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Abstract

Financial and environmental considerations have motivatetrend in wireless communication
network design and operation to minimize the amount of gneagnsumption. Such a trend is referred
to as green radio communications. In this article, netwar&peration is investigated as a means of
energy saving. Networks with overlapped coverage can catgéo reduce their energy consumption
by alternately switching on and off their resources acegdp the traffic load conditions. We present
an optimal resource on-off switching framework that adaptshe fluctuations in the traffic load and
maximizes the amount of energy saving under service quadibstraints, in a cooperative networking
environment. For the system model under considerationkeutthe existing solutions in literature, the
proposed technique can achieve energy saving while agpiginincrease in the transmission power.

Numerical results demonstrate the validity of the propadasetinique.

INTRODUCTION

In green radio communications, a main network design obgads to reduce the amount of
energy consumption while maintaining satisfactory quatit service (QoS). Two motivations
are behind such design criterion. One is the service prosidfi@ancial considerations. Almost
half of a mobile service provider's annual operating expsris for energy costs [1]. Each base
station (BS), in cellular networks, roughly consumes up#KA\VH of electrical power [2]. With
densely deployed BSs to achieve wide area coverage, higgyeiseconsumed per annum. Such
high energy consumption results in a significant envirortalémpact due to the associated £0
emissions. This gives the other motivation behind greemradmmunications network design
criterion, which is environmental considerations. Curserthe telecommunication industry is
responsible for about 2 percent of €@missions, and given the industry’s growth it could
increase to 4 percent by 2020 [3]. As a result, politicaliatives start to put requirements on

operators to lower the CQemissions of communication networks [4]. In Europe, conggmauch



as Orange (France), Ericson (Sweden) and Vodafone (UK)@imaduce their CQemissions by
50-80 percent by 2020 [5]. Hence, the reduction of energgamption in the telecommunication
industry sector will result in a positive impact both on thevieonment and on the operators’
profit [1].

In literature, there has been several proposals for degjgan energy aware infrastructure in
wireless communications networks. In the following, eesgving techniques at the network
level are discussed. The limitations of the existing teghas are pointed out. We investigate
network cooperation as a means of energy saving in green cadimunications. The objective is
to develop a framework that enables networks with overldpymerage in a given geographical

region to cooperate among each other to achieve energygsavin

ENERGY SAVING AT NETWORK LEVEL

Energy awareness in wireless communication networks has ktdied for a long time
on the mobile devices and wireless sensors, due to theiteliitpower capabilities. Recently,
such awareness has been extended to include the cellulaorkeBSs, due to financial and
environmental considerations. Three categories of swiatcan be defined to provide an energy

aware infrastructure in wireless communications networkese are discussed in the following.

RENEWABLE ENERGY SOURCES

From an environmental perspective, the objective of greeliiorcommunications is to reduce
the CQ emissions [6]. This can be achieved by using renewable greogrces at the BSs,
such as locally generated wind and solar power. This carceethe amount of electrical power
consumption taken from the grid. Also, it can complementftssil fuel power generators in
the off-grid sites. Moreover, air cooling and cold climaten be used to cool the electronic
devices in the BSs [6]. However, the renewable energy sowaesot replace the traditional
energy sources in the BSs, due to their required high religbsince any power shortage will

disturb the wireless network’s service provision.

HETEROGENEOUSCELL SIZES

Traditionally, macro cells have been used to provide larga @overage and to better handle

user mobility in cellular networks. However, as the coveragea increases, more transmitted



power is required to provide an acceptable signal qualityc&ll edge users, which increases
the overall BS energy consumption. Recently, femto cells Hmean deployed to enhance in-
building coverage and provide higher data rates. Due to 8mall coverage area, femto cells
require much less transmission power than a macro cell, @amdehtheir BSs consume less
energy. However, a deployment with only small cells wouldquiee a large number of BSs.

This increases the handoff rates of mobile users amongedjaells and also may degrade the
overall energy efficiency of the network. A joint deploymefitBSs with different cell sizes is

desired. A balance of different cell sizes is required forstrenergy efficient layout [4].

DYNAMIC PLANNING

The traffic load in a wireless network can have spatial ancpteal fluctuations due to user
mobility and activities [7]. An example is in a city scenarishere the traffic load in daytime
of weekdays is heavy in office areas and light in residentieds, while the opposite happens
in the evening. In literature, researchers propose to éxplech traffic load fluctuations, by
switching off some of the available resources when the trddfad is light. This is known in
literature as dynamic planning. On one hand, these resouae be the radio transceivers of
active BSs [8]. However, when a BS is in its active mode, pow@pky processing circuits,
and air conditioning take upto 60 percent of the total enemysumption [7]. Hence, significant
energy saving can be achieved if the entire BS is switched b#nathe traffic load is light [5
and references therein].

