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a b s t r a c t
In this paper we study the energy-aware cooperative management of the cellular access
networks of the operators that offer service over the same area. In particular, we evaluate
the amount of energy that can be saved by using all networks in high trafﬁc conditions, but
progressively switching off networks during the periods when trafﬁc decreases, and eventually becomes so low that the desired quality of service can be obtained with just one network. When a network is switched off, its customers are allowed to roam over those
networks that remain powered on. Several alternatives are studied, as regards the trafﬁc
proﬁle, the switch-off pattern, the energy cost model, and the roaming policy. Numerical
results indicate that a huge amount of energy can be saved with an energy-aware cooperative management of the networks, and suggest that, to reduce energy consumption, and
thus the cost to operate the networks, new cooperative attitudes of the operators should
be encouraged with appropriate incentives, or even enforced by regulation authorities.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
The number of cellular accesses worldwide has recently
surpassed the staggering number of 4 billion (and is expected to reach 4.6 billion by the end of 2009), with an average of more than 6 subscriptions every 10 people, and with
a maximum in Italy, where each human being subscribes,
on average, over 1.5 wireless network contracts [1,2]. This
enormous number of wireless terminals is served by a huge
number of base stations, of the order of 4 million worldwide. Each one of those consumes an amount of energy that
can be estimated in about 25 MWh per year (the actual
power consumption depends on the network technology,
and is lower for 3G networks than for 2G networks; typical
values range from less than 1 kW to about 3 kW [3]), so that
the total energy consumption can be placed around
100 TWh per year. Assuming a unit cost of 0.1 euro (or US
dollars) per kWh, this boils down to a cost of ten billion euro
(or US dollars) per year (2500 euro or US dollars for each
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base station). This massive cost represents a signiﬁcant
fraction of the network operational expenditures (OPEX),
ranging from slightly less than 20% in mature European
markets, to over 30% in emerging economies (like India).
Obviously, these energy costs are transferred from network
operators to us, the cellular network users.
In Italy, where four cellular access network operators
compete, the number of base stations is of the order of
60 thousand, and their total energy consumption is around
2.1 TWh a year, close to 0.7% of the total national electricity consuption, which translates into an energy cost of
about 300 million euro per year, or into 1.2 million tons
of CO2 injected into the atmosphere [4]. Quite similar considerations apply to other nations, for example Japan [5].
The energy bill of the wireless Internet access through
cellular networks (we do not consider WiFi or WiMax) is
bound to increase with time, due to a growing number of
deployed base stations (experts predict about 5.5 million
base stations in operation by 2013), increasing energy
costs, and a 100% yearly growth rate of wireless Internet
accesses, in spite of the fact that costs for wireless data
are still high. Indeed, while not yet reaching a signiﬁcant
percentage, the wireless Internet access is growing much
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faster than its wired equivalent, so that some forecasts predict that a vast majority of the accesses to the Internet of
the Future will be wireless.
As we observed, the energy cost is one of the components of the unit cost that customers pay for network access, so that reducing the energy consumption of the
network can translate into a lower bill for the end customers, further stimulating growth of wireless Internet accesses, as well as into a non-marginal reduction of OPEX,
both of which can be welcomed in times of recession like
those we are living.
This situation has caught the interest of networking
researchers, and has stimulated the birth of an innovative
research line, often called ‘‘Green Networking’’. While energy efﬁciency has traditionally been an issue tackled by
hardware designers and equipment manufacturers, the
ﬁrst area of networking that paid attention to energy consumption was represented by sensor networks, where the
peculiarity of the network nodes made energy quite a signiﬁcant element of the network design space. The ﬁrst
work introducing the energy issue in the mainstream networking area appeared at SIGCOMM 2003, and refers to the
greening of the Internet [6]. The attention to energy issues
in networking has been drastically rising in the last two
years, when some speciﬁc meetings were organized to discuss the problem. Among the meetings planned for 2010,
we can mention e-Energy 2010 [7], GreenMetrics 2010
[8], the First ACM SIGCOMM Workshop on Green Networking [9] and the Third IEEE International Workshop on
Green Communications [10]. The European Commission
has recently activated a new project, named EARTH, investigating the energy efﬁciency of mobile communication
systems, within its seventh Framework Programme [11],
and a European Network of Excellence, named TREND (Towards Real Energy-Efﬁcient Network Design) will be activated soon. As an example of recent works on green
networking, see [12–14].
There are two main motivations to focus on energy saving approaches for wireless access networks. The ﬁrst is an
economical motivation. In cellular networks, the mobile
operator is a cost aggregator (with respect to energy consumption) to a much higher extent than in wired networks. Indeed, consider the overall energy consumption
of a network, including the end users’ terminals: in a mobile network, about 80–90% of the overall energy consumption (and thus of the energy cost) is in charge of
one entity, the operator; instead, in a wired network, only
about 30% of the overall energy consumption is in charge
of the operator, the other 70% being distributed among
end users, each user being responsible for a rather small
amount of energy. Aiming at the objective of reducing consumption, it is easier to achieve signiﬁcant results, and be
effective, acting in a wireless context, and focusing on the
access network, that is the main factor responsible of energy consumption (because of the combination of a large
number of access devices – base stations – and the high energy consumption of these devices), rather than convincing
the end users of a wired network to reduce their already
small energy consumption. Moreover, for mobile operators, the energy cost of running their access networks is today of the order of their OPEX; thus, operators are keenly
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interested in reducing their energy consumption. The second motivation concerns feasibility. Energy saving
schemes, such as our proposals, based on switching on
and off devices, that is, based on sleep modes, are particularly effective at the access network, i.e., at the network
periphery, where the degree of trafﬁc aggregation is low,
so that the difference between peak and off-peak periods
is large, and where the network is less vulnerable to possible failures, service discontinuity or degradation, since the
number of affected users is limited. However, in wired networks, the resources used for access are not shared, so that
access devices cannot be switched off without disconnecting the associated end users. In wireless access networks,
the possibility of sharing access resources (i.e. of reusing
the local loops) among end users allows a much higher degree of freedom at the access network to provide connectivity, thus allowing switch-off schemes and sleep modes.
In our ﬁrst works on this topic [15–17] we focused on
the energy-aware management of individual cellular access networks, estimating the amount of energy that can
be saved by an operator that reduces the number of active
cells in its own access network during the periods when
they are not necessary, because trafﬁc is low. The periodic
reduction of the trafﬁc in some portions of a cellular access
network is due to both the typical day-night behavior of
users, and the daily swarming of users carrying their mobile terminals from residential areas to ofﬁce districts
and back, resulting in the need for large capacity in both
areas at peak usage times, but in reduced requirements
during the periods in which the area is lightly populated
(day for residential areas and night for ofﬁce districts).
The assumption that some cells in the access network
can be switched off when trafﬁc is low implies that radio
coverage and service provisioning can be taken care of by
the cells that remain active, which requires a, possibly
small, increase in the emitted power to increase the size
of the cells that remain on, and some adjustment in other
network parameters, such as antenna tilting; still, some
switch-off patterns may not be feasible, due to speciﬁc site
positions that require some cells to be always on, to provide full coverage.
Considering that access networks are dimensioned
based on the peak hour trafﬁc, so that when trafﬁc decreases due to normal trafﬁc variations, networks are
over-dimensioned, suggests a different, possibly more viable, approach, which is based on the fact that metropolitan
areas are normally served by several competing operators,
which provide coverage, and dimension their networks
according to their number of subscribers. When trafﬁc is
high, the resources of each operator are exploited at capacity, resulting in the quality of service (QoS) used as a target
design objective. When trafﬁc is low, resources become
redundant, and at some point just few, or even one, of
the existing networks can carry all the trafﬁc in the area
with the desired QoS. Thus, if the operators cooperate, they
can switch off their networks in turn, and save energy.
In a previous workshop contribution [18] we ﬁrst investigated this option, assuming that just two operators are
present in a metropolitan area, and that they use the same
QoS parameter as a design target. In this paper, we extend
the approach of [18] by considering the simultaneous
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presence of more than two operators in a metropolitan
area (as it normally happens), and by assuming that their
networks are designed with different QoS targets (again a
usual case).
More precisely, we consider a metropolitan area where
n cellular network operators provide full coverage with
separate infrastructures to populations of users with similar spatial distribution (so that the spatial distributions of
trafﬁc are similar across operators). The operators are willing to cooperate in order to save energy, by accepting the
competitor’s subscribers as roaming customers while their
home network is switched off. In other words, in periods of
decreasing trafﬁc, operators progressively turn off their access networks, transferring their customers to operators
that keep their network on, and that accept the roaming
trafﬁc of their competitors. Of course, by doing so, part of
the energy required to power the access networks is saved,
at the price of transferring some customers from their
home network to another operator. This implies some subtle costs deriving, for example, by the information gathered
by one operator about the proﬁle of the competitors’ customers, which can be highly sensitive; but, as our results
will show, this cost is largely compensated by the amount
of saved energy, that can be huge, and that translates into
signiﬁcant reductions of the network OPEX.
The technical complexity of the proposed approach is
limited, since networks are already designed to carry
roaming trafﬁc from other operators’ users. However, several operational details must be tackled to make the approach viable in practice, mainly referring to the
transients related to the transfer of users from a network
that is switched off to a network that remains on. If ongoing sessions (e.g. VoIP calls or video streaming) can be
transferred through forced handovers, the impact of the
resulting signalling load must be compatible with the signalling channel capacity. This problem can be alleviated by
distributing roaming users over several networks and/or
over time, as we shall discuss later in this paper.
The switch-off of a network should be made as transparent as possible to end users, and the possible inconveniences due to transients could be compensated by a
reduction of tariffs (that should otherwise not change), at
least for those users being inconvenienced, transferring
to end users a portion of the operators’ OPEX savings.
A nice feature of the energy saving approach that we
consider is that it is not inﬂuenced by user mobility patterns, or cell layout. Indeed, by working at the network level, we must only guarantee that the total trafﬁc in each
network, or network portion, (due to its own customers
plus the roaming customers) does not exceed the maximum trafﬁc value for which the network was designed. If
the network can carry such trafﬁc when it is generated
by its own customers, it can also carry the same amount
of trafﬁc when it is generated by a mixture of its own
and roaming customers. Of course, an underlying assumption of this approach is that the spatial trafﬁc distribution
in the networks is not drastically different, so that resources are reusable across networks. If this is not the case,
for example because an operator X has most of its customers in Rome, while an operator Y has most of its customers
in Milan, when operator Y is switched off, operator X

