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Abstract. Small cells are expected to be densely deployed in future networks to improve spectral and 
energy efficiencies. Due to the their small coverage and fluctuating number of users, the On-Off mechanism 
in small cell base stations (SBSs) has to be dynamically adapted in order to reduce the total energy 
consumption. However, the time delay associated with the transition from the Off to ON states can degrade 
the network performance. In this paper, a traffic prediction algorithm is proposed to perform a proactive SBS 
activation by anticipating future workload in SBS clusters using information of distance and received signal 
power of associated users. The distance and power measurements are smoothed using Haar wavelet filters to 
get a better approximation of the cluster’s traffic load. Each SBS operates in a self-organized manner in 
coordination with the neighbouring SBSs in that cluster wherein the information of associated users are 
exchanged among SBSs. The work aims to adaptively modify the On-Off mechanism while minimizing the 
time delay that is incurred from the wake-up process of SBSs. Simulation results show that the proposed 
algorithm can significantly reduce the delay with a slight increase in power consumption. 
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1. Introduction 

Due to the high quality of service (QoS) requirements in future cellular networks along with the massive 
number of users, the dense deployment of small cells which facilitate spatial frequency reuse emerged as a 
promising solution to improve both network capacity and energy efficiency. The increasing energy costs and 
CO2 emissions make the dynamic performance of base stations (BSs), which consume about 60-80% of the 
network’s energy, an essence in the design of cellular networks [1]. 

The frequent spatial and temporal variations in traffic load impose an inefficient exploitation of BS’s 
resources and energy. Therefore, BSs have to be dynamically controlled to preserve energy [2] such that the 
energy consumption is adapted to the variations in traffic load [3]. Due to their small coverage area, small 
BSs (SBSs) are more prone to having unassociated users [4]. Moreover, femtocell BSs are underutilized 
most of the time because they are basically designed to provide service in full load conditions. Therefore, 
adopting efficient sleeping mechanisms is essential to avoid the operation of unnecessary BSs to reduce 
energy wastage [5] and to minimize the interference among neighboring cells [6]. Moreover, SBSs which are 
described as plug-and-play devices should have self-organizing features to facilitate network management.  

Despite the aforementioned advantages, BS sleeping can also increase the time delay experienced by 
users [7]. Moreover, coverage holes, which deteriorate users’ experience, might emerge as a side effect of 
BS sleeping [3]. To overcome this problem, users within the area of a sleeping BS can be served by 
neighboring BSs which increase the transmit power to compensate for the shortage in wireless coverage [8]. 

The on-off mechanism for improving energy efficiency has been widely studied recently. An artificial 
neural network (ANN)-based traffic prediction was proposed in [9] to switch-off femtocell BSs under low 
traffic load conditions. In [10], an optimization of resource partitioning and user association was proposed to 
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minimize the total energy consumption. The work assumed that both macro and small cell BSs are allowed 
to enter the sleep mode.  

Several sleep depth levels were introduced in [8] to improve energy efficiency in a k-tier heterogeneous 
network (HetNet)f using random and strategic sleeping policies. It was shown that the energy efficiency was 
improved using random sleeping policy and further improved with the strategic sleeping policy. In [11], an 
optimal sleep/wake-up scheme was derived based on Markov decision process (MDP) using traffic load and 
user localization in HetNets to minimize energy consumption, while preserving the QoS experienced by 
users. 

In this paper, the distance and received signal power of users associated with each SBS in a cluster are 
collected and decomposed using wavelet filters. Then, the mean values of those data are calculated. The 
proposed algorithm is applied to anticipate the future load in each SBS. When the load on a certain SBS is 
light and can be offloaded to a macro BS, the operation of that SBS is considered as unnecessary, and the 
SBS is switched from the On state to the standby or Off states.  

The rest of the paper is organized as follows. Section 2 describes the system model. Section 3 introduces 
the simulation setup. Results and discussion are presented in Section 4, and finally, Section 5 provides 
conclusion of the work. 