While BS on-off switching can avoid resource overprovisioraitow traffic load condition
and hence achieve energy saving, the radio coverage anidesprovision for the off cells face
some challenges. Since most of the dynamic planning solitwe limited to the operation of
a single network, the proposed solutions for service pronifor the off cells rely on the active
resources of such network. As a result, an increase in therigsion power of the active BSs
is required to increase its cell radii in order to provideioadoverage for the off cells. This
also may result in coverage holes if the maximum allowedstrassion power of the remaining
active BSs cannot achieve radio coverage for the switchecalf§, and as a result service
disruption is expected in these areas. Also, an increadeeitransmission power may result in
inter-cell interference in a case that more than one activeriéS to achieve radio coverage for

the switched off cells, and as a result additional interfeeemanagement schemes are needed.



Two solutions are proposed in literature to avoid the af@etoned shortcomings of dynamic
planning. One relies on the mobility of relay nodes to migraaffic from the off BSs to the
active ones [9]. However, such solution is not reliable isecaf delay sensitive applications such
as voice telephony. The other solution exploits the codmerdetween two cellular operators to
achieve energy saving by allowing the traffic to be carriedayrone operator’s off BSs through
the other operator’s active BSs [10]. However, the propos#dtien assumes that the traffic
profile can be expressed in terms of a deterministic fundiiat varies with time. This cannot
accurately capture the random behavior of traffic arrivald &affic load fluctuations.

The dynamic planning solutions in literature whether foaus switching off some of the
BSs or switching off some of the resources of the BSs. It is memeficial to combine both
strategies and not only switch off some BSs but also switchsoffie of the resources of an
active BS to further improve the amount of energy saving. Algith the existence of different
wireless networks with different overlapped coverage sre@twork cooperation can achieve
energy saving and avoid the dynamic planning shortcomiimgthis article, we aim to provide
an optimal resource on-off switching framework that cagsuthe random behavior of traffic
arrivals, adapts to the fluctuations of the traffic load, anaximizes the amount of energy
saving under service quality constraints, in a cooperatetvorking environment.

For a better insight to the benefits of cooperative netwgrkthe next section provide some
discussion of the future heterogeneous wireless acces®ement and the potentials of coop-

erative networking.

THE POTENTIALS OF NETWORK COOPERATION

Currently, there exist different wireless networks thatofd variety of access options. Such
wireless access networks include the 3G cellular systdmeslEEE 802.11 WiFi networks, and
the IEEE 802.16 WIMAX systems. These networks have compheang service capabilities. For
example, the IEEE 802.11 networks can support high datasexteces in hot spots, whereas
the 3G cellular networks and the IEEE 802.16 networks caerdifoadband wireless access
over long distances and serve as a backbone for hot spotpiténas fierce competition in the
wireless service market, these successful wireless nkeswaill coexist. In such a heterogeneous
wireless access environment, cooperative networkinglealll to better service quality to mobile

users and enhanced performance for the networks.



From the perspective of mobile users, cooperative netwgrlsolutions for heterogeneous
wireless networks enable the mobile users to enjoy an allwvagsconnection. The always best
connection is facilitated by inter-network vertical haffdpwhich can be based on service cost,
coverage, transmission rate, QoS, information secuniy, eser preference. Taking advantage of
cooperation activities among multiple access networlssjriter-network vertical handoffs can be
supported in a seamless and fast manner. Hence, a reliabk®-@mnd connection at the transport
layer can be provided to preserve service continuity anditonnize disruption. Also, the future
mobile terminals (MTs) will be equipped with multiple radioterfaces for network access.
Multi-homing techniques maintain multiple simultaneossaciations of an MT with different
radio access networks. Facilitated by the cooperationsacddferent network domains, multi-
homing can support applications with high required bandhwitirough bandwidth aggregation
[11], provide ubiquitous access, facilitate soft handafid enhance reliability.