cannot use its capacity in Rome to serve customers in
Milan. However, this does not diminish the power of our
approach, since we can cope with such cases by appropriately deﬁning the service area: in the case above, we can
deﬁne two service areas, one in the city of Rome, and the
other in the city of Milan, so that when operator Y is
switched off, operator X can use its capacity in Rome to
serve roaming customers of Y in Rome, and its capacity
in Milan to serve roaming customers of Y in Milan. Of
course, this restriction on reuse of resources due to trafﬁc
locality leads to reduced gains with respect to the case of
total reusability.
We study the proposed energy saving approach with
simple analytical models, and we quantify the beneﬁts that
can be achieved with different switch-off patterns, under
different trafﬁc proﬁles and cost models. By showing that
signiﬁcant savings can be achieved, our results will hopefully provide a motivation for operators to cooperate, and
for regulators to offer adequate incentives to cooperating
operators, in order to improve the sustainability of cellular
networks, and further stimulate the wireless access to a
really ubiquitous Future Internet.
The rest of this paper is organised as follows. In Section 2 we describe the system we consider, introducing
the network trafﬁc proﬁles, the roaming policies, the
switch-off patterns, and the energy cost models. In Section 3 we present numerical results for both a sinusoidal
trafﬁc proﬁle and a measurement-based trafﬁc proﬁle, always assuming that the QoS target is the same for all operators. The case of different QoS targets is considered in
Section 4, where some results for this case are also presented. Finally, Section 5 concludes the paper.
2. The system
We consider an area served by n operators, whose access networks fully cover the service area. The set of networks is denoted by N ¼ f1; 2; . . . ; ng. Each access
network is dimensioned according to the peak trafﬁc demand of the operator’s customers, so as to meet a speciﬁed
QoS constraint. Initially, we assume that all access
networks use the same QoS target. Later, in Section 4, we
consider the case of different QoS’s.
Denote by Ni the number of customers of operator i, and
by fi(t), with t 2 [0, 2T] spanning over 24 h (T = 12 h), the
daily trafﬁc proﬁle of network i. We assume that the daily
trafﬁc proﬁle repeats periodically (i.e., we neglect the weekend effect on trafﬁc, which is a conservative assumption as
regards energy savings), and that the average per-user trafﬁc
in all access networks is the same, so that the overall trafﬁc is
proportional to the respective number of users1:

