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A Decentralized Sleep Mechanism in Heterogeneous
Cellular Networks with QoS Constraints

Ping Ren and Meixia Tao, Senior Member, IEEE

Abstract—We introduce a sleep mechanism for energy effi-
ciency in heterogeneous cellular networks, where macro base
stations and small base stations coexist in the same frequency
band. The strategy is to put high-power macro base stations
into sleep mode and offload the users to low-power small base
stations or neighboring macro base stations. To do so, we first
formulate a joint optimization problem to minimize the total
energy consumption while maintaining the QoS of users. Then we
decouple it into two subproblems: user association and resource
allocation, and macro base station sleep mechanism. We propose
a modified many-to-one matching algorithm to solve the first
one and a voting-based dynamic sleep mechanism for the second
one. Simulation results show that our scheme has both lower
energy consumption and lower user blocking ratio compared
with existing sleep mechanisms.

Index Terms—Energy efficiency, matching algorithm, decen-
tralization, heterogeneous network.

I. INTRODUCTION

As information and communication technology has become
one of the major sources of world power consumption [1],
the energy efficiency (EE) of wireless networks has been a
key performance metric. Meanwhile, since ever-growing data
demands cannot guarantee the profits of wireless operators,
EE is also crucial for reducing the costs of telecom operators.

Many previous work focused on the reduction of over-the-
air energy consumption through power control. In cellular
networks, the energy consumed by always-on components on
base stations (BS) plays a major role in the overall energy
consumption [2]. It is thus more effective to put certain BSs
in sleep mode or switch them off in cellular networks. The au-
thors in [3] introduced static sleep patterns within a cluster of
BSs for EE. These sleep methods are independent of the user
distribution and traffic load. In [4], [5], the authors proposed a
dynamic sleep mechanism according to user distribution within
geographically separated clusters.

In this letter, we study the sleep scheme of heterogeneous
cellular networks where both macro base station (MBS) and
small base stations (SBS) coexist. Unlike [6] which considered
the on/off mechanism of SBSs only. We consider the sleep
scheme of MBS only since a MBS usually consumes much
more power than a SBS. Also, cell DTX is a new hardware
feature enabling the deactivation of some components of a BS
in the order of one TTI (1 ms) in LTE [7], which makes it
practicable to sleep BSs on a shorter timescale (per slots). In
our work, the SBSs are always on in order to offload the users
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from MBSs with high traffic load or in a sleep mode. When
considering the non-peak traffic hours, there is energy saving
potential by sleeping MBSs while guaranteeing the QoS of
users with the low-power SBSs providing additional coverage.

We first formulate an optimization problem for energy con-
sumption minimization subject to certain user QoS constraints.
The problem involves the joint optimization of user association
and resource allocation (UARA), and MBS sleeping indicator.
Then we introduce a decentralized algorithm by decoupling
it into two subproblems: UARA problem and MBS sleeping
problem. For the first subproblem, we propose a modified
many-to-one matching algorithm based on game theory. For
the sleeping stage, we define a voting-based loading metric
of each MBS and sleep as much as these MBSs with the
least loading metric value while guaranteeing the QoS of
users. Simulation results show that the proposed decentralized
sleeping mechanism is superior to the existing schemes in
the reduction of total energy consumption as well as the user
blocking ratio.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a downlink heterogeneous cellular network that
consists of both MBSs and SBSs. All base stations use the
same frequency band. Let C and U denote the set of macro-
cells and the set of users per cell in the network. Each macro-
cell has one MBS, S SBSs and |U| randomly distributed
mobile users, where |X | is the cardinality of X .

