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PAPER

Traffic-Aware Network Planning and Green Operation with BS
Sleeping and Cell Zooming∗

Shan ZHANG†a), Yiqun WU††b), Sheng ZHOU†c), Nonmembers, and Zhisheng NIU†d), Fellow

SUMMARY The traffic load of cellular networks varies in both time
and spatial domains, causing many base stations (BS) to be under-utilized.
Assisted by cell zooming, dynamic BS sleep control is considered as an
effective way to improve energy efficiency during low traffic hours. There-
fore, how densely the BSs should be deployed with cell zooming and
BS sleeping is an important issue. In this paper, we explore the energy-
optimal cellular network planning problem with dynamic BS sleeping and
cell zooming for the cases in which traffic is uniformly distributed in space
but time-varying. To guarantee the quality of multi-class services, an ap-
proximation method based on Erlang formula is proposed. Extensive sim-
ulations under our predefined scenarios show that about half of energy con-
sumption can be saved through dynamic BS sleeping and power control.
Surprisingly, the energy-optimal BS density we obtained is larger than the
one without considering BS sleeping. In other words, deploying more BSs
may help to save energy if dynamic BS sleeping is executed.
key words: base station (BS) sleeping, cell zooming, traffic-aware, network
planning, energy efficiency

1. Introduction

In real cellular networks, the traffic load fluctuates signifi-
cantly due to user mobility and the alternation of day and
night [1]. Meanwhile, the current cellular networks are de-
ployed based on the peak traffic load to satisfy the quality
of service (QoS) requirements, which has made many base
stations (BS) under-utilized during low traffic hours [2]. To
solve this problem, researchers have suggested to switch
off the lightly loaded BSs for energy saving. Moreover,
a method called cell zooming was proposed for coverage
guarantee [4]. With cell zooming, the coverage of the sleep-
ing BSs is compensated by enlarging the coverage of the
active ones, which can be realized by adjusting the trans-
mit power or the antenna tilt [4]–[11]. Thus, BS sleeping
can greatly improve the energy efficiency without compro-
mising network coverage. Applying the idea of BS sleeping
and cell zooming, a new framework, called traffic-aware net-
work planning and green operation (TANGO), was proposed
in our previous work [2]. The main point is that network

Manuscript received February 3, 2014.
Manuscript revised June 23, 2014.
†The authors are with the Tsinghua National Laboratory for In-

formation Science and Technology, Department of Electronic En-
gineering, Tsinghua University, Beijing 100084, China.
††The author is with Huawei Technologies R&D, Shanghai

200040, China.
∗Part of this paper has been presented at IEEE ICCC’12.

a) E-mail: zhangshan11@mails.tsinghua.edu.cn
b) E-mail: wuyq02@gmail.com
c) E-mail: sheng.zhou@tsinghua.edu.cn
d) E-mail: niuzhs@tsinghua.edu.cn

DOI: 10.1587/transcom.E97.B.2337

planning and green operations (like BS sleeping) should be
jointly optimized to improve resource utilization and energy
efficiency based on the traffic variation. However, the ways
to realize Tango were not sufficiently discussed [2].

We investigate the traffic-aware network planning
problem considering dynamic BS sleeping and cell zoom-
ing. Actually, the network planning problem can be quite
different if BS sleeping is executed. When BS sleeping is
not allowed, the energy consumption increases with the BS
density, and denser networks means more power consump-
tion. Obviously, the energy optimal density is the one that
satisfies the peak traffic load. Nonetheless, network power
consumption also depends on the sleeping mechanisms be-
sides the BS density if BS sleeping is allowed, since BSs in
sleep mode consume much less power. Furthermore, denser
networks have more opportunity for BS sleeping, which can
help to save energy during low traffic hours [12]. Thus, the
power consumption does not always increase with the BS
density. Therefore, how densely the BSs should be deployed
is a key problem when BSs can go into sleep.

There are massive studies on energy-efficient cellular
network planning [13]–[15]. In [13], the authors compared
the energy efficiency of the networks with different types of
BSs, and showed that denser deployment with low power
BSs (such as micro and pico BSs) can improve energy effi-
ciency. In addition, the energy-optimal network deployment
problem was investigated in a theoretical way in [14]. A
stochastic model (Poisson point process) was applied to de-
rive the optimal BS density, and the closed-form expression
of the upper and lower bounds of the optimal density were
obtained. The deployment of heterogeneous networks was
studied in [15], which evaluated the potential improvements
of energy efficiency by deploying micro BSs in addition to
conventional macro BSs. However, the influence of the BS
sleep control was not considered in the existing studies.