fi ðtÞ ¼ ai f ðtÞ

ð1Þ

with ai/aj = Ni/Nj, and f(t) a periodic function that describes
daily trafﬁc ﬂuctuations. Let fmax identify the maximum of
1
The assumption of equal average per-user trafﬁc in all access networks
is actually not necessary for the analysis, and is introduced only to keep
notation simple. We could as well assume that the average per-user trafﬁc
in network i is si, so that the overall trafﬁc in network i is proportional to
Nisi.
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function f(t); aifmax is, thus, the maximum trafﬁc that network i can carry without violating the QoS constraint. With
no loss in generality, we assume a1 < a2 < a3 <    < an.
In the next section, we introduce speciﬁc trafﬁc proﬁles
for the derivation of numerical results, but it can be noted
that quite often real trafﬁc proﬁles exhibit a periodical
structure, with highs around mid-morning and mid-afternoon, and lows at night. In Fig. 1 we report a typical shape
of trafﬁc proﬁles, setting at t = 0 the peak trafﬁc value. For
the sake of simplicity, we mostly consider trafﬁc proﬁles
that are monotonically decreasing in [0, T], and symmetrical with respect to T, but the extension to the asymmetrical
case only requires some heavier notation. In the results
section we also discuss one asymmetrical case.
We assume that a subset of the access networks can be
switched off when the total trafﬁc reduces to a level such
that the networks that remain on can carry the entire trafﬁc of all networks without violating the QoS constraint. Of
course, (at least) one network must remain on all day to
provide coverage.
We start by assuming that users can roam through any
network, and that when some networks are switched off,
their customers roam to the networks that remain on, with
a probability proportional to the destination network size.
This proportionality allows the whole amount of available
resources to be exploited at best, reusing the excess capacity of all active networks to accommodate roaming customers. We call Roaming-to-All this roaming scheme. As
we mentioned previously, this scheme can alleviate the
problems arising in the switch-off transients, by distributing the signalling load over all networks that remain on. In
addition, the signalling load burstiness can be reduced by
distributing roaming requests over time.
Consider a network switch-off conﬁguration in which
the networks in the subset Na  N are powered on, while
the remaining networks are off. This conﬁguration is possible at time t, if:

f ðtÞ

X
i2N

ai 6 fmax

X

ai ;

ﬁguration. In particular, the instant at which the switch-off
becomes feasible is T*, given by:

f ðT  Þ

X

ai ¼ fmax

ai ;

ð3Þ

P


fmax i2Na ai
P
:

ð4Þ

i2N


T ¼f

1

X
i2Na

a

i2N i

Notice that the considered switch-off pattern is not feasible without violating the QoS constraint if the term in
brackets, argument of f1(), is smaller than the minimum
value of f(t).
In the simple case of n = 2, with a1 < a2, that is considered in Fig. 1, one network is switched off, while the other
remains on. Network 1 can be switched off at T 1 , and network 2 at T 2 , with:


fmax a2
;
a1 þ a2


fmax a1
:
T 2 ¼ f 1
a1 þ a2

T 1 ¼ f 1



ð5Þ
ð6Þ

Due to the fact that f(t) is monotonically decreasing in
[0, T], we have T 1 < T 2 , that is, the lower trafﬁc network
can be switched off for a longer time, as intuitively
expected.
Let us now consider a different roaming scheme. As before, a network is chosen to remain on all day, while the
other networks progressively switch off; but, differently
from before, all the users of a network that is switched off
roam to the only network that during that day never
switches off. We call Roaming-to-One this roaming scheme.
Consider, as before, a scheme in which the networks in
Na  N are powered on, and the remaining
No ¼ N  Na are off. Assume that network l 2 Na is the
network that remains on all day; l receives all the roaming
trafﬁc from the networks that are off. In this case, the trafﬁc
constraint that deﬁnes if the scheme is possible becomes,

f ðtÞ

ð2Þ

X

ai 6 fmax al ;

