QOE assurance modekigz PON [9]. Because the OLT broadcasts the data received
quite important. However, researchers have not considered &gm the CO to all the RRHs, some RRHs receive the data
effective QOE assurance model for C-RAN, particularly usinghich were not meant for those RRHs. This means that
PON. So, before discussing our envisioned QOE assurarggne RRHs receive “unnecessary data” which are converted to
model, it is necessary to describe which network model Weectric power by the PoF technology. The OLT is, therefore,

consider to provide QOE guarantee to the users. used by the CO to supply the electric power to the RRHs by
Our supposed C-RAN is based on PON exploiting the Pqfsing the unnecessary data.

technology as shown in Fig. 1. As illustrated in the figure,
our assumed network can be roughly divided into three parts, o ;

- C’ Remote Radio Head - RRH
namely the CO, the OLT, and the RRH. The overall operation ] o
of the network is controlled by the CO. In other words, we !N the considered C-RAN, a large number of distributed
assume that the CO is able to centrally control the RRHs. TRE&HS are assumed. As shown in Fig. 2, each RRH has three
PON broadcasts the data from the CO to each RRH througf'ts: namely the ONU module, battery module, and antenna

splitter from the OLT. The OLT uses PoF to send electri@odule. Furthermore, Fig. 2 illustrates how the ONU module
power to the RRHs. As mentioned earlier in Section I, t a RRH communicates with the OLT. As shown in the figure,

key feature of this network is its ability to operate with th&h€ optical fiber used for communication between the OLT

RRHs using PoF, which exploits the broadcast nature of tR8d the ONU module of the RRH is assumed to be a multi-
PON whereby unnecessary data are transmitted by the PONTYgd€ fiber having core diameter of 5@ and clad diameter

some of the RRHSs. In the remainder of the section, the rol@12%¢m [10]. In case of downlink communication, the OLT
of CO, OLT, and RRH are described. receives the data from the CO at its Rx component [11], then

sends the data to its Tx component, then sends it to its Laser
) Diode (LD). The LD of the OLT converts the data into optical
A. Central Office - CO signal, which is transmitted over the fiber to the RRH. In case
C-RAN offers a whole-new RAN architecture concepodf receiving unnecessary data, the Photo Diode (PD) of the
whereby the Base-Band Units (BBUs) of different basdRRH’s ONU module converts the optical signal into electric
stations are co-located in the same CO [8]. This is referr@dwer, which the Rx component of the ONU sends to the
to as the BBU hostelling or centralization at the CO. In BBWattery module. The battery module stores the received power

Optical Line Terminal - OLT

Il. CONSIDEREDNETWORK ARCHITECTURE



from the OLT over the fiber (i.e., PoOF). The battery modulellow higher energy consumption in case of video streaming

provides the electric power for ONU and antenna modulsgrvices compared with voice calling services.

to function. In addition to this, each RRH has a sleep modeConsequently, it is obvious that the QoS on the front-haul

via which it can reduce energy consumption by turning dowmetwork and energy consumption of user devices are the main
specific modules. However, the Rx part of the ONU modulactors to measure QOE.

and the battery module of the RRH remain active all the time

to get electric power from the OLT. B. How to construct QoE assurance model
Here, we demonstrate QoE assurance models that indicate
1. QOE ASSURANCEMODEL QoS and energy consumption required to satisfy QoE, where

the packet loss ratio and amount of assigned resources are

In this section, we demonstrate the QOE assurance mo@@nsidered as the QoS factors. The packet loss and amount
which is used to guarantee the QOE level. First, we discuss @assigned resources are the factors on the network side, and
important factor to measure the QOE value from the netwoghoE is affected by the network factors. To construct the QoE
and users’ perspective. Then, we describe our considered Q@fsurance models, the qualitative relationship between each
assurance models. Finally, key challenges pertaining to the @s€or and QoE value (e.g., a Mean Opinion Score (MOS))
of the QoE assurance model are discussed. is demonstrated. MOS is a subjective quality rating method,
which evaluates a quality with 5 stages. Therefore, we evaluate
QoE with 5 stages. Then, three QoE assurance models based
on the aforementioned relationship are presented.

