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Abstract—Base station (BS) sleeping has been proved to
be an effective technique for saving energy consumption in
cellular networks. However, BSs in sleeping mode might cause
coverage holes, which have a negative impact on the connectivity
of the network. In order to overcome this problem, we pro-
pose a combined coordinated multi-point (CoMP) transmission
and BS sleeping scheme under the heterogeneous networks
(HetNets) scenario. The proposed scheme aims at improving
energy efficiency as well as increasing coverage probability.
In this paper, stochastic geometry analysis is adopted for
evaluating the performance of the proposed scheme, instead
of the conventional hexagonal grid based approach. Impact of
CoMP on energy efficiency in HetNets with a random on/off
strategy applied at macro base stations (MBSs) is examined
thoroughly. We derived two performance indicators which are
coverage probability and energy efficiency in a two-tier HetNets
scenario. Numerical results confirm that the combined CoMP
and BS sleeping can improve the energy efficiency as well as
increase the coverage probability compared with implementing
BS sleeping only. The impact of the density ratio of MBSs to
Pico BSs (PBSs) on energy efficiency and coverage probability
is also quantified.

I. INTRODUCTION

The increasing demand of data traffic over cellular net-
works necessitates more base station (BSs) to be deployed
for the purpose of meeting the desired system capacity. As
such, the energy consumption of cellular networks keeps
increasing which is neither economically nor ecologically.
In recent years, energy efficiency has become a significant
performance metric in green communications, which can be
calculated as the ratio of the spectral efficiency and the
network energy consumption.

There are different approaches for saving energy consump-
tion in cellular networks, BS sleeping is a well accepted
effective method. The basic principle is to save the overall
network energy consumption by switching off BSs with light
load. However, this scheme might cause coverage holes due
to a number of BSs turning into the sleep mode [1]. To
maintain the quality of service (QoS) and overcome the
outage probability increase caused by coverage holes, authors
in [2] propose to increase the transmit power of awake BSs
by power control. But this approach increases the energy
consumption of awake BSs which offsets the energy con-

sumption saved by BSs in sleeping mode. Hence, the tradeoff
between energy consumption and coverage probability needs
to be handled carefully when implementing BS sleeping in
cellular networks. The coverage hole problem caused by BS
sleeping is even more complex in heterogeneous networks
(HetNets) scenario due to the different transmit power, cover-
age range and access mode of BSs in different tiers. Authors
in [3] verified that switching off macro BSs (MBSs) and
offloading traffic to small cell BSs can achieve higher energy
efficiency in HetNets compared to homogeneous networks.
However, the density of the small cell deployment has an
impact on inter-cell interference which is also related to
energy efficiency and the coverage probability.

In 3GPP specifications, coordinated multi-point (CoMP)
was standardized as a technology to achieve high spec-
tral efficiency and improved coverage in LTE-Advanced
networks [4]. In CoMP enabled networks, multiple BSs
coordinate their transmission to the same receiver. After
the superposition of signals from multiple BSs, interference
from cooperative BSs changes into useful signals. This
transmission approach can enhance the received signal as
well as reduce the interference. Owing to CoMPs signifi-
cant effect on improving the spectral efficiency, it has also
attracted attention from researchers who are focusing on
energy efficiency study. For example, authors in [5] gave an
overview on the potential applications of CoMP transmission
to increase energy efficiency for cell-edge users. Authors
in [6] verified that combining CoMP and BS sleeping in
conventional homogeneous networks can achieve improved
energy efficiency. However, the system model in [6] is a
one tier model and the deployment of BSs is based on a
hexagonal grid which is not very realistic. Recently, in com-
parison to the conventional hexagonal grid based analysis,
the stochastic geometry approach has gained increasing pop-
ularity for modelling wireless networks because it is accurate
and tractable [7]. In stochastic geometry analysis, positions
of BSs and users are modeled from certain stochastic point
process. This approach is especially suitable to be used for
HetNets where the deployment of small cells are far from
symmetric distribution within the networks. Authors in [8]
has formulated the coverage probability and the average data



rate in homogeneous networks and [9] has extended the work
in [8] to HetNets scenario.