ð7Þ

i2No

i2Na

that is, the scheme is possible if network l, which remains
on, can carry, besides its own trafﬁc, all the roaming trafﬁc
from the off networks. The switch-off time in this case is:

where the left side of the expression represents the total
trafﬁc to be carried at time t, and the right side is the maximum trafﬁc that the networks in Na can carry without
violating the QoS constraint. Expression (2) deﬁnes the
times during a 24 h period in which the conﬁguration is
feasible; we call this period the switch-off zone of the con-



T ¼f

1

f a
Pmax l
i2No

ai

!
ð8Þ

:

f(t)
fmax
Switch off zone for operator 1

fmaxα2/(α1+α2)

Switch off zone for 2

fmaxα1/(α1+α2)
*

T1

*

T2

T

*

2T-T1

2T=24h

t

Fig. 1. Typical daily trafﬁc proﬁle f(t), and possible switch-off periods for networks 1 and 2 (only one at a time can be switched off).
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Clearly, the savings that can be achieved with this roaming
scheme are smaller than with the Roaming-to-All scheme,
since not all the capacity of the networks in Na is now
available for roaming trafﬁc coming from the networks
that are off; the only available capacity is the one of network l, which remains on all the time.
Other roaming schemes are possible, and the associated
switch-off times can be computed similarly.
2.1. Energy cost
Denote by C(i) the energy cost of network i per unit
time. The cost can be expressed as either the consumed energy in kWh, or a corresponding monetary cost. In general,
C(i) is given by the sum of two terms: one which is constant with respect to Ni (the number of network i users),
and one which depends on Ni. Indeed, the energy cost of
the backbone infrastructure and of the access network devices that provide complete radio coverage are more or less
independent of the number of subscribers; on the contrary,
the number of additional devices needed to provide the
necessary capacity in the access network depends on the
number of users. For simplicity, we will always consider
the two extreme cases in which C(i) is either constant (this
case will be termed same cost), or directly proportional to
Ni (this case will be termed variable cost).
For a given switch-off conﬁguration, such as the one
previously considered, in which the networks in Na  N
are powered on, while the remaining networks are off,
the daily energy cost can be computed as:

"
C¼2

X



CðiÞT þ

i2N

X

#


CðiÞðT  T Þ ;

ð9Þ

2.3. Switch-off patterns
We focus now on different switch-off patterns, indicating with this term the sequence according to which the
networks are switched off, together with their switch-off
instants. We assume that all but one networks switch off,
in each 24 h period, provided enough capacity is available.
A switch-off pattern P is thus deﬁned by
 {xi, i = 1, . . . , n1} with xi 2 {1, 2, . . . , n} – the sequence that
speciﬁes the order in which networks switch off; e.g.,
xi = k means that the ith network to switch off is network
k. The network xn never switches off in pattern P.
 {Ti, i = 1, . . . , n1} with Ti 2 [0, T] – the sequence of switchoff instants, i.e., network xi switches off at time Ti.
The energy cost of pattern P, CP, can be computed as:

C P =2 ¼ T 1

n
X

Cðxi Þ þ ðT 2  T 1 Þ

i¼1

n
X

Cðxi Þ þ   

i¼2

þ ðT  T n1 ÞCðxn Þ;
¼ T 1 Cðx1 Þ þ T 2 Cðx2 Þ þ    þ TCðxn Þ;
¼

n1
X

T i Cðxi Þ þ TCðxn Þ;

i¼1

¼

n1
X

f

1

!
P
fmax nj¼iþ1 axj
Pn
Cðxi Þ þ TCðxn Þ:

a

ð13Þ
ð14Þ
ð15Þ
ð16Þ

j¼1 j

i¼1

The optimal switch-off pattern is the one minimizing CP.
In the same cost case, calling C the daily energy cost to
power one network, according to (16), the cost of the
switch-off pattern becomes:

i2Na

n1
X

!
P
fmax nj¼iþ1 axj
Pn
þ 2CT:

since all the networks are on for a time T*, while only the
networks in N are on in the period T  T*; the factor 2 ac-

C P ¼ 2C

counts for T being, by deﬁnition, half a day.

Under this cost model, the optimal scheme corresponds to
switching off the networks in order of increasing number
of users; i.e., network i is switched off before network j if
ai < aj. This implies that xj = j so that axj ¼ aj .
To prove optimality, we need to show that setting
axj ¼ aj minimizes the cost in (17). To do this, we neglect
the additive and multiplicative constants, and focus on
the minimization of the summation, that we rewrite as:

i¼1

a

2.2. Roaming trafﬁc
When network i switches off, its trafﬁc must roam to
the networks that are still powered on according to the
considered roaming scheme. The switch-off of network i
at time T* generates a daily roaming trafﬁc Ri equal to:

Ri ¼ 2

Z

T

T

ai f ðtÞdt;

ð10Þ

Ri;j ¼ P

aj
k2Na ak

Ri :

