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Abstract—Energy efficiency and Quality of Service (QoS) are
two important considerations for the design and planning of
cellular networks. One effective approach to handle the tradeoff
between power consumption and QoS is to switch some of the
Base Stations (BSs) to sleep mode when traffic load is low. In
this paper, we model each BS as a processor-sharing queue with
vacations, and investigate the performance of three BS sleeping
schemes, namely the isolated scheme in which each BS switches
mode based on its own load, the cooperative scheme in which
traffic is allowed to overflow from sleeping BSs to neighboring
active BSs, and a combination of both schemes. We propose a
robust, scalable and computationally efficient analytical method
to evaluate QoS metrics (including mean delay and blocking
probability) and power consumption for each scheme and validate
their accuracy by simulations. We also demonstrate the power
consumption and QoS trade-off by extensive and statistically
reliable experiments, and compare the performance of the three
schemes under different network conditions.

I. INTRODUCTION

In recent years, base station (BS) sleeping has become
an important technique to reduce energy consumption in
cellular mobile networks [1], [2]. Energy saving is achieved
by switching BSs (or certain components of them) into a low
power-consuming mode called “sleep mode” when traffic load
is low. Comparing to other energy-efficient approaches such as
upgrading hardware components or adopting renewable energy
resources, BS sleeping has the advantage of convenience
and cost effectiveness as it can be implemented in existing
network infrastructure. As BSs are responsible for a significant
proportion of energy consumed in cellular networks (over 80%
in certain scenarios), BS sleeping has the potential to save a
large amount of energy.

On the other hand, the total capacity of the network is
reduced while some BSs are switched to the sleep mode.
Therefore, it is important to be able to monitor and evaluate
the quality of service (QoS) and understand its implications
with BS sleeping. In this paper, we investigate the trade-off
between energy saving and QoS metrics, including mean delay
and blocking probability, by comparing different BS sleeping
schemes.

Specifically, we model each BS as a single server Processor
Sharing (PS) queue with Poisson arrivals, exponentially dis-
tributed service time, a finite buffer of size 𝑘 and vacations,
namely an M/M/1/𝑘-PS queue with vacations. Henceforth, we
will use the notation M/M/1/𝑘-PS queue to mean the general

case of this queue with or without vacations. If we mean a
specific case we will write specifically if it is with or without
vacations. Under this model, data or voice calls from different
users are assumed to arrive according to a Poisson process (a
common assumption for current cellular networks, see e.g., [3],
[4]) and are served simultaneously by the BS. In a PS queue,
the service capacity of the server (BS) is shared equally among
all the customers being served. Due to the prevalence of
mobile multimedia applications today such as web browsing,
video streaming, online gaming, peer-to-peer video on demand
and video conference, the dominant traffic of cellular networks
has been changed from voice calls to packet-switched data.
Then the need to avoid situations where large flows of data
generated by some users slow down service to users generation
small flows justifies the use of a processor sharing queuing
discipline that in turn justifies the PS model [3], [5]–[9].

Another notable feature of the multimedia mobile traffic is
delay sensitivity, as a minimum data rate needs to be guaran-
teed for such traffic. To guarantee that admitted connections
satisfy delay and data rate requirements, an upper limit is set
on the number of admitted connections. In this case, we need
to evaluate both the mean delay and the drop rate due to
violation of such requirements. In this regard, the drop rate
is equivalent to the blocking probability of the M/M/1/𝑘-PS
queue. Hereafter, we will refer such “drop rate” as “blocking
probability” for consistency.

BS sleeping can be either implemented separately in each
single cell (isolated scheme) or cooperatively among mul-
tiple BSs (cooperative scheme). The cooperative scheme is
based on dynamic capacity allocation and user association
techniques [10], [11]. These techniques enable a user to use
the capacity originally assigned to another BS if the first BS
it attempts cannot offer the required service due to insufficient
capacity or sleeping operation [10], [11].

Simulation is the traditional way of evaluating QoS metrics
such as blocking probability and delay in telecommunication
networks when an exact analytical solution method is not
available. However, simulations are not scalable and cannot be
used in realistically sized systems and networks as the running
time becomes prohibitive. Therefore, evaluations by analytical
approximations with reasonable accuracy and computational
efficiency are more desirable for applications such as network
design, where computational efficiency is key for searching
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optimal solutions. In this paper, we will propose analytical ap-
proximation methods based on queuing theory and the recently
established Information Exchange Surrogate Approximation
(IESA) framework [8], [12], [13] to obtain the mean delay
and blocking probability, and compare the performance of the
isolated, cooperative and hybrid (a combination of isolated
and cooperative) schemes under different network conditions.