In this paper, we conduct a stochastic geometry analysis to
evaluate the performance of the proposed combined CoMP
and BS sleeping scheme in HetNets for energy efficiency.
The proposed scheme extends the idea of [6] into HetNet
scenarios. Instead of using power control as in [2], we
apply CoMP to avoid coverage holes when the target SINR
cannot be reached. Applying stochastic geometry tools, we
formulate and compare the coverage probability and the
energy efficiency in HetNets scenarios with and without
CoMP. In the power consumption model of MBSs, we take
into account additional signal processing and backhauling
power consumption due to cooperation. We also evaluate the
effects of density ratios between MBSs and small cells on
energy efficiency.

The rest of the paper is organized as follows: Section II
describes the system model. In section III, we formulate
the coverage probability and energy efficiency in HetNets
with CoMP under a random BS sleeping mode. Section
IV we give the analysis of the numerical results. Finally,
conclusions are drawn in section V .

II. DOWNLINK SYSTEM MODEL

A. Spatial distribution

We consider a HetNet which consists of K independent
network tiers. In the HetNets scenario, the first tier is
deployed with MBSs and other tiers are deployed with small
cells such as picocells base stations (PBSs) and femtocell
base stations (FBSs). It is assumed that the BSs belonging
to the ith tier have transmit power Pi and are spatially
distributed according to a two-dimensional homogeneous
Poisson Point Process (PPP) Φi of density λi, i = 1, ...,K.
The distribution of the distance between a user and its
designated BSs, Ri, remains the same regardless of the exact
locations, and its probability density function (pdf) is given
by fRi(ri) = 2πλiriexp(−πλir2

i ) [8] where ri denotes the
distance between the cooperating BS from the ith networks
and a typical user. Without loss of generality, we focus on
the typical user located at origin (0, 0) in the plane.

B. Signal-to-Interference-plus-Noise Ratio (SINR)

In the cooperative model, it is assumed that universal
frequency reuse among BSs and a subset of the entire BSs
cooperate by jointly transmitting a same message to the
typical user. C ⊂

⋃K
i=1 Φi is used to denote the set of

locations of the cooperating BSs. Cc :=
⋃K
i=1 Φi\C denotes

the locations of the BSs that are not in the set of cooperating
BSs. In this setup, the SINR experienced by the typical user
for the downlink CoMP transmission is as following:

SINR =

∑
x∈C Pv(x)‖x‖

−α|hx|2∑
x∈Cc Pv(x)‖x‖

−α|hx|2 + σ2
(1)

where v(x) returns the index of network tier to which BS lo-
cated at x within the networks range, i.e. v(x) = i, iffx ∈ Φi.
The fading coefficient between the BS located at x and the

user located at the origin is denoted as hx and is assumed
to be Rayleigh fading where |hx|2 ∼ exp(1). ‖x‖−α is
the standard path loss function and α denotes the path loss
exponent. The background noise is assumed to be additive
white Gaussian with variance σ2.

As a special case of the cooperative model, the SINR of
the user in non-CoMP mode can be calculated when the
cooperative set is only composed of one BS from one tier.

C. Performance Metrics

The typical user cannot be served by a BS unless the
received SINR reaches a given threshold. Then the coverage
probability of the typical user is defined as a probability Pc

that the SINR received by a user is larger than a prescribed
threshold γ, represented as P = Pc(SINR > γ). Based on
the Shannon theorem, the throughput attained at a given BS-
user link is given by Pc(SINR > γ)log2(1+γ) and the area
spectral efficiency (network throughput) is taken over all the
links in the network.

The energy efficiency is defined as the ratio of the average
network throughput to the average network power consump-
tion with unit bits/J , shown as follows:

Eeff =

∑K
i λiPlog2(1 + γ)

Ptot
(2)

where Ptot =
∑K
i λiPi0 , i = 1, 2...K is the average power

consumption of whole networks and Pi0 is the total power
consumption of a BS from the ith tier.