On the other hand, service providers can take advantagetwbriecooperation to enhance
network performance. Multiple heterogeneous networks @asperate to provide a multi-hop
backhaul connection in a relay manner. This can increasedherage area of such networks.
Moreover, cooperation among different networks can pe\ahd balancing among these net-
works. As a result, traffic overload situations in one netwoan be avoided. Also, network
cooperation can be exploited to save energy in green radimmmications. For geographical
regions where two or more networks have an overlapped cgeeoperation among the net-
works can achieve energy saving and avoid the dynamic plgrstiortcomings. Such networks
can alternately switch on and off their resources accortbntye traffic load conditions, and the
traffic is carried on by the remaining active resources. Ithsa case, an optimal resource on-off
switching framework is required to adapt the available veses to the traffic load fluctuations

and to maximize the amount of energy saving under servicétgeanstraints.

NETWORK COOPERATION FOR ENERGY SAVING

In this section, we investigate the application of netwodomeration as a means of energy
saving. First, we present the system model under considerdthen, we discuss the challenges
in the resource on-off switching decision making problemsd2hon the challenges, an optimal

resource on-off switching framework is presented.



SYSTEM MODEL

Consider an integrated cellular/ WiMAX system for wireless/gces over an area. The cellular
network covers the whole service area. In regions with a lsglvice demand, WiMAX BSs
are also deployed to provide additional capacity. Nedenote the set of cellular network cells
covered by a WIMAX network BSN = {1,2,..., N} as shown in Figure 1. An MT in the
overlapped coverage can be served by either of the two nle$wtiris possible that an MT can
obtain service from both networks simultaneously, whicmat discussed here for clarity of
presentation. Le€’ denote the number of channels available in a cellular nétB&, while the
WIMAX network BS hasM channels. Each channel has a fixed bandwiithFor simplicity
of illustration, assume that a call requires one channehfome of the networks for its service.
A network BS working modey,, for the cellular network BS where € N and zy.; for the
WIMAX network BS, is represented by a binary digit “0” to indie an inactive (off) BS or
“1” to indicate an active (on) BS. There is always at least octes@ network in the overlapped
coverage area to guarantee service provision in the ardaXlLe [riz,...xy.;] denote a
vector of BS working modes in the overlapped coverage area.tdtial power consumption for
a given BS, given by’,, (P.) for WIMAX (cellular) network, has two components. One isefi
component which accounts for the BS power supply and air tionéhg, given byP,,, (P.,) for
WIMAX (cellular) network. The other component depends oa ttumber of active channels in
the BS, and accounts for the power amplifier, feeder loss ams$imitted power, given by,
(P.,) for WIMAX (cellular) network. The number of active chanaeh cell n is given byk,,,
(k.,) for WIMAX (cellular) network,n € N. The power consumption of an inactive WiMAX
(cellular) network BS is given by, (FP.r). When a BS changes its working mode from inactive
to active, an additional energy is required in order to sfathe BS power supply, circuits, and
air conditioning. This switching cost is represented by ddittonal power consumptiop of
the BS fixed power component. It is assumed that there is aatel@cision maker that controls
the BS working mode and the number of active channels basedeoaptimization framework
presented in the next section.

The following traffic and mobility assumptions are made: AlBw calls arrive to the coverage
area of celln according to a Poisson process with mean arrival ratéA2) Handoff calls from

adjacent cells arrive to cell according to a Poisson process with mean rgteA3) The dwell
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time of an MT in a cell is exponentially distributed with meéafy;, wheren is the average cell

boundary crossing rate; A4) The call duration follows anamgntial distribution with mean
1/p.

THE PROPOSEDENERGY SAVING STRATEGY

Network cooperation in green radio communications explthe temporal fluctuations in the
traffic load to save energy. This is achieved by alternatelitching on and off the available
resources from BSs of different networks in regions with @amyed coverage, according to the
traffic load condition. In general, two types of traffic loaddiuations can be distinguished. One
is a large scale fluctuation, in which the traffic load varigsiicantly from one period to another
along the day. The other is a small scale fluctuation, in whieh traffic load varies slightly
around some average value. Hence, we partition the timeaistd of periods7 = {1,2,...,T},
of constant duratiorr hours that can capture the large scale fluctuations in tlffecttaad along
the day,7" = 24/7. Each periodt € 7 is further partitioned into a set @ = {1,2,..., D}
smaller periods, each of duratiok, to capture the small scale fluctuations of the traffic load
during that period,D = 7/A. The large scale fluctuations in the traffic load can be etgdoi
to turn off some BSs in a light load condition and transfer ttadfit load to the remaining
active network to save energy. On the other hand, the smali $luictuations can be exploited
to switch off some of the channels in each active BS to furtlkeeluce the amount of energy

consumption.