In this paper, we explore the energy-optimal BS density
with BS sleeping. A single-tier regularly deployed network
offering multi-class services is considered. For tractable
analysis, users are assumed to be uniformly distributed.
The network deployment problem is formulated as an opti-
mization problem with call blocking probability constraints,
where the decision variables include the deployed BS den-
sity, BS sleeping mechanism and the transmit power. Unfor-
tunately, the complex QoS constraints and the coupled opti-
mization variables make this problem unsolvable. To solve
this problem, the blocking probability is analyzed based on
Erlang approximation, and BS sleeping is conducted prior
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to power control since the static power is the main part of
the total BS power consumption. Extensive simulations are
conducted, and the results reveal two facts: (1) BS sleeping
and power control are effective approaches for energy sav-
ing; (2) the energy-optimal BS density is larger than the one
obtained without BS sleeping. In other words, deploying
more BSs may help to save energy when BSs are allowed to
go into sleep. Under our predefined scenarios, about 50%
energy can be saved under the energy-optimal BS density
through BS sleeping and power control.

The novelty of this paper is that energy-optimal BS
deployment problem is analyzed considering the influence
of BS sleeping and cell zooming under time-varying traf-
fic. Numerical results show that deploying more BSs can
help to save energy if BSs can go into sleep. Although our
work has limitations for the ideal assumptions, it provides
design insights for the real network planing. For the non-
uniform traffic distribution case, effective BS sleeping and
load balancing schemes are needed to improve the energy
efficiency, whose design and the corresponding influence on
network planning are left for our future work.

The rest of the paper is organized as follows: Sect. 2
describes the system model and the problem formulation.
Section 3 introduces the blocking probability analysis. Sec-
tion 4 shows numerical simulations, where the approxima-
tion method is evaluated, the energy-optimal BS density is
obtained, and the effects of the BS deployment cost are also
discussed. At last, Sect. 5 gives a conclusion.

2. System Model

Figure 1 shows two typical network topologies considered
in this paper: (1) one-dimensional linear topology for streets
and highway scenarios; (2) the hexagonal cell topology. We
study the downlink and make the following assumptions:

• Homogeneous networks considered, where BSs have
the same physical parameters (like transmit power)
• Frequency reuse-1 scheme adopted, i.e., each BS use

all available spectrum
• Multi-class discrete constant rate services offered (like

voice and video calls)
• Traffic uniformly distributed in space but time-varying,

which is not influenced by user mobility

Although the assumption that traffic is uniformly distributed
in space is not realistic, it is the ideal case for the regular
networks, and hence provides a guideline for real cases. Be-
sides, the time-varying property of the traffic load and its
influence on BS sleeping are the main focuses of this paper.
A typical daily traffic model of 24 hours shown in Fig. 2 is
adopted in this paper, whose two peaks corresponds to busy
hours at 8am and 5pm. The instant user arrival rate per unit
area at any time can be easily found. Notice that the units
of traffic arrival rate for the one-dimensional and hexagonal
models are different.

Fig. 1 Two typical network topologies.

Fig. 2 A two-peak daily traffic model.

2.1 Traffic Model and BS Sleeping Scheme

Each user will be connected to the BS with the strongest re-
ceived signal strength. As for the traffic arrival process, we
assume the service requirements of class-k (k = 1, 2, ...,K)
arrive randomly according to a non-homogeneous Poisson
process with time varying arrival rate, λk(t), which is a pe-
riodic function with period T (generally 24 hours for daily
traffic). In addition, the service time of class-k follows ex-
ponential distribution with mean 1/μk.

When traffic decreases, some BSs go into sleep mode
for energy saving, while others remains in active mode to
guarantee the QoS of users. Meanwhile, the users of the
sleeping BSs will be offloaded to the neighboring active
BSs with the strongest received signal strength. For theo-
retical analysis, only the regularly sleeping mechanisms are
adopted, under which the active BSs are always regularly
distributed (examples shown in Fig. 3 and Fig. 4). Notice
that the service area of the network does not shrink. When
part of the BSs are turned off, the other active ones enlarge
their cells accordingly to maintain the coverage of the whole
network.

In fact, regularly sleeping mechanism is reasonable. As
all the active BSs have the same transmit power, users are
actually associated with the nearest active BSs. Thus, the
service area of the active BSs have great symmetry (shown
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Fig. 3 Two typical sleeping patterns for one-dimensional model.

Fig. 4 Two typical sleeping patterns for hexagonal model.

as Fig. 3 and Fig. 4). Therefore, inter-cell load balance is
realized since traffic is uniformly distributed, which helps to
improve network performance.