ð11Þ

For the Roaming-to-One scheme, the daily trafﬁc roaming
from i to j is,

Ri;j ¼



0;

n1
X

f

1

K

i¼1

where the factor 2 again comes from the fact that we consider 12-hour intervals [0, T]. This roaming trafﬁc is directed to the active networks in Na according to the
roaming scheme. For the Roaming-to-All scheme, the daily
trafﬁc roaming from network i to network j 2 Na is,

for j – l;

Ri ; for j ¼ l;

f

1

n
X

j¼1

aj

ð17Þ

!

axj ;

ð18Þ

j¼iþ1

where K is a constant, equal to:

fmax
Pn
:
j¼1

aj

Setting axj ¼ aj , we can rewrite (18) as:
n1
X
i¼1

f

1

K

n
X

!

aj ¼ f 1 ðK ½a2 þ a3 þ a4 þ    þ an Þ

j¼iþ1

þ f 1 ðK ½a3 þ a4 þ    þ an Þ
ð12Þ

(remember that l is the network that remains always on).

þ f 1 ðK ½a4 þ    þ an Þ þ   
þ f 1 ðK ½an1 þ an Þ þ f 1 ðK an Þ:

ð19Þ

Author's personal copy
391

M. Ajmone Marsan, M. Meo / Computer Networks 55 (2011) 386–398

If we alter the switch-off pattern, for example by switching
off network 3 before network 2, the cost becomes:

1
0.8
Traffic, f(t)

f 1 ðK ½a2 þ a3 þ a4 þ    þ an Þ
þ f 1 ðK ½a2 þ a4 þ    þ an Þ þ f 1 ðK ½a4 þ    þ an Þ
ðK ½an1 þ an Þ þ f

1

ðK an Þ;

ð20Þ

so that only the second term changes. Due to the fact that
a2 < a3, the argument in the second term decreases, and,
because of the monotonically decreasing behavior of the
trafﬁc proﬁle, the term increases.
This is sufﬁcient to prove that an alteration of the sequence of switch-offs consisting in a swap of two consecutive networks that violates the order of increasing number
of users, produces a higher cost. This also means that, given
a sequence, if a smaller network is switched off right after a
larger network, swapping the two switch-offs produces a
lower cost. A repeated iteration of swaps can thus be used
(much like in the bubble sort algorithm) to obtain a complete ordering, with minimum cost.
From the computed energy cost, it is possible to compute the fraction of total energy saving for switch-off pattern P,

GP ¼ 1  P

CP
i2N CðiÞ2T

ð21Þ

and the fraction of energy saving of operator k that
switches off as the ith one, i.e., such that xi = k,

2T i
GP ðkÞ ¼ 1 
¼1
2T

f 1

Pn

fmax
ax
Pnj¼iþ1 j



a
j¼1 j

T

0.4

0

0

2

4

6
8
Time, t [h]
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Fig. 2. Sinusoidal-like trafﬁc proﬁles.
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Fig. 3. Energy savings of individual operators for trafﬁc shape parameter
b = 1. Roaming-to-All scheme.

3. Numerical results
In this section we discuss numerical results, starting
from the case of sinusoidal trafﬁc proﬁles. We then consider a trafﬁc proﬁle derived from measured trafﬁc data,
and we ﬁnally address the case of different QoS targets,
in the case of just two operators, for the sake of simplicity.
3.1. Sinusoidal-like trafﬁc proﬁles

1
2b

b

½1 þ sin ðpt=12 þ p=2Þ fmax

ð23Þ

with b = 1, 3. The trafﬁc proﬁles in the 12-hour period following the peak are shown in Fig. 2, assuming fmax = 1. It
must be noted that with b = 3 the curve has steeper slope,
and the average trafﬁc is lower.
We consider an area served by n = 4 operators (as it
happens in Italy) with parameters ai given by:

ia
4

ai ¼ ð1  aÞ þ ;

4
fmax ¼ P4

i¼1

In the derivation of numerical results we start by considering a simple daily trafﬁc proﬁle that follows a sinusoidal-like behavior expressed by:

f ðtÞ ¼

since the ﬁrst network carries just one fourth of the trafﬁc
of the last one. To compare the unbalanced case with the
same amount of total carried trafﬁc, we also set fmax so
that, in any conﬁguration, the maximum amount of carried
trafﬁc sums to 4.

ð24Þ

where a is a parameter that we call network unbalance.
When a = 0, all the networks carry the same amount of
trafﬁc; when a = 1, the network loads are quite different,

ai

¼

4
:
4  3a=2

ð25Þ

We ﬁrst consider a switch-off pattern such that the highest
load access network (network number 4) is never switched
off, while the other networks are switched off in increasing
order of trafﬁc, i.e., network 1, which is the one with the
lowest trafﬁc, is switched off ﬁrst, network 2 is switched
off second, and then network 3 follows. This switch-off
pattern is optimal (as we proved) in the same cost case.
Figs. 3 and 4 show the percentage energy savings that
can be achieved by each operator for the trafﬁc proﬁles
with b = 1 and b = 3, respectively, in the case of the Roaming-to-All scheme. These percentage energy savings coincide with the percentage of time the networks are off,
and they do not depend on the cost model, since we consider one network at a time.
The case b = 3 yields larger savings, because in this case
the trafﬁc proﬁle decreases very rapidly, and the total
amount of trafﬁc is smaller. The sharp decrease allows network to be switched off early, shortly after the peak trafﬁc,
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Fig. 4. Energy savings of individual operators for trafﬁc shape parameter
b = 3. Roaming-to-All scheme.
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Fig. 6. Total saving under same and variable cost models for trafﬁc shape
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Fig. 5. Total saving under same and variable cost models for trafﬁc shape
parameter b = 1,3. Roaming-to-All scheme.