Decisions on the BS working mode are made at the initial morokeach period. While BS
on-off switching can save energy, a switching action thatascompatible with the traffic load
during a given period will result in a high call blocking patfility. An appropriate switching
decision should maximize the amount of saved energy duftvag period and, at the same
time, achieve acceptable service quality such as in terneslbblocking probability. Also, it is
desirable to minimize the frequency at which a BS changes datking mode from inactive to
active, in order to avoid the switching cost due to the adddl energy consumption required
for the BS startup. From Assumptions Al) and A2), the aggeegalffic arrivals to the cell are
modeled by a Poisson process with mean vate= v, + v,,. The aggregate traffic arrival rate
for each period is estimated using the data of traffic asivdiserved in previous days, as the
traffic load in general follows a repeating pattern everyddye channel holding time in the cell
is the minimum of the user cell dwell time and the call dumatierom Assumptions A3) and
A4), the channel holding time is exponentially distributedh parameten:, = u + n. Hence,
the call blocking probability can be calculated using th&akg B loss model. The optimal BS
on-off switching decision for a given periadcan be obtained using the following optimization

problem

N N
gmax {a[} (Pe— Fu)+ (Po = Pyya)] = (1= a)[3 AP+ APy} (1)
W>0, X e =
(/\n/MU)Sn/Sn!
s.t. <e Vne~N (2)
3 (/1) /5Y)
1, 35, >CneN
IN+1 = ()
0, otherwise
N N, xny11=0
n=1 J, aya=1,2N .S, <M+ JC.

Objective function (1) represents the total power savintheoverlapped coverage area. The
variablesP, and Py, denote the BS power consumption for the cellular and WiMAXnoek
respectively, which depends on the BS working mode. Hefges P. if 2, =1 and P, = P
otherwise. Similarly,Py., = P, if xy+1 =1, and Py;, = P,y otherwise. The variableA P,

and APy, denote the additional power consumption required for the @Startup. Hence,



AP, = (- P,, if the cellular network BS changes its working mode from ingcto active, and
AP, = 0 otherwise. SimilarlyAPy ., = 3 - P,, if the WIMAX BS changes its working mode
from inactive to active, and\ Py, = 0 otherwise. From the objective function definition, there
exists a tradeoff between the amount of energy saving aethiey switching on-off different
BSs and the switching cost due to the additional energy copgamrequired for a BS to startup
when its working mode changes from inactive to active. Thaup&tera is a weighting factor to
give relative importance between energy saving and the B&igtawitching cost. The variable
S, gives the required number of channels in eele A, > | S, < M + NC. Constraint (2)
guarantees an acceptable service quality in terms of cadkiylg probability not larger than a
required upper bound where the value ok, for a givent is the largest aggregate traffic arrival
rate overD in thatt. The WIMAX BS working mode rule is given in (3), while the nunmbef
required active BSs from the cellular network is given in (ith J = {0,1,... N}. The rules
of (3) and (4) are designed to satisfy the service demandah eell for a given)\,, and ensure
radio coverage in the overlapped area. Hence, the problefh)id) results in the optimal BS
working mode for the WIMAX and cellular network in the geoghécal region that maximizes
the amount of energy saving during some periptimits the frequency at which BSs change
their working mode, and provides a satisfactory call blagkprobability. Due to the simple
structure of the optimization problem in (1)-(4), a seartdpdathm can be used to solve it. In
this case, the values d¢f, which violate the service quality constraint of (2) are exigdd from
the search space. Different working mode veckowalues can be composed from the feasible
S, values using the rules of (3) and (4). Hence, the working masi#or X which maximizes
the objective function value of (1) can be found. If the lasgale optimization problem results
in more than one optimal BS working mode vectdr the working mode vectoX is chosen
from these optimal vectors such that the cells with the lowrdfic loads are switched off.

For each active BS, we can further exploit the small scaleuatains in the traffic load to
find the optimal number of active channels that maximizesp#reentage energy saving for the
active BS and achieves an acceptable call blocking probalilis is calculated at the beginning

of each periodi € D using the following optimization problem

ISH%%{'IH : [PC - (PCO + kcnPcv)] + IN41 - [P'u) - (Pwo + kwnpwv)]}y n € N (5)
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Large scale period

Find the optimal BSs on-off
switching decision

Small scale
period

Find the optimal number of
active channels for active BSs

Fig. 2. Time sequence of optimization events for the network cooperatiergg saving framework

wherez, andzy,; are obtained from the solution of (1)-(4). The optimizatjgmoblem of (5)
is subject to the service quality constraint of (2), whereis defined for eachl € D. With

a larger coverage area of the WIMAX BS, it is assumed that theepa@onsumption of each
on channel in the WIMAX BS is not less than that of a cellulawwek BS (i.e. P, > P.,).
In this case, to further improve the amount of energy sawvitggn the BSs of both networks
are on, more channels from the cellular network are utilizesl a result, we lek., = C' and
kon = S, — C when BSs from both networks are on, otherwise the active numibehannels
from the on BS is equal t6,,. The time sequence of optimization events is illustrateBigure
2.