The main contributions of this paper are as follows:

∙ We provide a model of a cellular BS with sleeping
technique as an M/M/1/𝑘-PS queue with vacations and
address the importance of blocking probability due to
violation of delay requirement for multimedia mobile
traffic. To the best of our knowledge, this is the first work
to model a cellular BS as a PS queue with finite buffer,
and measure QoS (including mean delay and blocking
probability) and energy efficiency at the same time.

∙ We provide new robust, accurate, scalable and compu-
tationally efficient analytical approximation methods to
evaluate QoS metrics, including mean delay and block-
ing probability, in multi-BS cellular networks with BS
sleeping.

∙ We compare the performance of different BS sleeping
schemes under different network conditions in terms of
the power consumption and QoS tradeoff between energy
saving and QoS metrics.

The remainder of this paper is organized as follows: Section
II reviews relevant existing work on BS sleeping schemes
and related performance evaluation tools. Section III describes
network and power consumption models used in this paper.
Section IV provides analysis on QoS metrics for different BS
sleeping schemes. Numerical results are presented in Section
V and the paper is concluded in Section VI.

II. RELATED WORK

There has been existing research addressing energy ef-
ficiency or QoS by modeling a BS as an M/G/1 queue
or its close variants. For example, Song et al. [9] studied
resource management in a cellular/WLAN integrated network
by modeling a WLAN channel as an M/G/1/𝑘-PS queue
(G indicates general service times). The authors derived an
appropriate size threshold for load sharing between cellular
and WLAN components of the network, but their analysis did
not involve energy efficiency. Guo et al. [14] considered a
single server queue with vacations and obtained closed-form
results of the tradeoff between energy consumption and delay
for different sleeping schemes. The authors also considered a
finite-buffer queue with vacations and a PS service discipline,
namely an M/G/1/𝑘 - PS queue with vacations, but they did not
estimate the blocking probability caused by violation of delay
requirement. A similar approach was found in [3]. The authors
modelled a BS as an M/G/1-PS queue with vacations, and
derived the optimal parameters to achieve the optimal delay-
power tradeoff for a joint BS sleeping and power matching
scheme. Notably, the authors demonstrated that the N-policy
(an isolated scheme, to be described in details in Section III-

A) is better than other policies in terms of achieving optimal
delay-power tradeoff.

Both [3] and [14] studied a single BS scenario and did
not consider interaction among different BSs in the network.
However, the single BS model is rather limited as dynamic
user association schemes have been proposed to enable users
of sleeping BSs to instead associated with a nearby active BS
to continue their services. Tabassum et al. [11] proposed to
associate users of sleeping BSs to an active BS with maxi-
mum mean channel access probability, aiming at improving
spectral efficiency and minimizing outage probability of the
network. The authors derived analytical approximation results
for spectral efficiency and outage probability. However, delay,
as another important QoS metric for contemporary cellular
networks, is not considered in their work.

Cellular networks with channel borrowing capabilities can
be considered as overflow loss systems, as suggested by
Kelly [15]. In such systems, a request can overflow to an
alternative BS if the first BS it attempts is busy. Dynamic user
association schemes resemble channel borrowing in some way,
as users originally associated to sleeping BSs are allowed to be
served by other BSs remaining active. The Erlang Fixed-Point
Approximation (EFPA) [16] was the classical approximation
method for evaluating blocking probability in overflow loss
systems. However, it can lead to very inaccurate estimation
results in systems where mutual overflow effects are present,
due to unrealistic assumptions [12], [17]. Wong et al. [12]
proposed the IESA framework, which has its roots in the
EFPA, in order to improve the accuracy of approximation
for such systems. The work was further improved in [8] by
including other approximation techniques such as moment
matching.

Previously, we have verified that IESA is much more
accurate than EFPA in terms of blocking probability estimation
in a cellular network model with channel borrowing capabil-
ities, and further extended the model to allow BS sleeping
with fixed switching patterns (i.e. the cooperative scheme)
in [13]. We considered blocking probability as the QoS metric
by modeling each BS as an M/M/𝑘/𝑘 queue (loss system).
This paper uses the more realistic M/M/1/𝑘-PS queue with
vacations (delay-loss system) and measures both mean delay
and blocking probability. Furthermore, this paper considers
the cooperative scheme as well as two additional BS sleeping
schemes (isolated scheme and hybrid scheme). The schemes
will be discussed in detail in the later sections of this paper.