A. Received SINR and achievable rate at the user end

Let all the BSs in a cell be indexed from 0 to S, where 0
stands for the MBS, else for SBSs in order. Let user (i, k)
and BS (j, s) denote the kth user in the ith cell and the
sth BS of the jth cell, respectively. Assume that the “cell”
denotes the MBS coverage when all MBSs are on. If user
(i, k) is associated with BS (j, s), its received interference
can be written as:

Ii,k,j,0 =
∑

j′ 6=j, j′∈C

qj′PtMαi,k,j′,0 +
∑
j′∈C

S∑
s′=1

PtSαi,k,j′,s′

(1)
for s = 0, and

Ii,k,j,s =
∑
j′∈C

qj′PtMαi,k,j′,0 +

S∑
s′ 6=s, s′=1

PtSαi,k,j,s′

+
∑

j′ 6=j, j′∈C

S∑
s′=1

PtSαi,k,j′,s′ (2)
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TABLE I: Parameters for simulation

Number of cells |C| 21
Number of SBS per cell S 15

Inter-cell distance dcell 500(m)
Maximum transmission power of MBS PM

max 46(dBm)
Maximum transmission power of SBS PS

max 24(dBm)
Blocking ratio threshold Pblock 0.1 or 0.2

Shadowing of MBS SM 8(dB)
Shadowing of SBS SS 4(dB)

Total bandwidth W 10(MHz)
Number of RBs B 50

AWGN power density N0 -174(dBm/Hz)
Fixed power of MBS Pm0 130(W)
Fixed power of SBS PS0 4.8(W)

Delta of MBS ∆m 4.7
Delta of SBS ∆S 8

power of sleeped MBS PM
sleep 75(W)

for s = 1, ..., S, where qj is the binary sleep indicator of
MBS (j, 0), with 0 for sleeping and 1 for on, PtM and PtS

are the transmit power spectrum density of MBS and SBS,
respectively, and αi,k,j,s is the average channel gain between
user (i, k) and BS (j, s). Then its received SINR is given by:

SINRi,k,j,s =
Pαi,k,j,s

Ii,k,j,s +N0
, (3)

where P is PtM for s = 0 and PtS for s = 1, ..., S and N0

is the noise power spectrum density. The achievable rate of
user (i, k) associated with BS (j, s) per resource block (RB),
denoted as Ri,k,j,s in bits/sec is:

Ri,k,j,s =
W

B
log2(1 + SINRi,k,j,s), (4)

where W is the total channel bandwidth and B is the total
number of RBs.

The traffic load of BS (j, s), denoted as ρj,s, is defined as
the ratio of the number of RBs used by BS (j, s) to the total
number of RBs:

ρj,s =

∑
i∈C

∑
k∈U

bi,k,j,s

B
, (5)

where bi,k,j,s is the number of RBs used by user (i, k) from
BS (j, s). It is noted that 0 ≤ ρj,s ≤ 1, ∀j ∈ C, s ∈
{0, 1, ..., S}.

B. Power consumption model of base station

We adopt the power consumption model proposed in [2] and
write the power consumption of BS (j, s), denoted as Pj,s, as:

Pj,0 =

{
PM0 + ∆MWPtMρj,0, if qj = 1,

PMsleep, if qj = 0,
(6)

Pj,s 6=0 = PS0 + ∆SWPtSρj,s. (7)

Here, PM0 and PS0 are the fixed power factors consumed by
MBS and SBS, respectively, ∆M and ∆S are the slope of
the power model of MBS and SBS and PMsleep is the power
consumption of sleeping MBS. In this model, we assume that
the total transmission power is equally allocated to each RB
per BS. This model well depicts the tendency of the impact
of traffic load on the power consumption of base stations.

Algorithm 1 Proposed matching for UARA
1. Initialization: Construct UP (i, k), Set UR(i, k, j, s) = 0, Set UFree(i, k) =
1, ∀i ∈ C, k ∈ U .
2. Matching each user to a BS or block it:
• (1) If ∃ UFree(i, k) = 1.

– If ∃ BS (j, s), UR(i, k, j, s) = 0, go to 2-(2).
– Else set UFree(i, k) = 0 and block it. Go to 2-(3).