Under this regularly sleeping mechanism, the sleeping
patterns can be easily denoted. For the one-dimensional net-
work, denoteM1 = {1, 1

2 ,
1
3 ,

1
4 , ...,

1
m , ...} as the set of all pos-

sible sleeping patterns, where 1
m denotes the ratio of active

BSs under pattern-m (m is a non-negative integer).
Under pattern-m ((1 − 1

m ) BSs turned off), we have

d = md0 (1)

for the one-dimensional model, where d0 is the inter-BS
distance and d is the inter-cell distance. Here, the inter-
BS distance is defined as the distance between the deployed
BSs (shown as Fig. 1), which only depends on the network
planning. However, the inter-cell distance is the minimal
distance between the active BSs (shown as Fig. 3), which
varies with sleeping patterns. Similarly, we have M2 =

{1, 1
3 ,

1
4 ,

1
12 , ...,

1
m , ...} to denote all the possible sleeping pat-

terns for the hexagonal network, and m satisfies

m = 3n1 4n2 , (2)

where n1, n2 are non-negative integers to maintain the regu-
lar topology. Under pattern-m ((1 − 1

m ) BSs turned off), we
have

d =
√

md0 (3)

for the hexagonal model (shown as Fig. 4). Again, d0 is the
inter-BS distance and d is the inter-cell distance.

2.2 Link Model

Assuming user-u is associated with BSi, then the received
signal to interference ratio (SINR) of user-u is given by

γiu =
PtGiu∑

j∈Ba , j�i
PtG ju + σ2

, (4)

where Pt is the transmit power of the active BSs, Giu is the
channel gain between user-u and BSi, Ba denotes the set of
the active BSs and σ2 is the noise power. The bandwidth
demand of user-u is then given by

Wu =
Rk

C(γiu)
, (5)

where Rk is the data rate demand (user-u belongs to service
class-k), C(γ) is the spectrum efficiency with the received
SINR γ. For example, when adaptive modulation and cod-
ing are used, the spectrum efficiency function of received
SINR γiu is given by [17]:

C(γiu) = log2(1 + βγiu), (6)

where β = −1.5/ ln(5ε) is a constant related to bit error rate
(BER) requirement ε.

When a new user-u arrives at the cell of BSi, it will
be admitted by BSi if and only if the following inequality
holds:

φu +
∑
v∈Ui

φv ≤ 1, (7)
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where Ui denotes the set of the busy users communicating
with BSi, and φu is the normalized bandwidth requirement
of user-u, which is given by

φu =
Wu

W
=

Rk

C(γiu)W
, (8)

where W is the total bandwidth. Blocking happens if (7)
does not hold. To satisfy the QoS requirement, the blocking
probability should also be guaranteed besides the minimal
data rate requirement:

Qki = Pr
{
φu +

∑
v∈Ui

φv > 1
}
≤ ηk, (9)

where Qki is the blocking probability of service class-k in
the cell of BSi, and ηk denotes the threshold.

2.3 Problem Formulation

In real systems, standby energy is required for the sleep-
ing BSs to wake up by remote control. Assume the BSs
in sleep mode consume constant power P(s), and the power
consumption model of the active BSs is given by:

P(a) = P0 + αPt, (10)

where P0 denotes the static power consumption, and α is
a constant system parameter. Then the energy-optimal BS
deployment problem can be formulated as follows:

min
d0,m(t),Pt(t)

∫
t∈T

1
|A|

{
1

m(t)
(P0 + αPt(t))

+

(
1 − 1

m(t)

)
P(s)

}
dt (11)

s.t. Qk ≤ ηk, for k = 1, 2, ...,K,

where A is the original service area of each BS when all
BSs are active. The cell size |A| given by

|A| =
{ d0, one-dimensional model

3
√

3
8 d2

0 , hexagonal model
. (12)

Qk is the blocking probability of class-k given by (9). The
subscripts i is omitted here due to the symmetry between the
active BSs.

The physical meaning of this problem is to mini-
mize the average power consumption per unit area through
joint optimization of network deployment (d0), BS sleeping
(m(t)) and transmit power control (Pt(t)). Notice that the ser-
vice area of the active BSs depends on the sleeping patterns
rather than the transmit power (shown as Fig. 3 and Fig. 4),
while the transmit power still influences the blocking prob-
ability through spectrum efficiency.

The challenges of this problem are two folds: (1) the
coupling between BS sleeping and transmit power control;
(2) QoS performance analysis. Intuitively, BS sleeping and
reducing transmit power both helps to save energy, but they
are contradictory under the QoS constraints. For the first

problem, BS sleeping should be given a higher priority than
transmit power control. The reason is that the static power
is the main part of the total BS consumption in the real sys-
tem [18], and BS sleeping is more effective than transmit
power control for energy saving. Therefore, we can find the
optimal BS density through following steps:

1. Obtain the maximal sleeping ratio for the given traf-
fic load and the BS density with the maximal transmit
power;

2. Based on the results of Step 1, reduce the transmit
power to the minimal value which satisfies the QoS re-
quirements;

3. Compare the power consumption of different BS den-
sity based on the results of Step 1 and 2, and the opti-
mal BS density can be found.

Then, the key point becomes the analysis of the QoS perfor-
mance.

