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Abstract: Installation of backup power supply plays an important role in maintaining communication services which helps
saving billions of dollars as well as human lives during natural disasters. However, being costlier than public power, it
increases the capital expense of the base stations. While downsizing the backup power source, it can significantly
downgrade the quality of services due to insufficient power supplies. In case of co-location of multiple mobile network
operators at a single base station, sharing backup power sources among the operators is a possible economical solution to
reduce the delay of traffic flows and enhance power usage. In this paper, we have used Nash Bargaining solution and
decentralized convex optimization over operators to determine the optimal user association distribution so that we can get
maximum improvement in the delay performance of each operator while fairly sharing the backup power.

1.

Introduction

In these days, the mobile service demand and mobile network
capacity keeps increasing to serve more and more devices and
users. For this strongly dependency, service availability of
mobile communication becomes crucial for the success of all
mobile network operators. However, there are many factors
can affect to this requirement (e.g., aging power infrastructure,
natural disasters) power outages often happen and making it
extremely challenging to keep communication services
availability. Even in developed economies such as the United
States, communication service outages are also proliferating
[1].
As a promising backup power supply for many systems, fuel
cells have been profound to improve technical performance,
reliability and reduce environmental issues. In mobile
communication system, a typical site with one base station (BS)
can reduce the CO2 emission 34.4 tones per years using a
hydrogen fuel cell compared to gas and diesel generator [2].
Moreover, fuel cell is highly robust in rugged areas and has a
much lower maintenance cost than batteries. Accordingly, fuel
cell is emerging as one of the most popular options for many
applications including BS backup power. However, the backup
power options are all very expensive. Therefore, backup power
sharing between operators can be simply implemented with
almost no changes to the co-located site, where many wireless
operators already shared the tower infrastructure and
physically co-locate their BSs. Since most mobile towers are
owned and leased by third party mobile tower companies, colocated BSs has a strong presence in the United States [3].
Consequently, as an infrastructure sharing, backup power
sharing among multiple wireless operators can be easily
deployed and viewed as an integral element of infrastructure
sharing [3]. In addition, downsizing the backup power supply
and sharing the backup power among the operators at a multioperator site can be economical and energy efficient,
enhancing the communications service continuity and
surviving power outages.

In this paper, we study the under-explored problem - fairness
of backup power sharing in multi-operator cellular towers
where wireless operators can associate their own traffic loads
(i.e., route their power demand) to different towers in a fair
manner. Towards this end, we adopt Nash Bargaining theory,
which is designed for a cooperative game that helps
participants can take part in a cooperation and guarantee the
fairness and Pareto optimal solutions [4]. Intuitively, operators
can make an agreement to maintain the service by using shared
backup power in a collaborative manner if they attain greater
utility than non-cooperating. Our proposed cooperative
strategy helps operators improve the delay performance
compared to no sharing approach in which the operators use
their own individual backup power alone.
2.

System Model

We apply the infrastructure-based wireless communication
networks model from [5] to the co-located multi-operator sites.
Mobile users in the region ࣦ  אԹଶ is served by a set ࣡ of
operators. Rather than the individual deployment, each
operator i has a BS set  ǡ which is located at different sites.
At any location ࣦ א ݔǡ the traffic flows follow an
inhomogeneous Poisson point process with arrival rate per unit
area ߣሺݔሻǤ For simplicity, the arrival traffics can be modeled
as user flows (i.e., data requests) with random sizes following
independent distribution with mean ͳȀߤሺݔሻǤ Then the traffic
load density at the location x is defined as ߛሺݔሻ ൌ ߣሺݔሻȀߤሺݔሻ
in [5]. Following the literature [5], we consider the path loss
model to capture the average channel quality between user
locations and BSs. At location x, the transmission rate served
by BS j of operator i is denoted by ܿ ሺݔሻ which follows
Shannon capacity as in [5].
The system load density [5] is denoted by ߚ ሺݔሻ ൌ

ఊ ሺ௫ሻ
ೕ ሺ௫ሻ

ǡ

which defines the fraction of active transmission time required
to deliver the traffic load ߛ ሺݔሻ of operator i from BS j to
location x. The user associated routing probability vector for
each operator i is denoted by  ሺݔሻ ൌ ሼ ሺݔሻሽ for all ࣦ א ݔǡ
and ݆  א Ǥ

1208

2017년 한국컴퓨터종합학술대회 논문집
Definition 1 (Feasibility): The set ࣠ of feasible BS loads (or
utilization) of the operator i, i.e. ࣋ ൌ ሼߩ ሽ for all ݆  א as
࣠ ൌ ሼߩ ȁߩ ൌ ධ ߚ ሺݔሻ ሺݔሻ݀ݔǡ
ࣦ

Pareto efficiency, symmetry, independence of affine
transformations, and independence of irrelevant alternatives
[4]. The NBS can be achieved by solving the following Backup
Power Fair Sharing (BPFS) problem

Ͳ  ߩ  ͳ െ ߳ǡ Ͳ   ሺݔሻ  ͳǡ
 א ሺݔሻ ൌ ͳǡ  א ݆ ǡ ࣦ א ݔሽǡ

max.

ැ࣡אሾ߶ െ ߶ሺߩ ሻሿ

subject to.

߰ ࣡א ሺߩ ሻ  ܤ ࣡א ǡ  א ݆ ǡ



where ߳ is an arbitrarily small positive constant. This set was
proved to be convex [5].