and this leads to large savings. Being switched off ﬁrst,
operator 1, which carries the least trafﬁc, saves the largest
amount of energy. The more unbalanced the network trafﬁc loads are, the better it is from the point of view of the
saved energy. Indeed, the highest trafﬁc network, which
is not switched off, is the one with the most capacity,
and can easily carry the trafﬁc of the other networks, specially if it is low. It is worth noting that for high trafﬁc
unbalance the energy savings for low trafﬁc networks
can be huge, of the order of 80–90%.
Fig. 5 reports the total percentage energy saving, considering all networks, as in (21). Solid lines refer to the case
in which all networks have the same cost model, while
dashed lines refer to the variable cost model. Both the trafﬁc proﬁles with b = 1 and b = 3 are considered. While under
the same cost model the total saving increases with the
network unbalance (coherently with the previous ﬁgures),
under the variable cost model the total percentage energy
saving decreases with the network unbalance. This is due
to the fact that the longer time spent off by small networks
does not compensate the higher cost associated with the
power consumed by larger networks. Again, the case

44
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Fig. 7. Total saving under same and variable cost models for trafﬁc shape
parameter b = 3 with increasing and decreasing switch-off patterns.
Roaming-to-All scheme.

b = 3 leads to higher savings, because of the steeper slope
of the curve and the smaller daily trafﬁc volume.
To discuss the impact of switch-off patterns, we compare the scheme where networks are switched off in order
of increasing number of users, which is optimal for the
same cost case, and a scheme in which networks are
switched off in the reverse order, i.e., starting from the
highest trafﬁc network to the lowest trafﬁc network, which
is never switched off (this case is called decreasing). Figs. 6
and 7 show the total percentage energy saving for trafﬁc
proﬁles with b = 1 and b = 3, respectively. Let us ﬁrst focus
on the same cost model case (solid lines). The gap between
the two switch-off patterns is remarkable, as expected, the
increasing pattern being optimal. Interestingly, under the
variable cost models, the decreasing pattern is instead
more convenient. With a sinusoidal trafﬁc proﬁle with
parameter b = 1, the difference between the two alternatives is much larger in the same cost case than in the variable cost case. On the contrary, with trafﬁc shape
parameter b = 3, the difference is very similar, and, quite
surprisingly, the total percentage energy saving obtained
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of increasing size, so as to guarantee that the energy saving
is maximized, given the choice of the network that remains
always on. The resulting switch-off patterns are the
following:
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The savings that can be achieved under these switch-off
patterns are reported in Fig. 8 for the trafﬁc proﬁle with
b = 1; results are shown for both the Roaming-to-One (labeled ‘One’ in the ﬁgure) and Roaming-to-All (labeled
‘All’) approaches.
When all networks have the same size (i.e., for network
unbalance a = 0) all switch-off patterns are (obviously)
equivalent, and achieve the same energy saving. In unbalanced conditions, the energy savings increase with the size
of the network that remains always on, S1 being, as previously discussed, the optimal switch-off pattern. The advantage in terms of energy saving of using the Roaming-to-All
scheme is quite remarkable, as expected, since Roamingto-All allows the capacity of all the networks that are powered on to be fully exploited, while Roaming-to-One must
rely only on the capacity of the only network that remains
on all day.
The switch-off instants for each operator, under all the
switch-off patterns Si are reported in Fig. 9; solid lines refer
to the Roaming-to-All scheme and dashed lines to the Roaming-to-One scheme. Clearly, the lower the switch-off instant

Fig. 8. Saving for different switch-off patterns under the same cost model
for trafﬁc shape parameter b = 1 with different roaming schemes.

for the increasing (optimal) pattern in the same cost case is
almost identical to the saving obtained with the decreasing
pattern in the variable cost case. These surprising results
indicate that a careful evaluation of the possible approaches is necessary, in order to select the most effective
options.
We now consider just the same cost model to compare
the Roaming-to-One and Roaming-to-All schemes. Since a
cooperation agreement among operators might reasonably
impose that all the networks periodically remain on for the
whole day (so that every operator has the opportunity to
periodically carry other operators’ roaming trafﬁc), we
consider four switch-off patterns obtained in the following
way. We ﬁrst choose the network that remains on the
whole day, and let the other 3 networks switch off in order
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Fig. 9. Switching-off time (in hours) for each operator under the different switch-off patterns for the Roaming-to-All scheme (solid lines) and Roaming-toOne scheme (dashed lines); trafﬁc shape parameter b = 1.
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Fig. 12. Real trafﬁc proﬁle: total saving under same and variable cost
models with increasing switch-off pattern.
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Fig. 11. The real normalized trafﬁc proﬁle.

is, the longer the off time is, and the higher the energy saving
is. As expected, the Roaming-to-One scheme tends to have
higher switch-off instants, the worst case being S4, in which
the smallest network, i.e., network 1, remains on all the
time, and is in charge of all the roaming trafﬁc.
The fact that switch-off times tend to decrease for
growing unbalance when large networks remain on (e.g.,
in switch-off patterns S1 and S2), while they tend to increase when smaller networks remain on (S3 and S4) is
what is intuitively expected. The fact that variations with
unbalance are not very high is quite encouraging from
the point of view of the feasibility of the approach.
Notice that all the switch-off conﬁgurations are possible
in the considered scenario, due to the fact that the trafﬁc
proﬁle goes to zero during the night. For some trafﬁc
proﬁles with non negligible trafﬁc during the night, some
conﬁgurations might result not to be feasible.
The switch-off patterns considered above can be combined to form more general schemes. Let pi be the fraction
of time that pattern Si is adopted with i = 1, . . . , 4 and
P4
i¼1 pi ¼ 1. The total energy saving in this case can be derived by a weighted sum of the savings of the patterns Si,