3. Spatial Erlang-n Approximation

The service process of a BS can be modeled as a proces-
sor sharing system among K classes of services, where the
resource is the bandwidth. But accurate analysis of the
call blocking probability is impossible. This is because the
bandwidth demands of the same service class from differ-
ent positions are still different, which makes the number of
servers uncertain. In addition, even the probability distri-
bution of the number of servers is impossible to derive. To
solve this problem, Erlang approximation method has been
applied in some existing studies [20], [21], whose main idea
is to use the average value to approximate the random band-
width demand. However, the blocking probability analysis
there is only for the single-class service. In this section,
we propose an improved method named as spatial Erlang-n
approximation which can be applied to multi-service case
and has higher accuracy.

First, we further classify users of the same service class
into L subclasses based on their positions. Then, the ran-
dom bandwidth demands of the users are approximated by
the average value within each subclass. Thus, the service
process of BSi can be modeled as an Erlang system with LK
service classes, and Erlang formula can be applied to derive
the blocking probability. The physical meanings of this ap-
proximation method is that users are assumed to be located
at L fixed points which reflect the channel condition of L
subclasses on average. Obviously, the approximation accu-
racy increases with L. Specifically, the approximation error
goes to zero (can be arbitrarily small) if L goes to infinity.

Denote su as the distance between user-u and its as-
sociated BSi, and user-u will be classified into subclass-l if
su ∈ [sl, sl+1] (l = 1, 2, ..., L), where s1 = 0, sl < sl+1,
sL+1 = rmax, and rmax is the maximal coverage radius of the
BS. Here, sl should be carefully designed, as the approxi-
mation error depends on the variance of the bandwidth de-
mands of the same subclass. The optimal sl can be obtained
by brute-force search. Intuitively, sl − sl−1 should be larger
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than sl+1−sl, considering the fact that the bandwidth demand
φ(su) is a continuous and superlinearly increasing function
of su (Eqs. (4)∼(6)).

After classifying users into subclasses, the system state
is denoted as n = (n1, ..., nK), where nk = (nk1, ...nkL) and
nkl is the number of busy users being served by BSi. Then
the constraint Eq. (7) is approximated as:

K∑
k=1

L∑
l=1

nklφ̄kl ≤ 1, (13)

where φ̄kl denotes the normalized average bandwidth de-
mand of subclass-l of class-k. For the one-dimensional
model, φ̄kl is given by

φ̄kl =
Rk

W |Al|
∫
Al

1
C(γ(a))

da, (14)

where a is the user position,Al is the area of subclass-l, and
C(γ(a)) is the corresponding spectrum efficiency at position
a. Since the users are uniformly distributed, φ̄kl is obtained
by averaging the bandwidth demands of all positions within
the service area of subclass-l. For the hexagonal model, a
becomes a two-dimensional vector, and φ̄kl can be obtained
by double integral in the similar way as Eq. (14).

The traffic load of subclass-l in class-k is given by:

ρkl =
λk |Al|
μk
. (15)

Then, the stationary probability distribution of state n is
given by:

π(n) =
K∏

k=1

L∏
l=1

ρnkl

kl

nkl!

⎛⎜⎜⎜⎜⎜⎜⎝
∑
n∈S

K∏
k=1

L∏
l=1

ρnkl

kl

nkl!

⎞⎟⎟⎟⎟⎟⎟⎠
−1

, (16)

where S denotes the set of all the feasible states under ad-
mission control:

S =
{
(n1, ..., nK)

∣∣∣∣
K∑

k=1

L∑
l=1

nklφ̄kl ≤ 1
}
. (17)

The blocking probability of class-k is given by

Pk =
∑

(n1,...,nK )∈Sk

π(n1, ..., nK), (18)

where Sk denotes the set of all states under which the new
arrived class-k user will be blocked:

S′k =
{
(n1, ..., nK)

∣∣∣∣1 − φ̄k <

K∑
k=1

L∑
l=1

nklφ̄kl ≤ 1
}
. (19)

We may call this improved approximation method Erlang-L
algorithm, where L denotes the number of subclasses. Note
that the traditional Erlang approximation ([20], [21]) can be
treated as Erlang-1 algorithm, which is a special case of
Erlang-L. The computational complexity of Erlang-L algo-
rithm is O(

∏K
k=1

∏L
l=1 Nkl), where Nkl = 	1/φ̄kl
, denoting

the maximal number of users of subclass-l in class-k that
can be accommodated by BSi.

4. Numerical Analysis

In this section, the approximate analysis of blocking proba-
bility is evaluated, and the numerical results of the energy-
optimal density are found. Besides, the influence of the BS
deployment cost is also discussed.

4.1 Evaluation of Approximate Analysis

To evaluate the performance of the our proposed approxi-
mation method, the analytical results of blocking probabil-
ity are compared with the simulation ones. Simulation pa-
rameters are listed in Table 1. With the BER requirement
ε = 10−3, β = 0.283 in Eq. (6). As we consider the con-
stant bit rate service, the data services mainly refer to real-
time video services (such as real-time TV, video conference
and so on). The channel gain only depends on the distance
between the users and the BSs: G(s) = −130 −35 log10 s,
where the unit of s is km. In addition, the SINR at the re-
ceiver is no larger than 20 dB. The coverage area of each
subclass is obtained by exhaustive search, which can offer
high approximation accuracy: (1) s2 = 0.60rmax for Erlang-
2 method; (2) s2 = 0.50rmax and s3 = 0.83rmax for Erlang-3
method.