D. Power Consumption Model

To enable CoMP, additional power consumption is needed
for backhauling and signal processing. Referring to [10] the
MBS power consumption with CoMP can be calculated as:

PmCoMP = (
Ptx
PAeff

+Psp)∗(1+Cc)∗(1+Cpsbb)+Pbh (3)

where Ptx is the transmit power, PAeff is the efficiency of the
power amplifier (PA). Psp represents the signal processing
power consumption. Pbh is the backhaul power consumption
for cooperation. Cc and Cpsbb are the cooling power loss and
battery backup and power supply loss respectively.

Specifically, for the CoMP enabled MBS, Psp is calculated
as [10]:

Psp = 58 ∗ (0.87 + 0.1Nc + 0.03N2
c ) (4)

where Nc is the number of cooperative BSs.
Because the total power consumption of small cells is

fairly small compared to MBSs, we neglect the additional
power consumption needed for enabling CoMP for BSs in
small cells in this paper. This means that we can assume the
power consumption of BSs in small cells does not change
with the application of CoMP. The power of the non-CoMP
MBS Pm can be calculated by substituting Nc = 1,Psp =
58W and Pbh = 0W.

There are different BS sleeping strategies which can be
implemented on MBSs [2] for saving energy consumption.
In order to benchmarking the results of our analysis to the



existing work, we adopt the random sleep policy at MBSs,
same as that proposed in [2]. The random sleep strategy is
modelled as a Bernoulli trial where each MBS continues to
operate with a probability of p and transfers to sleep mode
with a probability of (1 − p), independently to other MBS.
After considering the sleeping strategy, the operating MBSs
in the first tier are modelled as a marked PPP with density
pλ1. We set Psleep representing the power consumption of
sleeping MBSs. Then, the average power consumption of
whole networks combined with CoMP and the random sleep
mode can be derived as equation (5):

Prs = pλ1PmCoMP + (1− p)λ1Psleep +

K∑
i=2

λiPi0 (5)

III. ENERGY EFFICIENCY ANALYSIS

In this section, we evaluate the performance of the com-
bined CoMP and BS sleeping scheme in a two-tier HetNet.
The first tier is deployed as MBSs with a density of λm
and the second tier is deployed as picocell base stations
(PBSs) with a density of λp. We assume MBSs randomly
going to sleep while PBSs are always on. The two-scale
approximation on the two-tier HetNets where a macro-tier
overlaid with a pico-tier used in [11] is adopted in this paper.
Basically, a user served by a PBS can only be covered by
one PBS and the coverage of a PBS can be covered by one
MBS. Typical HetNets are interference limited and thermal
noise has a very limited effect on coverage probability as
stated in [9]. Therefore, we ignore the noise in the rest of
analysis, that is, σ2 = 0 and P = Pc(SIR > γ).

A. Coverage Probability

1) Base station cooperation: Referring to case 2 in [12],
the cooperative set is composed of the closest BSs in each
network tier to the user, that is, C = {(x1, ..., xn) : xi =
arg max
x∈Φi

‖x‖−α, i ∈ I}, where n is the number of BSs

who join the cooperation, I ⊆ {1, ...,K} is an index set
of cardinality n ≤ K. Because the typical user can only be
associated with the closest BS from each tier in the coopera-
tive set, the density of CoMP is the same as the tier contains
BSs with the lowest density, that is, min{λ1, ..., λn}. In our
two-tier HetNets, the density of MBSs is no larger than
PBSs, then the probability of CoMP happens is equal to the
probability of awake MBSs p and its density is pλm.

We assume that the awake MBSs can always cooperate
with PBSs to transmit, so that n = K = 2. The following
theorem gives the coverage probability of the combined
CoMP and BSs sleeping control.