The subjective and objective measurement approaches arg Fig. 3, each blue box demonstrates the general shape
considered as basic QOE measurement framework [12]. Sgpthe mapping curve between QoE and each factor, i.e., the
jective measurement is carried out by evaluating experiengegcket loss ratio, amount of assigned resources, and energy
service based on the user’'s subjective perception. Since B@ﬁhsumption. On the: axis, a factor is denoted, while the
user's subjective perception is directly reflected to QOE ixis indicates a QoE value. In general, as shown in Fig. 3,
real-time, this approach achieves higher accurate performange. lower the packet loss ratio and energy consumption (or
However, in order for the user to achieve QoE, detailed diaghe |arger the assigned resource), the higher the QoE value.
nosis is required to reveal causal factors of QoE degradatigiditionally, the shape of the curve changes depending on the
Therefore, the approach may control user QoE by using thgstors. Besides, as mentioned in [12], each curve is split in
causal factors provided from the users. In contrast with thige following areas, separated by thresholds (e.g., in case of
aforementioned approach, the objective measurement aimshat packet loss ratioyst andarr denote the strict threshold
modeling the subjective and user QOE based on theorethd the relaxed threshold, respectively).
cal methodology (i.e., learning algorithms and mathematical Constant Optimal QoE Area: For users, lower packet loss
formulas) using objective factors of networks, applicationsatio and energy consumption (or larger amount of assigned
devices, and user context. Since the major factor that affegégources) are desirable. On the other hand, a slight worsening
the subjective user QoE is the network QoS, QOE measuremgnthese factors may not affect the QoE at all. For instance,
based on QoS is recognized as a key approach. small packets loss can be recovered with certain commu-

For an accurate QOE/QoS measurement and managemeigiation technologies (e.g., retransmission control, erasure
end-to-end (E2E) communication should be considered. Téeding, and so forth), without the user noticing the QoE
future 5G network can be classified into the front-haul, bacljegradation. Since the service quality might not be improved
haul, and core networks. The back-haul and core networksen if more resources than required are assigned, there exist
which consist of wireline technologies, i.e., Asynchronouspecific thresholds on the amount of assigned resources. In
Transfer Mode (ATM), Ethernet, and Multi Protocol Labetase of the lower energy consumption in communication, users
Switching (MPLS), are capable of providing accurate Qo&nnot notice the slight exhaustion of the remaining battery.
services with IntServ and DiffServ defined by IETF RFQrherefore, all users absolutely satisfy their QoE if each factor
1633 and 2474. On the other hand, since the various wirelgssower (or larger) than each strict threshot@y, bsr, and
and wireline technologies are accommodated in the front-hayl;.
network, the QoS control mechanism has not yet been estabSinking QoE Area: When the factor exceeds the strict
lished. This implies that the QoS of the front-haul networthreshold, the QoE level cannot be further maintained. While
has a greater impact on the user’s QoE. This article, therefoseme users may still maintain their satisfaction when factors
focuses on QoE modeling on the front-haul network. are approximate to the strict thresholds, most users drastically

In addition to QoS, the energy consumption of user devicdscrease their own satisfaction as soon as the debasement of
should be considered as a main factor to model subjectifeztors grow (i.e., when factors reach the relaxed thresholds,
QoOE [13]. This is because users often exhibit dissatisfactiafr, brr, andcgr).
at the decline in their own QOE due to the dead battery of de-Unacceptable QoE AreaAs soon as each factor outreaches
vices. Besides, current advancement of miniaturized compuésach relaxed threshold, the subjective perception of users be-
escalates the significance of this issue. On the other hand, tbenes unacceptably negative. Additionally, providing service
user’'s QoE from the energy perspective changes dependingo@aomes difficult with the much further increase of packet loss
the experienced services. For instance, most of the users migtiio or the much further decrease of assigned resources.

A. What is the important factor to measure QoE?
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Fig. 3. Our envisioned QoE assurance models based on the packet loss ratio, amount of assigned resources, energy consumption of devices, and user conte
which are able to guarantee QoE.