First, we only consider data service and observe the
influence of the number of subclasses L on approximation
accuracy. Figure 5 shows the results when the inter-cell dis-
tance is set as 800 m. As shown clearly, the approximation
accuracy can be significantly improved by increasing the
number of subclasses for both one-dimensional and hexag-
onal models. For example, when the blocking probability
is 0.02, the error of Erlang-1 (i.e., Erlang approximation) is
more than 10% for both network models, while the error of
Erlang-3 is only about 2%. Thus, the accuracy and the com-
plexity of Erlang-3 are both acceptable for the numerical
analysis.

4.2 Energy-optimal BS Density

Now, assume each user requires for voice or data service
randomly with probability 0.7 and 0.3. Numerical results of

Table 1 Simulation parameters.

Parameter Value
Total Bandwidth W 10 MHz

Noise Power σ2 −104 dBm
Transmit Power Factor α 10
Average Sojourn Time 100 s

Rate for Voice Service Rv 64 kbps
Rate for Data Service Rd 1 Mbps

Maximal Transmit Power Ptmax 10 W
Minimal Transmit Power Ptmin 1 W

Bit Error Rate ε 10−3

Static Power Consumption P0 200 W
Power consumption in sleep mode P(s) 0
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Fig. 5 Comparison between analytical results and simulation results.

Fig. 6 Maximum inter-cell distance under different traffic load (η: blocking probability).

the maximal inter-cell distance dmax(λ) obtained by Erlang-
3 method are shown in Fig. 6 (with Pt = Ptmax ), where η is
the blocking probability threshold, and other parameters are
shown in Table 1. Note that Fig. 6 indicates how many BSs
can be turned off at most for the given traffic arrival rate and
deployed inter-BS distance. For instance, consider a linear
network with inter-BS distance d0 = 800 m and η = 0.02.
When the traffic arrival rate decreases to 0.2/s/km, the max-
imal inter-cell distance is about 1632 m, and thus half of
the BSs can be switched off (m = 2). When the traffic ar-
rival rate is smaller than 0.12/s/km, up to two thirds of the
BSs can be switched off as the maximal inter-cell distance
increases to 2492 m (m = 3). Based on these results, the
transmit power can be further adjusted to the minimal value
which satisfies the QoS constraints to save energy, and then,
the minimal power consumption for the given inter-BS dis-
tance d0 can be calculated.

The traffic model shown in Fig. 2 is adopted for sim-
ulation, whose peak traffic arrival rate is 0.28/s/km for the
one-dimensional model and 0.28/s/km2 for the hexagonal
model. Based on Fig. 6, the maximal inter-BS distance is
about 1000 m for the one-dimensional model and 640 m for
the hexagonal model, when η=0.01. Therefore, 1000 m and

640 m will be the energy optimal inter-BS distance if BS
sleeping is not considered. As the density of the real net-
works can not go into infinite for issues like deployment
cost, the deployed inter-BS distance d0 is set to be 400 m–
1000 m for the one-dimensional model and 200 m–640 m for
the hexagonal model.

As the power consumption of the sleeping BSs is rela-
tively low (such as several watts) compared with that of the
active BSs, P(s) is assumed to be zero for simplicity. The
power consumption with different d0 is shown in Fig. 7. The
results are normalized by the power consumed by the tradi-
tional networks (d0=1000 m or d0 =640 m, no BS sleeping
and no power control). In addition, the power consumption
with and without transmit power control are both presented.
The dashed lines illustrate the power consumed before ad-
justing the transmit power, i.e., the transmit power of all
active BSs is set to be Ptmax . Furthermore, the solid lines
indicate more energy can be saved by adjusting the transmit
power †.

Two important facts are clearly revealed:

†Note that the service area of the active BSs does not depend
on the transmit power, shown as Fig. 3 and Fig. 4.
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Fig. 7 Normalized network energy consumption of different inter-BS distances.

Fig. 8 The network performance of power consumption and blocking probability for one-dimensional
model.

1. Dynamic BS sleeping and transmit power control are
effective ways to save energy. The power consumption
can be reduced by more than 35% through BS sleeping
and power control under the traditional network density
(d0=1000 m for the linear model and d0=640 m for the
hexagonal model).

2. Traditional network deployment may not be energy-
optimal. For example, about 20% energy can be further
saved when d0=880 m for the linear model (the solid
line in Fig. 7(a)).

The first point suggests that the energy efficiency of the ex-
isting networks can be improved by dynamic BS sleeping
and transmit power control according to the traffic load vari-
ation. More importantly, the second point indicates that de-
ploying more BSs can help to save energy.