Theorem 1: In a two-tier HetNets with combined CoMP
and random MBS sleeping, the coverage probability of a
randomly located user is given by

PCoMP =4π2pλmλp

∫
Rn

+

exp(−2πpλms
2/α
1 F (r1s

−1/α
1 ))

∗ exp(−2πλps
2/α
2 F (r2s

−1/α
2 )) ∗ exp(−π(pλmr

2
1

+ λpr
2
2))r1r2dr1r2 (6)

where si = γPi
P1r

−α
1 +P2r

−α
2

for ri ≥ 0, i = {1, 2} and

F (x) =
∫∞
x

r
1+rα dr.

Proof: A useful consequence of Rayleigh fading model
in stochastic geometry is that, for a fixed distance from
the BS, the probability of a successful transmission can be
expressed as a product of Laplace transforms of independent
variables. Authors in [12] have derived the coverage proba-
bility of the typical user under the CoMP mode as (7):

Pc(SIR > γ) = (

∑
x∈C Pv(x)‖x‖

−α|hx|2∑K
i=1 PiIi

> γ)

=

∫
Rn

+

K∏
i=1

Li(
γPi∑

j∈I Pjr
−α
j

)
∏
i∈I

fRi(ri)dR

(7)

where Ii :=
∑
x∈Φi\C |hx|

2‖x‖−α and

Li(s) =

{
e−2πλis

2/αF(ris−1/α) i ≤ n
e−πλis

2/αsinc−1(2/α) i > n
(8)

The details of calculations and proofs can be found in [12].
In our two-tier HetNet, the Laplace transform formulations
for two-tier HetNets comprise of MBS with sleep and PBS
without sleep are:

Lm(s1) = exp(−2πpλms
2/α
1 F (r1s

−1/α
1 )) (9)

and
Lp(s2) = exp(−2πλps

2/α
2 F (r2s

−1/α
2 )) (10)

respectively. The pdf of the distribution distance between a
MBS and its designated user is

fR1(r1) = 2πpλmr1exp(−pλmr2
1) (11)

and the pdf of the distribution distance between a PBS and
its designated user is

fR2(r2) = 2πλpr2exp(−λpr2
2) (12)

substituting (9), (10), (11) and (12) to (7), we can obtain the
(6) finally.

2) No Cooperation: As a special case of equation (6),
the expression for coverage probability in the case of no
cooperation can be derived when I = {1}. The typical user
only connects to the nearest BS which belongs to first tier
in a non-CoMP scenario. Then, the coverage probability in
the case of no cooperation PNon−CoMP is:

PNon−CoMP =
1

1 + γ2/α2F (γ−1/α) + γ2/α

sinc(2/α)
λp
pλm

P
2/α
2

P
2/α
1

(13)
From (6) and (13), we can see that the coverage probability

depends on both the sleep strategy and base station density
ratio λp/λm. In addition, it is obvious to observe that the
coverage probability is inversely proportional to λp/λm in
the no cooperation model which reflects the side effect of de-
ploying small cells densely, where the inter-cell interference
increases.



TABLE I
PARAMETERS VALUES USED IN SIMULATION

Parameters Values
path loss exponent α 4
SINR threshold γ 2 dB
MBS density λm (5002π)−1m−2

PBS density λp 5(5002π)−1m−2

MBS transmit power P1 25 W
PBS transmit power P2 1 W
PBS power consumption Pp 5 W
sleeping MBS power consumption Psleep 75 W
signal processing power consumption Psp 58 W
PA efficiency PAeff 0.38
cooling loss Cpsbb 0.11
battery back up and power supply loss Cc 0.29
backhual power consumption Pbh 20 W

B. Energy efficiency

Using results from the previous sections, we can get the
network throughput of the typical user as log2(1+γ)PCoMP.
And for our two-tier HetNets scenario, the area spectral
efficiency is (pλm+λp)log2(1+γ)PCoMP. Given the average
network power consumption model with sleep mode Prs and
the total power consumption of a PBS Pp , we finally for-
mulate the energy efficiency equation for a two-tier HetNet
with combined CoMP and sleep mode as following:

Eeff =
(pλm + λp)log2(1 + γ)PCoMP

pλmPmCoMP + (1− p)λmPsleep + λpPp
(14)

From (14) we can see that the energy efficiency is related to
the coverage probability, density ratio λp/λm and the power
consumption of whole networks.