In the remainder of this section, we demonstrate our earea, QOE of some users can be guaranteed with lower quality
visioned QoE assurance model, which is used for facilitatirgf each factor.
development of QoE-oriented network design and operationindividual QoE Assurance Model Since the aforemen-
strategy. The green boxes in Fig. 3 depict our envisioned Qtiened models do not deal with the individual user context, an
assurance model. In our envisioned QoE assurance medelindividual QoE assurance model from the micro view should
y, and z axes denote the packet loss ratio, the amount bé constructed to guarantee the QoE of individual users. In
assigned resources, and the energy consumption, respectiély, 3, the top-right box depicts a list of user contexts. In
while the blue cube indicates the range of each factor, whichdeder to construct thresholds for usgrthe specific context
required to satisfy the QoE level. Moreover, the QoE assuramafeuser i, ;, is used. For instance, when we construct an
model can be classified into three models, which are describiedividual QoE assurance model based on the strict model, the
further below. strict thresholdsqgt, bsT, andcgr, are redefined as functions

Strict QOE Assurance Model This model is used to Fpir(ast, i), Faar(bst, ), and Fec(csT, v5), respectively.
guarantee all user's QoE. To this end, this model sets the rang&low these models are used for the appropriate network de-
of acceptable value of each factor to the constant optimal Q8N and operation, respectively, are described in the remainder
area. In other words, for guaranteeing QoE strictly, the actui the section.
packet loss ratio and energy consumption should be lower than
ast andcgr, respectively, while the actual amount of assigne@. Challenging issue: how to use QoE assurance model
resources should be larger thaf. Our envisioned QoE assurance models are used to decide

Relaxed QoE Assurance Model Since the strict QOE how our envisioned network is deployed and operated. In
assurance model requires high quality of each factor, thég. 3, the yellow boxes summarize research issues on QoE-
relaxed QOE assurance model, which eases the restrictionggoaranteed network design and operation. While the network
the required quality, is introduced. Since this model sets thdesign aims to construct a cornerstone to guarantee the entire
range of acceptable value of each factor to the sinking Q@@oE from the macro view, the network operation makes it
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possible to guarantee the QoE of individual users from micro
view. Therefore, QOE level can be guaranteed exactly by using
both technologies.

QoE-guaranteed network design is capable of providing ¥
communication service with a certain QoE level. For devel-
opment of QoE-guaranteed network, the number of RRHs
and OLTs, location of RRHs and OLTs, and cell size of
RRHs are determined based on the strict QOE assurance
model or relaxed QoE assurance model. However, since these *
QoE assurance models do not take into account individual 27|
subjective perception, some users might become unhappy. N

QoE-guaranteed network operation is able to dynamically L N T T T T e T S TN
control QoE of individual users even if a network environment ~ The number of RRHs

- . . Frl% 4. The relationship between the number of RRHs and QoE value.
changes such as the change of user density with differe
tlmes ina day or user mobility. _Therefore, thg users that ag¢ Network design approach
dissatisfied at QoE improve their own QoE with the network ] i ) o )
operation. For the adequate network operation, the RRHs sleeg design and install network infrastructure, it is required to
scheduling, user association management, transmission pofi§ide the number of RRHs and OLTs. Therefore, we envision
control of OLTs and RRHSs, and resource management sho@id€twork design approach to satisfy an allowable QoE level,
be considered. In contrast with the network design, for ti#hich could be decided by network operators.

development of network operation technologies, the individual The number of RRHs can be decided by using the relation-
QOE assurance model is also used. ship between the number of RRHs and the QoE value shown

in Fig. 4. For instance, when the network operators set the
allowable QoE level to 4, they need to depla§y RRHs. On
IV. ENVISIONED QOE-GUARANTEED NETWORK DEsign  the other hand, the number of RRHs per OLT is restricted. This
AND OPERATION happens because the amount of the received electrical power
decreases with the increase of the number of RRHs due to the
In this section, we demonstrate the network design a@@tical signal branch, while the maximum transmission power
operation approaches based on the QoE assurance maoddimited due to the optical fiber fuse. Therefore, the number
First, we derive the relationship between the number of RRI9§ required OLTs is determined with the number of RRHs
and QOE value. Then, we demonstrate the QoE-guarantégguired for the entire QOE assurance.
network design based on the derived relationship. The network
operation method is also presented to reduce the transmis%o
power of OLTs while satisfying the QoE value. Furthermore;”

we confirm the effectiveness of our proposed operation methodHere, we present a joint control method of RRH sleep and
through numerical calculation. transmission power of the OLT. While the network design

approach decides the number of RRHs and OLTs to satisfy

the static QoE value, this method can deal with the dynamic
A. The relationship between the number of RRHs and QoIQOE value, which is controlled by the network opergtors. In