The peaks and valleys in Fig. 7 are caused by
the discontinuity of the inter-cell distance d(t) (d(t) ∈
{d0, 2d0, 3d0, ...} for the one-dimensional model and d(t) ∈
{d0,
√

3d0,
√

4d0,
√

9d0,
√

12d0, ...} for the hexagonal model
(Eq. (2))). Denote the energy-optimal inter-cell distance as
d∗(λ) for the given traffic arrival rate λ. For most given
d0, d(t) = d∗(λ(t)) can not be realized for all t ∈ T , and
the energy-optimal d0 is the one whose d(t) better matches

d∗(λ(t)). Specially, the upper bound of the energy efficiency
can be achieved when d0 → 0. In this case, the inter-cell
distance can take any positive value, and d(t) = d∗(λ(t)) can
be satisfied for any t ∈ T .

Figure 8 illustrates the network power consumption
patterns without power control under the linear model. As
shown in Fig. 8(a), 2

3 BSs can be turned off when the traffic
arrival rate is 0.02/s/km for both d0=880 m and d0=1000 m.
When traffic arrival rate is 0.15/s/km, half of the BSs can
be turned off for d0=880 m, while all BSs are active for
d0=1000 m. Therefore, the power consumption is lower
when d0=880 m. On the other hand, smaller blocking proba-
bility indicates lower utilization of resource, which also ex-
plains why d0=880 m is better (Fig. 8(b)). In addition, the
power consumption pattern matches the traffic pattern better
under the optimal deployed inter-BS distances 880 m, which
is consistent with the above analysis.

The reason why deploying denser networks may help
to save energy can be explained intuitively as follows:

• Network power consumption is no longer proportional
to the density of the deployed BSs when BS sleeping
is allowed, while the density of the active BSs plays a
more important role;
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• Denser networks provide more flexible network sleep-
ing mechanisms and thus may reduce the power con-
sumption during low traffic hours.

However, deploying denser networks may increase the
power consumption during high traffic load hours. There-
fore, the energy consumption does not always increase with
the BS density, which explains the fluctuation of the curves
in Fig. 7. It is worth mentioning that the energy-optimal BS
density highly depends on the traffic patterns.

4.3 Influence of Deployment Cost

In reality, it is more practical to minimize the total cost
of energy consumption and network deployment. Assume
Cd the cost to deploy one BS (corresponding to capital ex-
pense). Then, the network deployment cost Ĉd(ϕ) = ϕCd,
where ϕ is the deployed BS density. Denote Ce the cost
of energy consumed during the lifetime of each BS without
power control or sleeping (corresponding to operating ex-
pense), and θ = Cd/Ce. Then, the total cost of the traditional
network is given by

Ĉ(ϕ) = Ĉd(ϕ) + Ĉe(ϕ) (20)

= ϕCe(1 + θ)

The total cost Ĉ(ϕ) for the one-dimensional network is
shown in Fig. 9, which is normalized by the network cost
with d0=1000 m (no BS sleeping). Notice that θ = 0 cor-
responds to the case where deployment cost can be ignored
compared with energy cost, while larger θ reflects higher de-
ployment cost. The curves of different θ are of quite similar
shape, but the optimal inter-BS distance may increase with
the deployment cost. Specifically, the network cost under
d0=400 m increases rapidly with θ, which indicates dense
networks is not energy-efficient when the deployment cost
is high.

Proposition 1. Let ϕ0 denote the optimal network density
without BS sleeping. When BS sleeping is executed, the op-
timal density ϕ∗ which minimizes the total network cost sat-
isfies

Fig. 9 Normalized total cost of different deployed inter-BS distances
(θ = Cd/Ce).

ϕ0 ≤ ϕ∗ < (1 +
1
θ

)ϕ0. (21)

Proof: Without BS sleeping and power control, the to-
tal cost is given by Ĉ(ϕ) = ϕCe(1 + θ). Therefore, the total
cost with BS sleeping satisfies Ĉ(ϕ) = ϕCe(δ + θ), where
δ ∈ (0, 1] denoting the average probability that one BS is in
active mode. If ϕ ≥ θ+1

θ
ϕ0, we have

Ĉ(ϕ)

Ĉ(ϕ0)
=
ϕCe(δ + θ)
ϕ0Ce(δ0 + θ)

≥ θ + 1
θ

δ + θ

δ0 + θ

(a)
> 1, (22)

where δ0 is the average probability that one BS is in active
mode when the BS density is ϕ0. (a) holds because 0 < δ0 ≤
1 and 0 < δ ≤ 1. Therefore, ϕ0 ≤ ϕ∗ < (1 + 1

θ
)ϕ0. �

As θ+1
θ

decreases with θ, the optimal BS density gets
closer to ϕ0 when θ increases. Particularly, ϕ0 ≥ ϕ∗ as θ →
0, which means the network density can be quite large when
the deployment cost is relatively small. On the contrary,
ϕ∗ = ϕ0 as θ → ∞, which means the networks should be
deployed as sparse as possible if the deployment cost is too
high.