• (2) User (i, k) makes a request to the BS (j, s) who ranks first in the UP (i, k)
with UR(i, k, j, s) = 0.
– Set UR(i, k, j, s) = 1.
– If BS (j, s) has enough RBs for user (i, k), then BS (j, s) accepts user

(i, k). Set UFree(i, k) = 0.
– Else if there exist a minimum user set R with (i, k) �j,s (i′, k′) and∑

(i′,k′)∈R RB(i′, k′) + RRB(j, s) ≥ RB(i, k), ∀(i′, k′) ∈ R
and R ⊆ UI(j, s), then BS (j, s) accepts user (i, k) and rejects all users
in R. Set UFree(i, k) = 0 and UFree(i′, k′) = 1, ∀(i′, k′) ∈ R.

– Else BS (j, s) rejects user (i, k).
• (3) Repeat 2-(1) until UFree(i, k) = 0, ∀i ∈ C, k ∈ U .

C. Problem formulation

Our goal is to minimize the total energy consumption of
all BSs subject to certain user QoS constraint. The user QoS
constraint is defined by a target minimum transmission rate for
certain number of users, and is indicated as user blocking ratio
Pblock, the ratio of the number of unserved users to the total
number of users. This optimization problem is formulated as:

P : min
b,q

∑
j∈C

S∑
s=0

Pj,s,

s.t.
∑
j∈C

S∑
s=0

bi,k,j,sRi,k,j,s ≥ R0, ∀(i, k) ∈Mm, (8)

∑
j∈C

S∑
s=0

1(bi,k,j,s) ≤ 1, ∀i, k, (9)

0 ≤
∑
i∈C

∑
k∈U

bi,k,j,s ≤ B, ∀j, s, (10)

qj ∈ {0, 1}, ∀j, (11)
bi,k,j,s ∈ {0, 1, ..., B}, ∀i, k, j, s, (12)

where b , [bi,k,j,s]|C|×|U|×|C|×(S+1), ∀i ∈ C, k ∈ U , j ∈
C, s ∈ {0, 1, ..., S}, q , [q1, q2, ..., q|C|], R0 denotes
the target rate of users, 1(x) is an indicator function with
1(x) = 1 for x 6= 0 and 0 for x = 0, Mm is an arbitrary set
that contains |C| × |U| × (1 − Pblock) number of users. The
constraint (8) indicates that Pblock portion of users cannot meet
the target transmission rate. The constraint (9) means that each
user can be served by only one BS. The above problem is a
combinatorial problem. To our best knowledge, there is no
efficient algorithm with reasonable running time to solve it.
In the worst case, the complexity of the brute force search is
O((|C|(1 + S))|C||U|), which is exponential. In the following
section, we propose a heuristic and decentralized algorithm
for this problem.

III. PROPOSED ALGORITHM

The problem P involves the joint optimization of two
variables, q = {qj} for sleep/on mechanism for each MBS,
and b = {bi,k,j,s} for user association and resource allocation.
In this section, we decouple it into two subproblems and
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propose a decentralized algorithm. The first subproblem is to
find the optimal user association and resource allocation b for
given q. This problem will be solved by many-to-one matching
algorithm. The second subproblem is to determine the sleep
mechanism q for given b, where we propose a voting-based
dynamic algorithm. Finally, iteration is carried out between
the two subproblems until certain stopping criterion is met.

A. Matching algorithm for UARA

To simplify the problem, we assume that each user is
served by either the MBS or one of S SBSs in its own
cell, and that it can only be served by the MBS from its
neighboring cell if the MBS in its own cell is in a sleep
mode. This assumption is reasonable as in practical systems
users are typically associated with nearby base stations. This
subproblem of user association and resource allocation can be
modeled as a many-to-one matching problem [8, Chapter 1.6],
which is called the Hospitals/Residents Problem. Here regard
BSs as hospitals and users as residents. On one hand, each
BS wants to serve those users with the highest SINR. On
the other hand, each user wants to be associated with the BS
that can provide the highest achievable rate and meet its QoS
constraint. As such, the traditional matching algorithm with
certain modification can be applied to find a solution in a
decentralized manner. The algorithm detail is presented below.