other words, the method can reduce the transmission power

Here, we demonstrate the relationship between the numibérOLTs by allowing some RRHs to enter the sleep state if
of RRHs and QoE. In this article, we focus on the QOE valube set value is lower than the static QoE value. The method
related to the packet loss ratio. In our assumed network, eansists of two phasesi)(the battery-charging phase, which
RRH is deployed in a grid pattern. Assuming that the usaims to charge the power for the initial operation of RRHs, and
distribution is uniform, the average communication distan¢é&) the battery-powered phase, which is consistently executed
between RRHs and users, is decided with the number after the battery-charging phase in order to permit some RRHs
of RRHs, N,,. Additionally, the average communicationto enter the sleep state.
distance affects the average packet loss ratio, as indicated bBattery-charging phase When the QoE level is changed,
(19) in [14], where we model the: factor in (19) with the this phase is executed. First, the adequate number of RRHs
continuous value ofs, asm = 1.5'50/® — 0.5. Furthermore, in the sleep stateN>°", is decided based on our derived
since the QoOE value is determined with the packet loss raiglationship shown in Fig. 4. Once the value bfrlﬁep is
as indicated by (5) in [12], we can derive the QOE value frometermined, multiple groups consisting of multiple RRHs are
the number of RRHs. constructed. We make the groups so that each divided area
Fig. 4 shows the QoE value in different numbers of RRHsomprises all kinds of groups. The RRHs in a group can

To derive this result, the field size and the maximum conbe either in sleep state or active state. Here, even if all the
munication range of each RRH are set5@m and400m, member RRHs of a group enter sleep state during a time-slot,
respectively. It is clear from this graph that the QoE value cdhe active group’s RRHs temporarily increase their coverage
be improved with the increase of the number of RRHs.  area only during that time-slot in order to service the users

w
n

QoE value
w

NJoint control method of RRH sleep and transmission power



belonging to the sleeping RRHs. Suppose that;, is the
total number of the deployed RRHs. Then, the number
groups, Nyroup, is expressed asV,y,/N2SP, If NP s
larger than the number of RRHs in active sta/tgﬁfive, Neroup
is expressed ad/,,,/N2S%ve, Additionally, the set of group,
Sgroup, 1S defined agsy, 52, ..., 5N,...,}- IN Order to charge
the power, the RRHSs that belong to the groypmre made to
enter the sleep state during time-sloThe RRHs in the group
s; store the power in their own battery betwe@¥goup — 1)

time-slots.

W (=)} ~

=

erage transmission power of OLTs (W)(_Dh

Battery-powered phase Following the battery-charging < '3[

phase, the battery-powered phase is repeatedly executed. In
this phase, the RRHSs in the active state operate with the helf
of the charged power in order to reduce the transmission pomlé%r
of the OLTs. At time-sloti, the RRHs that belong to theq T
groups except the group, enter the active state, where the
power supplied from batteryF, is controlled to be empty
after completing Ng;oup — 1) time-slots. Therefore, the OLTs [1]
control the transmission power according to the valu& oAs

a result, the transmission power of the OLTs can be reduce®!

(3]
D. Evaluating the improvement in average transmission power

To confirm the effectiveness of our proposed joint controjy;
approach, we present the evaluation of our proposal through
numerical calculation. In the assumed network, 72 RRHs a !
15 OLTs are deployed. When this network guarantees Qo
level 4, from Fig. 4, the required number of RRHs is 36.
In other words, the numbers of RRHs that can enter the sleé{)
state is 36. The energy consumptions of RRHs in the sleep and
active states are set @07 [15] and1.5W [10], respectively. [7]
Furthermore, we suppose the anticipated PoF requirement in
the future 5G C-RAN by setting the maximum transmissiong;
power of each OLT to send optical signal to RRHs and the
efficiency of Optic-Electric (O/E) conversion 29/ and0.5, (0]
respectively.

Fig. 5 demonstrates the average transmission power between
the OLTs with and without our proposal. From the result,
is clearly evident that our joint control method reduces the
average transmission power of the OLTs. The reason behlAd
the result is that our proposed method effectively schedules
the sleep of RRHs. In addition, our proposed method contrgig;
the adequate transmission power according to the amount of
charged power. [13]

V. CONCLUDING REMARKS [14]
In this article, we addressed the challenges of QOE-

guaranteed design and operation for C-RAN based on P )

exploiting PoF. To address these challenges, we propose

With Proposal Without Proposal

5. Performance comparison between the average transmission power of

s with and without our proposal.
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