IV. NUMERICAL RESULTS

In this paper, we use the default values in Table I unless
otherwise stated. As explained in Section II, the extra signal
processing power consumed to implement CoMP in PBS is
neglectable, and based on the cooperation case described in
Section III, the typical user can only connect to the closest
MBS from the first tier, we set the number of cooperative
base station as Nc = 1 when we calculate the signal
processing power consumption for PmCoMP. The values of
the parameters concerning power consumptions in Table I
are taken from [13] and the parameters concerning spatial
distributions are taken from [12].

Fig. 1 compares the coverage probability with CoMP
to that without CoMP in scenarios with different SINR
thresholds. We can see that the coverage probability of the
CoMP enabled two-tier HetNet is always higher than that
of the non-CoMP senario regardless of the exact values of
the SINR thresholds. It proves that CoMP can effectively
improve the coverage probability in HetNets.

Fig. 2 shows the coverage probability versus the fraction of
the awake MBSs. Both CoMP and non-CoMP scenarios are
evaluated with different density ratios which are defined as
the density of PBSs λp over the density of MBSs λm. In the
non-CoMP scenario, we can see that the coverage probability
increases when the fraction of awake MBSs increases. This
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Fig. 1. Comparison of the coverage probabilities for BS CoMP vs non
CoMP against the threshold in dB, under the assumption that all MBSs and
PBSs are awake.
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Fig. 2. Comparison of the coverage probabilities for BS CoMP vs non
CoMP against the fraction of awake MBSs p according to various density
ratio of MBSs and PBSs, λp/λm={1,3,5}.

is because more awake MBSs lead to less coverage holes.
Another observation is that when the fraction of awake MBSs
is fixed, the coverage probability is lower with a higher
density ratio. This is because, deploying more PBSs leads
to increased inter-cell interference, which in turn, decreases
the coverage probability. In the scenario with enabled CoMP,
the coverage probability decreases with the increased fraction
of awake MBSs. But for a fixed fraction of awake MBSs, the
coverage probability increases with the density ratio of PBS
to MBS, indicating more PBSs in CoMP can increase the
coverage probability. For any combination of the fraction of
awake MBSs and the density ratio, the coverage probability
with CoMP is always higher than that without CoMP. This
proves the effectiveness of applying CoMP in HetNets for
improving coverage probability.

Fig. 3 compares the energy efficiency of the two-tier
HetNet with CoMP to that without CoMP under different
values of the fraction of awake MBSs. For any value of



p, the energy efficiency of the two-tier HetNet with CoMP
is always higher than that without CoMP. This proves the
effectiveness applying CoMP for improving energy effi-
ciency in HetNet. For the non-CoMP scenario, the energy
efficiency increases slightly with the increasing p. This is
down to the increased throughput outweighs the increased
power consumption by MBSs. For the scenario with CoMP,
the energy efficiency decreases with p. This is because with
the growing number of MBSs, the energy saved by CoMP
is less than the additional power consumption required for
supporting CoMP on backhauling and signal processing as
described in Section II.

Fig. 4 shows impact of the density ratio of PBS to MBS
on the energy efficiency in combined CoMP and BS sleeping
scheme. We can observe that the energy efficiency increases
when more PBSs are deployed in the HetNet because the
coverage probability is increased. For a fixed density ratio,
the energy efficiency decreases with the fraction of awake
MBSs due to the additional power consumption required for
enabling CoMP outweighs the energy saved by BS sleeping,
same as observed in Fig. 3.
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Fig. 3. Comparison of the energy efficiency for CoMP vs Non-CoMP
against different awake probability p.