III. SYSTEM MODEL

A. Network and BS sleeping schemes

To make our analysis more tractable, each BS is modelled
as an M/M/1/𝑘-PS queue with vacations. That is, new users
arrive at each BS according to a Poisson process with rate 𝜆.
Service times of users are exponentially distributed with mean
1/𝜇. This is also based on the properties for the M/G/1/𝑘-
PS queuing system [9] where the mean delay and blocking
probability are insensitive to the service time distribution.
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The M/M/1/𝑘-PS system will not accept further customers
when there are 𝑘 customers in a BS. Therefore, the minimum
data rate for each accepted customer is guaranteed. When
the value of 𝑘 increases, more customers may be accepted
simultaneously and thus accepted customers would have lower
data rate and higher mean delay if offered traffic is high.

We consider the following three BS sleeping schemes in
this paper.

∙ Isolated (N-policy) scheme: as described in [3] and [14],
the BS will switch to sleep mode when it has been
idle (serving no users) for a close-down period of 𝑡∗.
A sleeping BS will be reactivated when 𝑁 or more users
have been accumulated during the sleeping period. The
Markov Chain representation of this policy is presented
in Fig. 1. In the 2-D Markov Chain, the letter “A” or
“S” indicates the state of the BS (active or sleep) and the
number represents the number of customers in the BS.

∙ Cooperative scheme: BSs are selectively switched to
sleep based on fixed or dynamic patterns according to
traffic load. Under this scheme, users associated with a
BS that has gone to sleep will be re-associated and served
by one of active BSs nearby [11].

∙ Hybrid scheme: some BSs are switched to sleep based on
fixed patterns as in the cooperative scheme. Other BSs
follow the N-policy to sleep and reactivate.

Fig. 1: A Markov Chain representation of N-policy sleeping
scheme.

Note that we do not consider the start-up time of BSs
when switching from sleep to active mode in this paper.
For macro BSs in conventional cellular networks, the setup
time is too long for the isolated schemes to be feasible [4],
[18], while for femto BSs in 4G LTE networks, such start-up
time is negligible as compared to the service time and delay
requirement of users [4], [18].

B. Power consumption model

Power consumption of a BS can be generally divided into
two parts, namely variable power consumption such as power
amplifiers which depends on the traffic load carried by the
BS, and static power consumption such as air conditioning
and signal processing which is a constant amount as long as
the BS is active [19], [20]. A sleeping BS consumes much
less power as compared to an active one.

Following the discussions above, the power consumption of
a BS is given by

𝑃BS =

⎧⎨
⎩

𝑃static +
𝒜
𝐶
𝑃max
𝑣 when active,

𝑃sleep when sleeping,

(1)

where 𝑃static is static power consumption, 𝒜 is traffic load of
the BS, 𝐶 is the capacity of the BS, and 𝑃max

𝑣 is the variable
power consumption if the BS is fully loaded.

IV. ANALYSIS OF QOS METRICS

In this section, we derive the analytical expressions of QoS
metrics including mean delay and blocking probability for
each scheme.

A. Isolated scheme

We first derive the state probability equations of the isolated
scheme. The probability that a BS will go to sleep is equal to
the probability that no customer arrives during the close-down
period 𝑡∗ after the BS becomes idle. As the arrivals follow a
Poisson process, the probability 𝑝𝑠 is given by:

𝑝𝑠 = 𝑒−𝜆𝑡∗ . (2)

Due to the close-down period, the effective arrival rate 𝜆′ at
state (𝐴, 0) is different from 𝜆. By definition, the system will
leave state (𝐴, 0) under either of the following two conditions:
1) the BS enters the sleep mode after the close-down period
expires (transit to state (𝑆, 0) with a probability of 𝑝𝑠); 2) a
customer arrives before the close-down period expires (transit
to state (𝐴, 1) with a probability of 1 − 𝑝𝑠). Therefore, the
mean time that the system spends at state (𝐴, 0) is equal to

𝑡′ = (1− 𝑝𝑠)
1

𝜆
+ 𝑝𝑠𝑡

∗. (3)