PERFORMANCE EVALUATION

In this section, we evaluate the performance of network eoaton for energy saving using
the framework given in (1)-(5). The geographical regionemcbnsideration is given in Figure 1
with the coverage of 3 cellular networks BSs that overlap$ wie coverage area of a WiMAX
BS. It is assumed that the initial BS working mode vectoKXis= 1111. The system parameters
are given in Table I. The number of available channels in thiéular network and WiMAX
BSs are chosen in a way that reflects the higher capacity of aAXiES. The total number of
available channels in the region are determined such tegpehak traffic load do not violate the

target level of the call blocking probability. The diffetgpower components of the WIMAX BS
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TABLE |

SYSTEM PARAMETERS

Parameter| Value Parameter| Value || Parameter| Value
C 10 P, 400 W T 1 hour
M 72 P., 250 W A 15 minutes
Py 1500 W Py 10 W «@ 0.5
Puo 400 W 1/n 4 mins 8 0.1
Py 30 W 1/p 6 mins ¢ 0.01

2 (eallfmin)

Time (hour)

Fig. 3. The aggregate traffic mean arrival rate in each cell

are chosen such that it is larger than that of a cellular nétV&S, in order to reflect the fact
that a WIMAX BS has more channels and covers a larger area t@rot a cellular network
BS. The value ofo gives equal importance for maximizing the amount of enemyirgy and
reducing the BSs on-off switching cost.

Figure 3 shows the aggregate traffic mean arrival rate owe4hhrs of the day for each cell.
The \ values capture the traffic load fluctuations during the dée X value has the peak value
in the middle of the day, while it has a small value in the eanlgrning and late night.

The optimal decisions regarding the BS working mode for d#ffe periods are given in Table
Il. The BS working mode vary according to the traffic load flattans in each cell, such that the
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TABLE I

BS WORKING MODE

Period|| 1-5| 6-12| 13-14| 15-19| 20 21-23| 24
X 1110 | 0001 1001 1101 | 0101 | 0001 | 1110

Blocking probability

Time

Fig. 4. Call blocking probability in each cell with the optimal number of actihannels from the on BSs

optimal number of BSs which maximizes the amount of energingaand provides a satisfactory
service quality level are on.

The daily percentage of energy saving when all channels etieeafor the WIMAX BS
is 24.5%, while for the cellular network BSs in cells 1,2 and r& 44.68%, 48.75% and
73.13% respectively. With the number of channels beingnupéd, the daily percentage of
energy saving for the WIMAX BS is 34.45%, and for the cellulatwork BSs in cells 1,2 and
3 are 46.33%, 50.31% and 74.06% respectively. This showisthieasmall scale optimization
problem significantly improves the amount of energy savimgtiie WiMAX BS.

Figure 4 shows the call blocking probability in each cell whtee number of channels are

optimized. The call blocking probability in each cell hasesided maximum value af = 10~2.
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CONCLUSION

In this article, network cooperation as a means of energyigan green radio communications
is investigated. For the system model with overlapped @merfrom different networks, the
proposed technique can achieve energy saving without ascrg the transmission power. It
relies on the cooperation among different networks to sanexgy on two scales. On a large
scale, networks with overlapped coverage alternatelycewmitn and off their BSs according
to the long term fluctuations in the traffic load. On a smalllscaach active BS switches
on and off its channels according to the short term fluctuatim the traffic load. Numerical
results demonstrate a satisfactory service quality ingeshcall blocking probability and a large
percentage of energy saving for each network. In the prapésenework, the service quality
constraints can be extended to include other metrics thiubloaking probability, such as the
minimum achieved throughput for data applications, delag delay jitter for video streaming
applications.

In general, while cooperation in wireless communicatiotwoeks results in performance gain,
it incurs some overhead. Specifically, for our frameworks ttooperation overhead includes the
synchronization required among the cooperating BSs of rdiffienetworks. The importance of
this synchronization is due to the fact that an unsynchexhgwitching action among different
BSs can significantly degrade system performance in termslbblocking for example. Such

a synchronization can be achieved through control siggaimong the cooperating BSs.
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