V. CONCLUSION

In this paper, we conduct a stochastic geometry analysis
to evaluate the performance of the combined CoMP and
BS sleeping scheme for energy efficiency in HetNets. The
coverage probability and the energy efficiency are derived
for a two-tier HetNet. Numerical results demonstrate that
the combined CoMP and BS sleeping can improve the
energy efficiency as well as increase the coverage probability
compared with deploying BS sleeping only. The density ratio
of PBS and MBS has a direct impact on energy efficiency
and coverage probability. The higher this density ratio, the
higher the energy efficiency and coverage probability. Our
work in this paper gives a tractable approach for analyzing
combined CoMP and random BS sleeping control. In the fu-
ture work, we will investigate the performance with different
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Fig. 4. Comparison of the energy efficiency for CoMP vs Non-CoMP
against different awake probability p according to various density ratio
of MBSs and PBSs with various density ratio of MBSs and PBSs,
λp/λm={1,3,5}.

BS sleeping strategies for a further understanding of energy
efficiency in HetNets.

REFERENCES

[1] Tao Chen, Yang Yang, Honggang Zhang, Haesik Kim, and K Horne-
man. Network energy saving technologies for green wireless access
networks. IEEE Commun. Mag., 18(5):30–38, 2011.

[2] Yong Sheng Soh, T.Q.S. Quek, M. Kountouris, and Hyundong Shin.
Energy efficient heterogeneous cellular networks. IEEE J. Sel. Areas
Commun., 31(5):840–850, 2013.

[3] C. Khirallah, J.S. Thompson, and D. Vukobratovic. Energy efficiency
of heterogeneous networks in lte-advanced. J. Signal Process.,
69(1):105–113, 2012.

[4] R. Irmer, H. Droste, P. Marsch, M. Grieger, G. Fettweis, S. Brueck,
H. P Mayer, L. Thiele, and V. Jungnickel. Coordinated multipoint:
Concepts, performance, and field trial results. IEEE Commun. Mag.,
49(2):102–111, February 2011.

[5] Tao Han and N. Ansari. On greening cellular networks via multicell
cooperation. IEEE Commun. Mag., 20(1):82–89, 2013.

[6] G. Cili, H. Yanikomeroglu, and F.R. Yu. Cell switch off technique
combined with coordinated multi-point (comp) transmission for energy
efficiency in beyond-lte cellular networks. In IEEE Int. Conf. Commun.
(ICC), pages 5931–5935. IEEE, 2012.

[7] H. ElSawy, E. Hossain, and M. Haenggi. Stochastic geometry for
modeling, analysis, and design of multi-tier and cognitive cellular
wireless networks: A survey. IEEE Commun. Surveys & Tutorials,
15(3):996–1019, 2013.

[8] J.G. Andrews, F. Baccelli, and R.K. Ganti. A tractable approach
to coverage and rate in cellular networks. IEEE Trans. Commun.,
59(11):3122–3134, 2011.

[9] H.S. Dhillon, R.K. Ganti, F. Baccelli, and J.G. Andrews. Modeling
and analysis of k-tier downlink heterogeneous cellular networks. IEEE
J. Sel. Areas Commun, 30(3):550–560, 2012.

[10] A.J. Fehske, P. Marsch, and G.P. Fettweis. Bit per joule efficiency
of cooperating base stations in cellular networks. In GLOBECOM
Workshops (GC Wkshps), pages 1406–1411. IEEE, 2010.

[11] Na Deng, Sihai Zhang, Wuyang Zhou, and Jinkang Zhu. A stochastic
geometry approach to energy efficiency in relay-assisted cellular
networks. In GLOBECOM, pages 3484–3489, 2012.

[12] P.Minero G.Nigam and M.Haenggi. Coordinated multipoint in hetero-
geneous networks: A stochastic geometry approach. 2013.

[13] O. Arnold, F. Richter, G. Fettweis, and O. Blume. Power consumption
modeling of different base station types in heterogeneous cellular
networks. In Future Network and Mobile Summit, pages 1–8. IEEE,
2010.