The value of 𝜆′ can be then calculated by

𝜆′ =
1

𝑡′
=

1

(1− 𝑝𝑠)
1
𝜆 + 𝑝𝑠𝑡∗

. (4)

Based on (2) and (4), the transition probabilities from state
(𝐴, 0) to states (𝑆, 0) and (𝐴, 1) are 𝑝𝑠𝜆

′ and (1 − 𝑝𝑠)𝜆
′,

respectively. Transition probabilities between other states are
intuitive based on the Markov Chain in Fig. 1. We denote
the steady-state probability of state (𝑀,𝑛) as 𝜋𝑀,𝑛, and set
𝒜 = 𝜆/𝜇 and 𝒜′ = 𝜆′/𝜇. All steady-state probabilities can
be expressed in terms of 𝜋𝐴,0 by:

𝜋𝑆,0 =
𝜆′

𝜆
𝑝𝑠𝜋𝐴,0, (5)

𝜋𝑆,𝑖 = 𝜋𝑆,0, (1 ≤ 𝑖 ≤ 𝑁 − 1), (6)

𝜋𝐴,𝑖 =

⎧⎨
⎩

𝐴′𝜋𝐴,0 for 𝑖 = 1,
𝐴𝜋𝐴,𝑁−1 +𝐴′𝑝𝑠𝜋𝐴,0 for 1 < 𝑖 ≤ 𝑁 ,
𝐴𝜋𝐴,𝑁−1 for 𝑁 < 𝑖 ≤ 𝑘.

(7)
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Combining (5), (6), (7) along with the normalization equa-
tion:

𝑘∑
𝑖=0

𝜋𝐴,𝑖 +

𝑁−1∑
𝑗=0

𝜋𝑆,𝑗 = 1, (8)

we can obtain all the steady-state probabilities 𝜋𝑀,𝑛.
The mean queue size 𝐸(𝑄) is given by:

𝐸(𝑄) =

𝑘∑
𝑖=0

𝑖𝜋𝐴,𝑖 +

𝑁−1∑
𝑗=0

𝑗𝜋𝑆,𝑗 . (9)

The blocking probability 𝐸(𝐵) is given by

𝐸(𝐵) = 𝜋𝐴,𝑘. (10)

By Little’s law, the mean delay 𝐸(𝐷) is given by

𝐸(𝐷) =
𝐸(𝑄)

𝜆(1− 𝐸(𝐵))
. (11)

The proportion of time that the BS spends in sleep mode is
given by

𝑝sleep =

𝑁−1∑
𝑗=0

𝜋𝑆,𝑗

𝑘∑
𝑖=0

𝜋𝐴,𝑖 +
𝑁−1∑
𝑗=0

𝜋𝑆,𝑗

. (12)

By (1) and (12), the average power consumption for a BS
in the isolated scheme is

𝑃 iso = 𝑝sleep𝑃sleep + 𝑝active𝑃active, (13)

in which 𝑝active = 1− 𝑝sleep, and 𝑃active = 𝑃static +
𝒜𝑃𝑚𝑎𝑥

𝑣

𝐶 .

B. Cooperative scheme

For the cooperative and hybrid schemes, as we need to
analyze a multi-BS system, obtaining exact analytical solutions
for QoS metrics is computationally prohibitive due to the curse
of dimensionality [21]. Therefore, we will make use of the
IESA framework to obtain a reasonably accurate estimation
of the QoS metrics in a computationally efficient manner.

We provide a brief description of the IESA framework
here. More detailed explanation can be found in [8], [12],
[13]. As mentioned before, IESA was proposed to evaluate
blocking probability in systems where mutual overflow exists.
The key idea of IESA is to apply traditional EFPA-based
approximation to a surrogate model. This is because EFPA
underestimates blocking probability in such system due to
certain inherent assumptions. The surrogate system for IESA
is specially designed to increase the validity of these as-
sumptions. Therefore, when the EFPA-based approximation
is applied to the surrogate model, these approximation errors
due to these assumptions are reduced.

The surrogate model is formally described as follows. Each
request (customer) has three attributes, namely the identity 𝐼 ,
overflow record Δ, and estimation of congestion level Ω. 𝐼
contains the “identity” information on the request which does

not change during its service period, such as its origin and
expected service time. Δ represents the set of BSs that has
rejected admission of the request due to sleep or violation
of delay requirement. Ω contains information on the number
of overflows ever experienced by the request itself or other
existing requests in the network and serves as an estimate of
the level of congestion in the network.