When all the pi’s are the same, we obtain a switch-off balance among operators, such that each operator has the
same switch-off frequency. By combining the proposed
schemes with properly selected values of the pi’s, it is possible to achieve other balance objectives. As an example,
we consider a roaming balance in which each operator
has zero roaming cost, i.e., its outgoing roaming trafﬁc is
equal to the roaming trafﬁc it has to carry when the other
networks are off. Fig. 10 compares the savings achieved
under the switch-off balance and roaming balance; as a
reference, the case leading to the maximum energy saving
is also reported. The constant cost model and the Roamingto-One scheme are adopted; both the b = 1 and b = 3 cases
are reported. While not being optimal, all the proposed
switch-off patterns provide large savings with only a limited reduction with respect to the maximum. Again, this
is quite a promising characteristic of the proposed
approach.
3.2. Measurement-based trafﬁc proﬁle
As a second scenario, we now consider a more realistic
trafﬁc proﬁle, derived from true trafﬁc data collected in the
network of an Italian operator. Fig. 11 reports the measured daily trafﬁc proﬁle of the operator, normalized so
that fmax = 1. Observe that, differently from the previous
case, this trafﬁc proﬁle is asymmetric with respect to T.
Fig. 12 reports results for the switch-off pattern where
networks are switched off in order of increasing size, for
the same and variable cost models, with the Roaming-toOne and Roaming-to-All schemes. The case of the switchoff pattern where networks are switched off in order of
decreasing size is considered in Fig. 13. For the value
a = 0, since the four networks are equal, savings are the
same, regardless of the cost model. The increasing size
switch-off pattern is better for same cost at increasing
unbalance. It is interesting to see that also in this case
the decreasing size switch-off pattern yields larger savings
for variable cost. Observe also that the amount of energy
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Fig. 14. Real trafﬁc proﬁle: total time (in hours) spent off with increasing
switch-off pattern, Roaming-to-All and Roaming-to-One schemes.

saving for this realistic scenario is remarkably always
above 25%, and can be more than 40%.
To investigate further the increasing size switch-off pattern, Fig. 14 shows the total time (in hours) spent off by all
the operators (except for the fourth one, that remains on
all the time) in the same cost model. As expected, networks
of operators 1 and 2 can be switched off for a longer period
of time in the Roaming-to-All scheme, since the unused
bandwidth of all active networks can be used for roaming
customers. Fig. 15 shows the total amount of outgoing
roaming trafﬁc for the three networks that switch off.
The different effectiveness of the Roaming-to-One and
Roaming-to-All schemes is reﬂected here also by the different amount of roaming trafﬁc: by switching off later, under
the Roaming-to-One scheme, each operator roams a smaller amount of trafﬁc.
The curves of operator 3 overlap in both ﬁgures, because operator 3 is the last to switch off, and in both cases
it must transfer its customers to operator 4, which after the
switchoff will be in charge of all customers.
Finally, we consider the case in which the operators
have different cost models, meaning that while some
operators have the same cost to run their networks,
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Fig. 16. Real trafﬁc proﬁle: total saving under mixed cost scenarios,
increasing switch-off pattern, Roaming-to-All scheme.

43

same
var

42
41
40
Saving [%]

0

same
var

39
38
37
36
35
34
33

0

0.2

0.4
0.6
Network unbalance, a

0.8

1

Fig. 17. Real trafﬁc proﬁle: total saving under mixed cost scenarios,
decreasing switch-off pattern, Roaming-to-All scheme.

independently of their number of subscribers, other operators have a cost which is proportional to the number of
their subscribers. We assume that in the two cases considered before (as well as in the new cases), where either all
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the networks have the same cost model, or all the networks have the variable cost model, the total cost for running the four networks is the same.
Figs. 16 and 17 report the energy saving that can be
achieved in the 16 possible mixes of cost models, for the
increasing and decreasing switch-off patterns, respectively. The Roaming-to-All scheme is considered. The cases
of all networks with same or variable cost models are
emphasized with markers. These results suggest that the
saving that can be achieved is signiﬁcant, even under complex cost structures that can be somehow derived from the
simple same and variable cost models previously described.
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4. Different QoS targets

f ðT 1 Þð 1

a þ a2 Þ ¼ fmax a2 :

ð27Þ

Instead, if network 2 is switched off at time T 2 , and its customers roam to network 1, it is necessary to guarantee that
network 1 can carry its own trafﬁc, as well as the trafﬁc of
network 2, with the tighter QoS Q2 rather than Q1.
Assuming for simplicity that the QoS is expressed as the
average delay in a M/M/1 queue, so that:

Q1 ¼
Q2 ¼
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Fig. 19. Two networks with different QoS level and real trafﬁc proﬁle.
Total energy saving when switching off the smaller network, for variable
QoS trafﬁc reduction factor b. Sinusoidal trafﬁc proﬁle.

so that:

b¼

lðB1  B2 Þ þ a2 fmax
:
a1 fmax

ð32Þ

;