5. Conclusion

In this paper, we investigated the energy-efficient cellu-
lar network deployment with dynamic BS sleeping and
cell zooming under time-varying traffic scenarios. Both
one-dimensional and hexagonal topologies were considered.
Based on reasonable assumptions and approximations, the
formulated network planning problem was optimized in a
theoretical way. According to the numerical results, about
half energy can be saved by the energy-optimal network
planning and operations under our predefined scenarios.
The power consumption pattern matches the traffic variation
better under the energy-optimal density, which is the key to
maximizing the energy efficiency. Therefore, the optimal
density strongly depends on the traffic pattern. In addition,
the influence of the BS deployment cost has been discussed,
and the range of the optimal density has been obtained.

Future work should consider more realistic scenarios.
For example, efficient BS sleeping mechanisms for the non-
uniform user distribution cases should be designed, and the
corresponding influence on network deployment should be
studied. In addition, how to apply our work to the heteroge-
neous network architecture is also an interesting problem.

Acknowledgments

This work is sponsored in part by the National Basic Re-
search Program of China (973 Program: 2012CB316001),
the National Science Foundation of China (NSFC) under
grant No. 61201191, the Creative Research Groups of NSFC
under grant No. 61321061, and Hitachi R&D Headquarter.

References

[1] E. Oh, B. Krishnamachari, X. Liu, and Z. Niu, “Towards dynamic



ZHANG et al.: TRAFFIC-AWARE NETWORK PLANNING AND GREEN OPERATION WITH BS SLEEPING AND CELL ZOOMING
2345

energy-efficient operation of cellular network infrastructure,” IEEE
Commun. Mag., vol.49, no.6, pp.56–61, June 2011.

[2] Z. Niu, “TANGO: Traffic-aware network planning and green opera-
tion,” IEEE Wireless Commun., vol.18, pp.22–29, Oct. 2011.

[3] L. Suarez, L. Nuaymi, and J. Bonnin, “An overview and classifica-
tion of research approaches in green wireless networks,” EURASIP
J. Wireless Commun. and Netw., Special Issue: Green Radio, April
2012.

[4] Z. Niu, Y. Wu, J. Gong, and Z. Yang, “Cell zooming for cost-
efficient green cellular networks,” IEEE Commun. Mag., vol.48,
no.11, pp.74–79, Nov. 2010.

[5] S. Zhou, J. Gong, Z. Yang, Z. Niu, and P. Yang, “Green mobile ac-
cess network with dynamic base station energy saving,” ACM Mo-
biCom’09, Beijing, China, Sept. 2009.

[6] L. Chiaraviglio, D. Ciullo, M. Meo, and M.A. Marsan, “Energy-
aware UMTS access networks,” W-GREEN’08, Lapland, Finland,
Sept. 2008.

[7] M.A. Marsan, L. Chiaraviglio, D. Ciullo, and M. Meo, “Optimal en-
ergy savings in cellular access networks,” IEEE ICC’09 Workshops,
Dresden, Germany, June 2009.

[8] G. Micallef, P. Mogensen, and H.O. Scheck, “Cell size breathing
and possibilities to introduce cell sleeping mode,” European Wire-
less Conference’10, Lucca, Italy, April 2010.

[9] L.A. Suarez, L. Nuaymi, and J.M. Bonnin, “Energy performance of
a distributed BS based green cell breathing algorithm,” ISWCS’12,
Paris, France, Aug. 2012.

[10] L. Suarez, L. Nuaymi, and J.M. Bonnin, “Analysis of the overall
energy savings achieved by green cell-breathing mechanisms,” Sus-
tainable Intenet and ICT for Sustainability’12, Pisa, Italy, Oct. 2012.

[11] M.F. Hossain, K.S. Munasinghe, and A. Jamalipour, “An eco-
inspired energy efficient access network architecture for next gen-
eration cellular systems,” IEEE WCNC’11, Cancun, Mexico, March
2011.

[12] X. Weng, D. Cao, and Z. Niu, “Energy-efficient cellular network
planning under insufficient cell zooming,” IEEE VTC’11 Spring,
Budapest, Hungary, May 2011.

[13] B. Badic, T.O. Farrell, P. Loskot, and J. He, “Energy efficient radio
access architectures for green radio: Large versus small cell size
deployment,” IEEE VTC Fall’09, Alaska, USA, Sept. 2009.

[14] D. Cao, S. Zhou, and Z. Niu, “Optimal base station density for
energy-efficient heterogeneous cellular networks,” IEEE ICC’12,
Ottawa, Canada, June 2012.