Let Γ𝑖 denote the set of BSs that a request originated from
BS 𝑖 is allowed to overflow. A new request has Δ = ∅ and
Ω = 0. When request 𝜁 originated from BS 𝑚 with attributes
𝐼𝜁 ,Δ𝜁 ,Ω𝜁 arrives at BS 𝑖 (𝑖 and 𝑚 can be the same), it will
be admitted if its admission does not cause violation of the
delay requirement for ongoing requests. Otherwise, if the most
senior (highest Ω) request 𝜅 in service has Ω𝜅 < Ω𝜁 , the
incoming request 𝜁 will overflow to one of the BSs in Γ𝑚− 𝑖
and its attributes become {𝐼𝜁 ,Δ𝜁 ∪ 𝑖,Ω𝜁 + 1}. However, if
Ω𝜅 ≥ Ω𝜁 , requests 𝜅 and 𝜁 will exchange their third attribute,
Ω, before request 𝜁’s overflow. In this way, the overflow
request will have attributes {𝐼𝜁 ,Δ𝜁∪𝑖,Ω𝜅+1} and the request
in service will have {𝐼𝜅,Δ𝜅,Ω𝜁}.

By the information exchange mechanism, an overflow re-
quest retains its identity (𝐼) and actual overflow record (Δ)
while gathering network congestion information (Ω) from
other customers. By definition, ∣Δ∣ ≤ Ω for any arriving
request in the network.

The attributes and the information exchange process de-
scribed previously are designed for a special mechanism that
estimates the probability that all of the unattempted BSs are
not available. The estimation is based on the values of Δ and
Ω of an overflow request. If all of the unattempted BSs are
presumed unavailable, the request will be blocked and cleared
immediately without attempting the remaining BSs. Similar as
in [8], [12], [13], we define 𝑝𝑘∗,∣Δ𝜁 ∣,Ω𝜁

as the probability that a
request 𝜁 with the attributes {𝐼𝜁 ,Δ𝜁 ,Ω𝜁}, gives up attempting
in a surrogate model with parameter 𝑘∗. The parameter 𝑘∗ is
defined as the maximum allowable value of the attribute Ω of
any request in the surrogate model and is a measure of the level
of dependency in the real system. The value of 𝑘∗ depends
on the specific system. Denote 𝑛𝑖 = ∣Γ𝑖∣, then 𝑝𝑘∗,∣Δ𝜁 ∣,Ω𝜁

is
evaluated as:

𝑝𝑘∗,∣Δ∣,Ω =

⎧⎨
⎩

0 if Ω < 𝑛𝑖,

(
Ω−∣Δ∣
𝑛𝑖−∣Δ∣

)
(
𝑘∗−∣Δ∣
𝑛𝑖−∣Δ∣

) if Ω ≥ 𝑛𝑖,
(14)

where ∣Δ∣ ≤ 𝑛𝑖 ≤ 𝑘∗.
We define 𝑎𝑖,𝑗,𝑛 as traffic offered to BS 𝑖 with 𝑛 overflows

and Ω = 𝑗, and 𝒜𝑖,𝑗 as total combined traffic offered to 𝑖 with
Ω ≤ 𝑗, the relationship between these two parameters is

𝒜𝑖,𝑗 =

𝑗∑
𝑙=0

𝑙∑
𝑚=0

𝑎𝑖,𝑙,𝑚. (15)

By definition, we have 𝒜𝑖,𝑗 = 𝒜𝑖,𝑗−1+
∑𝑚𝑖𝑛(𝑗,𝑛𝑚)

𝑛=0 𝑎𝑖,𝑗 for
𝑗 = 1, 2, ..., 𝑘∗ − 1 with initial values 𝒜𝑖,0 = 𝑎𝑖,0,0 = 𝒜𝑖 =
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𝜆𝑖/𝜇𝑖.
The surrogate is actually a hierarchical system based on

the value of Ω. Blocking probability at a certain level is not
affected by the traffic on higher levels (traffic with higher
value of Ω). Therefore, if we denote 𝑝𝑃𝑆