Let N (i) denote the set consisting of the ith MBS and its
neighboring MBSs. Initially, each user estimates the downlink
channel using pilot signals sent by the BSs and then feeds
it back to BSs. After this, BSs and users construct the
preference list according to the SINR (3) in the descending
order. In specific, if SINRi,k,j,s > SINRi,k,j′,s′ , user (i, k)
prefers BS (j, s) over BS (j′, s′). Here j ∈ N (i) and if
j = i, s = 0, ..., S, else j 6= i, s = 0. Note that if
a BS is in a sleep mode, the corresponding SINR will be
zero. After forming the preference list, each user submits a
service request, i.e., SINR, to the BS who ranks first in its
preference list UP (i, k). Each BS will accept these requesting
users according to their rankings in its preference list until it
does not have enough RBs to serve new users. For the user
who is rejected by its preferred BS, it will update its preference
list by removing this BS.

In the next round, those users whose service requests are
denied will submit their requests again based on their updated
preference list. Each BS will then decide to grant the requests
or not based on the users’ SINR and its remaining RBs. If a
BS does not have enough RBs but the SINR of the requesting
user is larger than that of the users it accepted in the previous
round, the BS will accept the new user by kicking out the
previous users.

The above process will be repeated by all those users who
are rejected or kicked out in the previous rounds until every
user is assigned with one BS and its required RBs or the
preference lists of all rejected users are empty. Those users
who are rejected at the end of the iterations will be blocked.

Note that the original many-to-one matching algorithm can
only match BSs and users according to SINR-based preference
list. Here we add the number of RB to jointly decide the
matching. The outline of the modified matching algorithm is

given in Algorithm 1. Here, UR(i, k, j, s) denotes whether
user (i, k) has made a request to BS (j, s), 1 for requested
and 0 for not. When user (i, k) is associated with a BS or is
blocked, set UFree(i, k) to 0, otherwise 1. RB(i, k) denotes
the number of RBs needed by user (i, k) and RRB(j, s) as
the remaining number of RBs in BS (j, s). UI(j, s) denotes
the user index accepted by BS (j, s).

The proposed algorithm can find a stable matching which
is defined in [8](see Chapter 1.6.1). Meanwhile, the result is
also optimal for all users among all possible stable match-
ing(see Theorem 1.6.2 in [8]). The average complexity of the
algorithm is O(S ln( S

S−|U| )).

B. Sleep mechanism

This subproblem is to determine whether a MBS should go
to sleep mode based on the results of matching algorithm and
the information of neighboring MBSs. The general rule is to
put into sleep mode those MBSs with the least loading metric
value compared with the neighboring MBSs.

To facilitate a decentralized implementation, we introduce
a novel variable votes(j) to describe the loading of MBS
(j, 0). This variable is obtained as follows. First, each MBS
(j, 0) announces its traffic load ρj,0 to its neighbors N (j)
so that every MBS (j, 0) can collect the information ρj′,0,
for j′ ∈ N (j). Then, by comparing ρj′,0, for j′ ∈ N (j),
each MBS (j, 0) can determine the one, say j∗, that has the
least traffic. After that, the voting starts. Each MBS (j, 0) will
vote for MBS (j∗, 0) and the variable votes(j∗) is updated
as votes(j∗) = votes(j∗) + 1. Note that votes(j) is set to
0 initially for all j ∈ C. At the end of the voting, the value
votes(j) can vary between 0 and |N (j)|. We also take into
account the total number of users served by each MBS. Thus,
we define a metric for each MBS, noted as load(j), which
is the ratio of the number of its currently served users to its
number of votes. Each MBS computes its own metric value
and broadcasts this information to the neighboring MBSs. At
last, the MBS (j, 0) will go to sleep mode only when it finds
its metric value load(j) is the smallest among its neighboring
MBSs, i.e., N (j).

One may regard our proposed sleep mechanism as a cluster-
based one by treating each N (j) as a cluster. But unlike [5],
our cluster N (j) is formed in an overlapping manner.