ð28Þ

Eq. (30) suggests that a tighter QoS constraint translates
into a more stringent constraint on the roaming trafﬁc that
a network can carry, and this also means a reduction of the
time for which a network can be switched off.
As an example, consider the case of two networks with
sinusoidal trafﬁc proﬁle with b = 1, same cost model, and in
which the ratio of the network sizes is given by q,

1
;
lB2  a2 fmax

ð29Þ

q¼

1

lB1  a1 fmax

it is necessary to guarantee that:

f ðT 1 Þða1 þ a2 Þ ¼ fmax a1 b;

ð30Þ

where b < 1 is deﬁned by:

Q2 ¼
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Fig. 18. Two networks with different QoS level. Total energy saving when
switching off the smaller network, for variable QoS trafﬁc reduction factor
b. Sinusoidal trafﬁc proﬁle.
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Consider now the case of access networks which are
dimensioned according to their peak trafﬁc demands, so
as to meet different QoS constraints. For the sake of simplicity, we will discuss the case of only two access networks, but the extension to a larger number of networks
is trivial.
Let Q1 and Q2 denote the QoS targets in the two access
networks (respectively, network 1 and network 2). For
example, Qi could be blocking probabilities, in the case of
circuit switched networks, or average delays, in the case
of packet switched networks. The QoS targets depend on
the network characteristics (bandwidth Bi, number of circuits, . . . ), on the service characteristics (average l1 and
variance of the service duration, . . . ), and on the service
request arrival rate.
When a network is switched off, and its trafﬁc roams to
the other, it becomes impossible (or unreasonably complex) to differentiate the QoS offered to the subscribers of
the two operators, so we assume that the better QoS is
guaranteed to all users.
Consider the case with a2 > a1 (the second network is
the larger one) and Q2 < Q1, i.e., the QoS constraint on network 2 is tighter. If network 1 is switched off at time T 1 ,
and its customers roam to network 2, since the QoS constraint Q2 is more stringent than Q1, the only constraint
is that network 2 can carry the trafﬁc of network 1:

0.2

1

lB1  ba1 fmax

;

ð31Þ

a1
:
a2

ð33Þ

Since we assume, as usual, that the second network has a
larger number of users, q < 1.
Fig. 18 shows the energy saving that can be achieved
when switching off the larger network (network 2, whose
QoS constraint is more stringent), given different values
of b as in (32). Observe that tight values of the QoS index
of network 2 correspond to small values of b, and to small
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Fig. 20. Two networks with different QoS level and real trafﬁc proﬁle. Switching time from On to Off (left) and from Off to On (right) when switching off the
smaller network, for variable QoS trafﬁc reduction factor b.

values of the possible saving. Indeed, we consider the most
critical case, where the larger network (with more stringent QoS) is switched off, and its trafﬁc must roam to a
smaller network, which in addition to carrying the roaming
trafﬁc, must also tighten its QoS constraint. Again, the larger the difference in network size (small values of q), the
smaller the possible energy savings.
Similar conclusions can be drawn from the results reported in Fig. 19 for the real trafﬁc proﬁle; the considered
scenarios are similar to the previous case. Observe that
savings are of the same order as in the previous case: the
still large values of the possible savings for very small values of b is due to the fact that the trafﬁc becomes negligible
during night and even extremely tight QoS constraints can
be met during night hours.
The switch-off instants in the evening, and the switchon instants in the morning, are reported in Fig. 20 for the
latter scenario. It can be observed that small values of
the size of network 1 (the one that remains on), or of the
trafﬁc reduction parameter (b) mean small energy savings
because the large network 2 can switch off late in the evening and has to switch on again early in the morning.

5. Conclusions
Our study started with the observation that metropolitan areas are normally served by a few competing cellular
network operators, which provide 24/7 full coverage, each
dimensioning its network according to peak trafﬁc, but
providing redundant resources when trafﬁc is low. It becomes thus possible to save energy by switching off some
networks when their resources are not necessary, provided
that operators are willing to cooperate, by accepting the
competitor’s subscribers as roaming customers while their
home network is switched off, i.e., by temporarily becoming virtual operators.
We showed how to evaluate the feasibility and effectiveness of a switch-off scheme while preserving the desired QoS level. Our results, generated with different
trafﬁc patterns, showed that the amount of energy that is
possible to save with this approach can be substantial (of
the order of 20%, and above) and that many parameters
inﬂuence the actual amount of energy that can be saved,
including the roaming scheme and the order in which networks are switched off.

While in this paper we only considered the energy consumed by BSs, to feed the downlink channels, some comments on the uplink channel energy consumption are in
order, because we must avoid shifting energy consumption
from BSs to user terminals, specially because user terminals emit power very close to human bodies. Consider just
two networks. Assuming that the density of BSs is the same
in both networks, roaming from a network to another does
not modify the average required uplink transmission
power. The situation might be different, if we consider networks with different BS density, and it might favor some
users with respect to others. Still, depending on the roaming direction, some users will gain, and some will lose, with
a net average balance. This means that our proposed
switch-off schemes do not imply additional energy consumption at the user terminals.
Our results suggest that the coexistence of operators in
a competitive market is not energy efﬁcient, unless a cooperative approach is used. Conversely, our results indicate
that an energy-efﬁcient approach to cellular networking
is coherent with the present trend, which consists in several virtual operators sharing one physical infrastructure;
the design of the Future Wireless Internet should include
and encourage with proper incentives similar approaches,
based on cooperations among operators.
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