𝑏 (𝒜, 𝑘) as the blocking
probability of an M/M/1/𝑘-PS queue (without vacations) with
offered traffic 𝒜, we can obtain the relationship between the
blocking probability 𝐵𝑖,𝑗 and 𝒜𝑖,𝑗 at each level 𝑗 as

𝐵𝑖,𝑗 =

{
𝑝𝑃𝑆
𝑏 (𝒜𝑖,𝑗 , 𝑘) if BS 𝑖 is active;

1 if BS 𝑖 is sleeping,
(16)

where 0 ≤ 𝑗 ≤ 𝑘∗.
In normal circumstances, traffic originated from 𝑚 and

blocked at a BS is allowed to overflow to unattempted BSs
in Γ𝑚. However, due to the giving up mechanism described
by (14), a proportion of the overflow traffic will be dropped
prematurely. The dropped traffic will not be included when
calculating the blocking probability of the next level.

The traffic offered to the highest level of the system, namely
level 𝑘∗ − 1, is the total offered traffic as it includes all the
levels below. Therefore, 𝒜𝑖,𝑘∗−1(1 − 𝐵𝐼

𝑖,𝑘∗−1) is the total
carried traffic by BS 𝑖. The system blocking probability can
thus be measured by 1 minus the ratio of carried traffic to
the offered traffic. Thus we can derive the system blocking
probability by IESA as:

�̂� = 1−
∑

𝑖∈𝑈 𝒜𝑖,𝑘∗−1(1−𝐵𝑖,𝑘∗−1)∑
𝑖∈𝑈 𝒜𝑖

, (17)

where 𝑈 is the set of all BSs in the system.
Denote 𝜆𝑖 = 𝒜𝑖,𝑘∗/𝜇. Referring back to our previous

analysis for the isolated scheme, by replacing 𝜆 with 𝜆𝑖 and
setting 𝑡∗ = ∞ (as the BSs will not enter sleep mode due to N-
policy), we can obtain the approximated mean delay following
the same analysis as in (2) to (11).

The power consumption of an active BS 𝑖 in the cooperative
scheme is given by

𝑃 coop
𝑖 = 𝑃static +

𝒜𝑖𝑃
max
𝑣

𝐶𝑖
. (18)

C. Hybrid scheme

The hybrid scheme is the joint application of the isolated
and cooperative schemes. To obtain the QoS metrics for
the hybrid scheme, we can mostly follow the analysis of
the cooperative scheme in the Section IV-B. However, when
calculating the blocking probability of traffic at each level in
a single BS as in Equation (16), we should replace the term
𝑝𝑃𝑆
𝑏 (𝒜𝑖,𝑗 , 𝑘) in (16) by 𝐸(𝐵) in (10) following the analysis in

Section IV-A ((2) to (10)), as the state probabilities for a BS
selected to be active based on the switching patterns in the
hybrid scheme follow an M/M/1/𝑘-PS queue with vacations
and N-policy. The power consumption of such a BS is given
by

𝑃 hyb
𝑖 = 𝑝active

(
𝑃static +

𝒜𝑖𝑃
max
𝑣

𝐶𝑖

)
+ 𝑝sleep𝑃sleep. (19)

V. NUMERICAL RESULTS

In this section, we first demonstrate the accuracy of our
proposed approximation for cooperative and hybrid schemes
by comparing simulation and approximation results. Then, we
demonstrate the power consumption and QoS tradeoffs of each
scheme in a wide range of scenarios.

We have collected power consumption and traffic data from
a real BS site in Hong Kong, as shown in Fig. 2. Static
power consumption is about 1867.6W and the maximum
power consumption is about 2150W. As we are limited by
the information that we can publish, we assume that the site
is composed of 7 identical BSs (such that 𝑃static ≈ 266.8W
and 𝑃max

v ≈ 40.43W for each BS) and one BS is switched
to sleep for the cooperative and hybrid schemes (assume
𝑃sleep ≈ 10W). Traffic offered to each BS is the same with
mean arrival rate 𝜆 = 0.8 arrivals/s (if not specified otherwise)
and mean service time 1/𝜇 = 1s. The parameter 𝑘∗ for IESA
is set to 12.

Fig. 2: Power consumption of a real BS site.