2. System Model 

Base stations have three main blocks: (1) processing unit, (2) power amplifiers and radio-frequency (RF) 
transmitters, and (3) field-programmable gate array (FPGA). By controlling the operation of these blocks, 
different sleep modes can be obtained as follows [8]: 

 ON: All blocks are active and maximum power is consumed. 
 STANDBY (light sleep): The RF module is shutdown while other units remain operational, and 

hence the BS can be quickly activated. 
 OFF: All blocks are shutdown, and the power consumption of the BS is considered to be zero. 

Table I: Wake-Up Times and Power Consumption for the Suggested Sleeping Modes [8] 

Sleeping Mode Sleep Mode Wake-Up Time (sec) Power Consumption (%) 
ON 0 100% 

STANDBY 0.5 50% 
OFF 30 0% 

 
The network is modeled using stochastic geometry which simulates the real randomness of SBSs with 

their associated users [1]. The SBSs and users are distributed using the hard core point process (HCPP) 
model in which B = {1…b} represents the set of SBSs, whereas U = {1…u} represents the set of associated 
users which are normally distributed around SBSs. Fig. 1 depicts a two-tier HetNet.        

The network is assumed to have enough capacity, and once an SBS is Off, users are assumed to be 
offloaded to a macro BS that co-exists in that particular area. The path loss measured in dB is calculated by 
the indoor hotspot (InH) model from the international telecommunication union report (ITU-R) as follows: 

 
                                                    γ = 16.9 log10 (d) + 32.8 + 20 log10 (fc)                                                        (1) 

 
where d represents the distance between the SBS and the associated user measured in meters, and fc is the 
carrier frequency measured in GHz. In addition, shadow fading that encounters the signal between SBSs and 
users is approximated statistically by the normal distribution: 

                                    Xσ (dB) ~ N (μ, σ2)                                                                          (2) 

where μ and σ  are the mean and standard deviation of the fading depth measured in dB, respectively. The 
mobility of user locations is simulated by adjusting the standard deviation of the user distances that are 
normally distributed around the SBS location. Now, the distance vector d = {d1, d2,..., dk} and power vector 
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p = {p1, p2,…, pk} are obtained and decomposed using the Haar wavelet filters (one-level decomposition) to 
obtain a smoother approximation. Afterwards, the approximated coefficient vectors Φd and Φp are considered 
as the distance and power data used our algorithm. The mean values of the output vectors for each SBS are 
calculated as follows:  
 

  λd (i) = E [Φd (i,j)],          ∀i ∈ B, ∀j ∈ U                                                    (3) 
              

    λp (i) = E [Φp (i,j)],          ∀i ∈ B, ∀j ∈ U                             (4) 
 
The operator E(.) is the expectation operator. The maximum value of λd and λp for all SBSs in the cluster 

are then obtained: 
 

Macrocell

Small cell with 
light load 

Small cell with 
heavy load

 
Fig. 1: A two-tier HetNet consisting of one macro cell and two small cells with different load conditions. 

 
                            τd  = max {λd (i)},           ∀i ∈ B,                                                       (5) 

 
                   τp  = max {λp (i)},           ∀i ∈ B                                                        (6) 

 
Here, τd and τp represent the threshold (maximum) distance and power, respectively. These threshold 

parameters indicate the highest workload level in the cluster. The time delay is calculated based on Table I. 
The mean delay Δ experienced by users in all SBSs is calculated as in (7). 

 

                        Δ = E [L (i,j)],             ∀i ∈ B, ∀j ∈ U                                                  (7) 
 

where L represents the delay experienced by a mobile user j associated with an SBS i. This work aims at 
minimizing the delay of SBS activation by predicting future traffic load in a network cluster based on current 
traffic measurements. By avoiding the possibility of having active users in sleeping cells, the time delay can 
be significantly reduced. The proposed sleeping mechanism is described in Algorithm 1 (Fig. 2(a)).  