[15] F. Richter, A.J. Fehske, and G.P. Fettweis, “Energy efficiency as-
pects of base station deployment strategies in cellular networks,”
IEEE VTC’09 Fall, Alaska, USA, Sept. 2009.

[16] Y. Wu and Z. Niu, “Energy efficient base station deployment in green
cellular neworks with traffic variations,” IEEE ICCC’12, Beijing,
China, Aug. 2012.

[17] X. Qiu and K. Chawla, “On the performance of adaptive modulation
in cellular systems,” IEEE Trans. Commun., vol.47, no.6, pp.884–
895, June 1999.

[18] L. Suarez, L. Nuaymi, and J. Bonnin, “An overview and classifica-
tion of research approaches in green wireless networks,” EURASIP
J. Wireless Commun. and Netw., Special Issue: Green Radio, April
2012.

[19] Y. Yi and M. Chiang, “Stochastic network utility maximization,” Eu-
ropean Trans. Telecom., vol.19, no.4, pp.421–442, April 2008.

[20] T. Bonald, “Wireless downlink data channels: user performance and
cell dimensioning,” ACM MobiCom’03, San Diego, USA, Sept.
2003.

[21] M. Karray, “Analytical evaluation of QoS in the downlink of
OFDMA wireless cellular networks serving streaming and elastic
traffic,” IEEE Trans. Wireless Commun., vol.9, no.5, pp.1799–1807,
May 2010.

[22] F.P. Kelly, Reversibility and Stochastic Networks, John Wiley, New
York, 1979.

Shan Zhang received her Bachelor’s degree
in Department of Information in Beijing Insti-
tute technology, Beijing, China, in 2011 and is
currently a Ph.D. degree student in Department
of Electronic Engineering, Tsinghua University.
She is a co-recipient of the Best Paper Award
from the 19th Asia-Pacific Conference on Com-
munication (APCC) in 2013. Her research in-
terests include resource management and traffic
offloading for green communication.

Yiqun Wu received his Ph.D. degree in
Electronic Engineering from Tsinghua Univer-
sity, China, in 2012. He is currently with
Huawei Technologies, Shanghai, China. His re-
search interests include radio resource manage-
ment of wireless networks, green communica-
tion and networks.

Sheng Zhou (S’06, M’12) received his
B.S. and Ph.D. degrees in Electronic Engineer-
ing from Tsinghua University, China, in 2005
and 2011, respectively. He is now a postdoctoral
scholar in Electronic Engineering Department
at Tsinghua University, Beijing, China. From
January to June 2010, he was a visiting student
at Wireless System Lab, Electrical Engineering
Department, Stanford University, CA, USA. He
is a co-recipient of the Best Paper Award from
the 15th Asia-Pacific Conference on Communi-

cation (APCC) in 2009, and the 23th IEEE International Conference on
Communication Technology (ICCT) in 2011. His research interests include
cross-layer design for multiple antenna systems, cooperative transmission
in cellular systems, and green wireless cellular communications.



2346
IEICE TRANS. COMMUN., VOL.E97–B, NO.11 NOVEMBER 2014

Zhisheng Niu (M’98, SM’99, F’12) grad-
uated from Northern Jiaotong University (cur-
rently Beijing Jiaotong University), Beijing,
China, in 1985, and got his M.E. and D.E. de-
grees from Toyohashi University of Technology,
Toyohashi, Japan, in 1989 and 1992, respec-
tively. After spending two years at Fujitsu Lab-
oratories Ltd., Kawasaki, Japan, he joined with
Tsinghua University, Beijing, China, in 1994,
where he is now a professor at the Department
of Electronic Engineering, deputy dean of the

School of Information Science and Technology, and director of Tsinghua-
Hitachi Joint Lab on Environmental Harmonious ICT. He is also a guest
chair professor of Shandong University. His major research interests in-
clude queueing theory, traffic engineering, mobile Internet, radio resource
management of wireless networks, and green communication and net-
works. Dr. Niu has been an active volunteer for various academic soci-
eties, including Director for Conference Publications (2010–2011) and Di-
rector for Asia-Pacific Board (2008–2009) of IEEE Communication Soci-
ety, Membership Development Coordinator (2009–2010) of IEEE Region
10, Councilor of IEICE-Japan (2009–2011), and council member of Chi-
nese Institute of Electronics (2006-11). He is now a distinguished lecturer
(2012–2013) of IEEE Communication Society, standing committee mem-
ber of both Communication Science and Technology Committee under the
Ministry of Industry and Information Technology of China and Chinese In-
stitute of Communications (CIC), vice chair of the Information and Com-
munication Network Committee of CIC, editor of IEEE Wireless Commu-
nication Magazine. Dr. Niu received the Outstanding Young Researcher
Award from Natural Science Foundation of China in 2009 and the Best
Paper Awards (with his students) from the 13th and 15th Asia-Pacific Con-
ference on Communication (APCC) in 2007 and 2009, respectively. He is
now a fellow of both IEEE and IEICE.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