A. Accuracy and computational efficiency of approximations

Figs. 3 and 4 show the analytical and simulation results for
blocking probability and mean delay for all three schemes.
Parameters related to the N-policy are set as 𝑁 = 3, 𝑡∗ = 3
for the isolated and hybrid scheme. From the results we can
validate that our analytical results for blocking probability
and mean delay in the isolated scheme are very accurate.
Meanwhile, the approximations for mean delay and blocking
probability in both cooperative and hybrid schemes are also
quite close to simulation results. Specifically, for cooperative
and hybrid schemes, we choose the traffic load corresponding
to the blocking probability range 10−3 − 10−2, which is
considered practical for cellular networks and of particular
interest of existing research (e.g. [10]). The results show that
the estimation errors of blocking probability and mean delay
in both schemes are less than 20%.

In terms of computational efficiency, the running time of an-
alytical approximation (about 0.2 second) is about five orders
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Fig. 3: Accuracy of approximations for blocking probability.
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Fig. 4: Accuracy of approximations for mean delay.

of magnitude lower than that of simulation (about 3 hours).
Given its reasonable accuracy, our proposed approximation can
be used for searching optimal solutions to tradeoff between
power consumption and QoS in cellular networks.

B. Power consumption and QoS tradeoff

We now investigate the tradeoff between power consump-
tion and QoS metrics including mean delay and blocking
probability.

In Fig. 5, we set 𝑘 = 10 to investigate the power-blocking
tradeoff under the same maximum allowable mean delay con-
straint. We change the parameter 𝑁 for the isolated and hybrid
schemes to obtain different values for power consumption
and blocking probability. Note that power consumption for
the cooperative and hybrid schemes is defined as the average
power consumption per BS. As we discussed previously, 𝑁 is
the number of arrivals that must be accumulated for a sleep-
ing BS to re-activate. Therefore, when 𝑁 increases, power
consumption decreases and blocking probability increases, as
each BS spends more time in sleep mode. The results also
show that the isolated scheme is the most flexible scheme
in trading off blocking probability for power consumption
among all three schemes. However, the cooperative scheme

can achieve a lower blocking probability for the same amount
of power consumption than the isolated scheme, and the hybrid
scheme has the potential to further reduce power consumption
while attaining similar blocking probability as the cooperative
scheme.

In Fig. 6, we adjust the value of 𝑘 to guarantee that the
blocking probability is less than 1% and obtain corresponding
values of mean delay and power consumption. The results
show that the cooperative and hybrid schemes can attain
a shorter mean delay as compared to the isolated scheme,
while maintaining the same level of power consumption.
Meanwhile, similar to the previous figure, by adjusting the
parameter 𝑁 , the isolated and hybrid schemes can reduce
power consumption at the expense of relatively higher delay.
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Fig. 5: Tradeoff between power consumption and blocking
probability subject to 𝑘 = 10 (constraint on maximum allow-
able delay).
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Fig. 6: Tradeoff between power consumption and mean delay
subject to blocking probability < 1%.

Fig. 7 shows the tradeoff between mean delay and blocking
probability for isolated and cooperative schemes in a more
intuitive way. By adjusting the parameter 𝑘 while keeping
all other parameters constant, we set different values for
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maximum allowable delay of a customer. As we expected,
when the maximum delay requirement is more strict, requests
are more likely to be dropped as they fail to satisfy the
requirement for every scheme. Also, as power consumptions
for all schemes are in a narrow range (240− 260W), we can
conclude that the cooperative and hybrid schemes can achieve
a better delay-blocking tradeoff as compared to the isolated
scheme for a similar amount of power consumption.
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Fig. 7: Tradeoff between blocking probability and mean delay.

VI. CONCLUSIONS

We have evaluated the performance of three BS sleeping
schemes in terms of the tradeoff by modelling each BS as
an M/M/1/𝑘-PS queue with vacations. We have also provided
accurate, robust, scalable and computationally efficient an-
alytical means to evaluate QoS and power consumption in
cellular networks with BS sleeping. Then, numerical results
have shown that the cooperative and hybrid schemes can
achieve a better tradeoff as compared to the isolated scheme.

Our new analytical results are useful for network design and
optimization applications when there is a need to search for
optimal solutions. Such a search involves a prohibitively large
number of calculations of mean delay, blocking probability
and power consumption under a wide range of conditions and
scenarios, and our analytical methods can significantly reduce
the computation time.

In the future, we plan to extend the work to more general
scenarios, including but not limited to networks with multi-
layer heterogeneous cells, and networks with asymmetrical
offered traffic to each BS.
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