In this algorithm, U denotes the number of active users associated with a particular SBS, whereas              
λ(i) ∈ {λd(i), λp(i)} and τ ∈ {τd, τp}. When a single user (U=1) is associated with an SBS, and the traffic load in 
that SBS which is denoted by λd (i) or λp (i) is greater than the thresholds τd or τp, this means that the entire 
cluster area is lightly loaded, and that SBS can be switched off without incurring significant delay. It is also 
assumed that when only one user is associated with an SBS, that user can be offloaded to a macro BS, and 
the SBS can be forced to the Standby or Off modes. Fig. 2 (b) shows the flowchart of the sleeping 
mechanism.     

3. Simulation Setup 

The network is modeled using stochastic geometry, namely the hard core point process, wherein 10 SBSs 
forms a cluster such that no two SBSs coexist within the same coverage area. The algorithm is tested using 
two strategies; the first deals with analyzing only the Euclidean distance between SBSs and the associated 

1242



users, and the second considers the received signal power along with the effects of path loss and shadow 
fading imposed in the signal path between SBSs and users. Table II summarizes the system parameters.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                    (a) Proposed Algorithm   (b) Flowchart of the sleeping mechanism  

Fig. 2: Algorithm and flowchart of the proposed sleeping mechanism.  

Table II: System Parameters 

Parameter Value 

Number of SBSs 10 

Number of users 1 – 20 

Carrier frequency (fc) 2.4 GHz 

Shadow fading Normal distribution, µ = 0dB, σ = 4dB 

SBS maximum power 24 dBm 

Minimum received power ̶  110 dBm 

4. Results and Discussion 

      
(a)                                                                 (b) 

Fig. 3: (a) Time delay and (b) power consumption of SBS activation based on distance analysis. 

In this section, the proposed algorithm is tested, and performance comparisons regarding the time delay 
and power consumption with respect to the number of user equipments (UEs), with and without the traffic 

Start 

End 

Collect measurements of distance and power 
from associated users for all SBSs 

Analyze collected data using wavelet 

Calculate the delay and power consumption 

Calculate τ ∈ {τd, τp} 

Apply Algorithm 1 

Set the future SBS mode 
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prediction algorithm, are obtained. It is worth mentioning that “without prediction” refers to the 
implementation of Algorithm 1 with the elimination of the conditions (λ(i) < τ) and (λ(i) > τ), and when (U = 0 
or 1) the BS enters the Off mode directly. Fig. 3(a) shows the average time delay of SBSs with respect to the 
number of UEs. It can be noticed from the figure that the proposed algorithm performed well in minimizing 
the total time delay regardless of the number of associated UEs. The values of delay without the proposed 
algorithm are approximately double that of the proposed algorithm especially with less number of UEs. 
When the number of UEs is increased, the delay will decrease until both curves coincide when 9 UEs are 
associated with the SBS. 
 

             
(a)                          (b) 

Fig. 4: (a) Time delay and (b) power consumption of SBS activation based on received power analysis. 

A comparison of the normalized power consumption in the network is depicted in Fig. 3(b). It can be 
observed that the power requirement in the network is higher when the prediction algorithm is implemented, 
and the power consumption keeps increasing as the number of UEs is increased. The two curves coincide at 
the points where the number of UEs is 9 or more. This is due to the fact that SBSs with this number of users 
are set to the On or Standby modes more often than the Off mode in order to minimize the overall time delay 
experienced by users. Similar comparisons were conducted in Fig. 4; however, the analysis involves the 
measurements of the received signal power from associated users instead of measured distances.  

5. Conclusion 

In this work, an adaptive sleeping mechanism has been proposed to reduce the overall time delay 
incurred by SBS activation. The proposed algorithm adaptively modifies the activation of SBSs in a 
particular cluster through exchanging information among SBSs in that cluster, such that cells are activated 
prior to receiving a service request. First, the distance measurements between users and SBSs have been 
adopted for traffic load prediction. Then, the received signal power of associated users was utilized in a 
second test. Results show that the algorithm significantly reduced the time delay of the SBS sleeping 
mechanism; however, the power consumption was slightly increased because SBSs are forced to enter the 
Standby or On states more than the Off state. 
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