߶ሺߩ ሻ  ߶ ǡ࣡ א ݅ǡ

A. Flow-Level Cost Model

ߩ ࣠ א ǡ݅ǡ ݆Ǥ

In this work, we adopt the flow-level dynamic systems [5],
which considers data requests (i.e., flows and file transfers)
that are initiated randomly and leave the system after serving.
Based on the queueing analysis [5] for the M/GI/1 multi-class
processor sharing system, the expected total number of flows
of the operator i is calculated by ܮ ൌ ߩ א Ȁሺͳ െ ߩ ሻǤ


Since minimizing the expected total number of flows is
equivalent to minimize the average delay according to Little
Law. The cost function for flow level performance is defined
as
߶ሺߩ ሻ ൌ σא ܮ  ͳ ൌ ͳ אȀሺͳ െ ߩ ሻǤ
(1)

According to [6], the BS power consumption increases with
the BS utilization and there are two kinds of power
consumptions: fixed power consumption and the power
consumption that are proportional to BSs utilization. Thus, the
total power consumption of a BS is given by
(2)

where ݉  אሾͲǡͳሿ is a portion of the fixed power consumption
of the BS and ܳ LV WKH PD[LPXP %6¶V RSHUDWLRnal power
when it is fully utilized, i.e., ߩ ൌ ͳǤ
Backup Power Sharing

A. Problem Formulation
Each operator minimizes flow-level cost function (1), which is
convex function. Independently optimizing user association
with their own backup power would be trivial if the operators
had no cooperation. The cost of operator i, denoted by ߶ ǡ is
determined by solving the following No Backup Power
Sharing (NBPS) problem
min.
subject to.

(5)

Since solving the BPFS problem by a centralized controller
requires traffic load information of all operators, the
decentralized approach based on the dual decomposition
optimization method [7] can SURWHFW HDFK RSHUDWRU¶V SULYDWH
traffic information. The non-concave BPFS problem is
transformed into an equivalent concave problem with a
separable objective σ  ࣡אሾ߶ െ ߶ሺߩ ሻሿǤ
The partial Lagrangian of BPFS problem is derived as follows
σ  ࣡אൣ߶ െ ߶ሺߩ ሻ൧ െ ߣ א ࣡א൫߰ ൫ߩ ൯ െ ܤ ൯Ǥ (6)


B. Base Station Power Model

3.

(4)

B. Decentralized Solution Method



߰ ሺߩ ሻ ൌ ሺͳ െ ݉ ሻߩ ܳ  ݉ ܳ ǡ

(3)

߶ሺߩ ሻ
߰ ൫ߩ ൯  ܤ ǡ ߩ ࣠ א ǡ א ݆ ǡ

Based on the optimal user association probability vector, MTs
should be associated with their corresponding BSs to minimize
the flow-level cost faced by operator i at every site under the
OLPLWDWLRQRIWKH%6¶VPD[LPXPRSHUDWLRQDOSRZHU7KHUHIRUH
downsizing the maximum operational power decreases the
number of MTs that can be associated with their closest BSs.
We apply Nash Bargaining Solution (NBS) for the backup
power fair sharing that guarantees an outcome which is not
only Pareto-efficient, but also proportional fair [4]. If NBS
cannot produce better delay performance, the operator
performance is still at least that of the solution of the NBPS,
which represents the disagreement point. Especially, if the
NBS exists, it is unique, and satisfies the four axioms, i.e.

In this approach, at each iteration k, operator i receives the dual
variable ߣ which considered as the backup power sharing price.
Then it iteratively solves the subproblem
max.

ሾ߶ െ ߶ሺߩ ሻሿ െ ߣ א ሺ߰ ሺߩ ሻ െ ܤ ሻ

subject to.

ߩ ࣠ א ǡ





 א ݆ Ǥ

After solving the subproblem, each operator will send its
BS load ߩ ሺ݇ሻ to the aggregators at co-located sites. Then the
aggregator at each site j will update dual variables as follows
ߣ ሺ݇  ͳሻ ൌ ሾߣ ሺ݇ሻ  ߙ ߰ ࣡א ሺߩ ሺ݇ሻሻ െ ܤ ሻሿା Ǥ (7)
Since the problem is concave, and the objective function
is differentiable, a small enough constant step size ߙ can
ensure the convergence to the optimal solution [7].
C. Case Studies
As an example scenario, we consider co-located operators at
five sites. These sites are located in a 1 × 1 km2 region, which
is divided into 100 unit squares. The location x of data requests
is determined at the bottom left corner of each unit area.
According to the communication model of urban macrocells
with the simulation parameters in the WiMAX evaluation
methodology document [8], we use the used COST 231 path
loss model. The backup power capacity at the multi-operator
sites is downsized to 388W per operator while the maximum
BS operational power is 865W [6].
Figure 1 shows the convergence of BS loads of the
decentralized approach compared with the optimal solution of
the centralized approach (i.e., optimization solver). As a result
of the sharing advantage, compared with no sharing, the
sharing approach increases the expected number of flows and
reduces average delay by 4.6% in Figure 2.
Figure 3 illustrates the user association distribution of the
central BS3, the read area, and coverage of other BSs belong
to Operator 1. We generate heavy traffic loads near BS2 and
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(a) Backup power capacity of BS3 is 388 W,

Fig. 1: Flow-level cost convergence of each operator.

(b) Backup power capacity of BS3 is 500 W,
Fig. 3: User association distribution of the BS3 of Operator 1.
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4.

Conclusion

In this paper, we investigate an under-explored problem of
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