After sleep mechanism, we will redo the matching algo-
rithm. The above procedure repeats until the user blocking
ratio exceeds the pre-defined threshold Pblock and the result
with the minimum number of active BSs will be selected as
long as Pblock is met. The proposed algorithm will converge
definitely since after each sleep the blocking ratio must be
increased due to the lack of serving resources.

IV. SIMULATION RESULTS

The parameters of simulation, using LTE specifications
in [9], are summarized in Table I. Both SBSs and users
are uniformly and randomly distributed. We exam different
sleep schemes during 1min. One time duration of the sleep
operation is 1sec. The QoS requirement and channel condition
are independently generated during each 1sec. The target
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Fig. 1: Actual user blocking ratio at target Pblock = 0.1

rate is randomly selected from the target rate set R =
{0.1, 0.2, · · · , 1.0}Mbps every 1sec. Four benchmarks, non-
sleep, periodic sleep, dynamic sleep [4] and dynamic sleep
[5] are presented. In specific, in non-sleep scheme, all 21
MBSs are active all the time. For periodic sleep [3], the
total 21 cells are grouped into 3 disjoint clusters according
to their geometric proximity. At each time, only one of
MBSs in each cluster goes to sleep and different MBSs go
to sleep alternatively in a periodic manner. Note that both
non-sleep and periodic sleep cannot guarantee any specific
user blocking ratio. For dynamic sleep [4], [5], the cluster
formation is the same as the periodic sleep but the MBS
sleeping is dynamic. In specific, for dynamic sleep [4], within
each cluster, certain MBSs go to sleep according to the result
by the prediction procedure proposed by the authors and for
dynamic [5], within each cluster, the MBSs with the smallest
number of users will go to sleep until user blocking ratio
exceeds a certain threshold. Since these existing schemes are
designed for homogeneous networks, we solve UARA by the
same matching algorithm as in Subsection III-A. The required
number of information exchange of the non-sleep, periodic
sleep, dynamic sleep [5], dynamic sleep [4] and proposed sleep
algorithm is 0, 0, 2, 2 and 3, respectively. By adding one more
information exchange, more energy saving potential is utilized
through the cooperation of surrounding BSs.

Fig. 1 and Fig. 2 present the actual user blocking ratio
and energy consumption, respectively. Overall, it is observed
that the proposed scheme has lower energy consumption
when satisfying the target user blocking ratio compared with
the existing mechanisms. Specifically, the proposed scheme
performs as well as the non-sleep scheme in terms of user
blocking ratio but with much lower energy consumption. In
particular, 50.8% energy reduction is achieved when u = 15
at target Pblock = 0.1. Compared with the dynamic sleep [5]
the proposed scheme achieves almost the same user blocking
ratio at almost the same energy consumption when the user
density is low (u ≤ 10). When the user density increases, our
proposed scheme outperforms the dynamic sleep [5] in both
user blocking ratio and energy consumption. In particular, the
energy reduction of 8.6% and the drop of actual user blocking
ratio from 2.7% to 1.7% are observed with u = 20 compared
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with the dynamic sleep [5] at the target user blocking ratio
0.1. This is because the dynamic sleep [5] can only offload
users to the MBSs within the geographically separated cluster
while our scheme can offload users to the MBSs within the
overlapping cluster. From the two figures, one can also observe
that the dynamic sleep [4] suffers larger user blocking ratio
and consumes more energy compared with both our proposed
scheme and scheme in [5]. This is mainly due to that the
prediction gain in [4] cannot be fully exploited within such a
short time duration of 1 minute.

From Fig. 2 we also observe that as the target user block-
ing ratio increases (from 0.1 to 0.2), our proposed scheme
consumes less energy.

V. CONCLUSION

In this letter, we proposed a decentralized algorithm for
energy minimization in heterogeneous cellular networks. The
algorithm involves two parts, a matching-algorithm based
user association and RB allocation, and a voting-based sleep
mechanism for macro base stations. Simulation results show
that with certain user density the total energy consumption can
be reduced by 8.6% and the user blocking ratio can decrease
from 2.7% to 1.7% compared with the existing dynamic sleep
scheme.
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