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Abstract—Energy saving of small cells is an important issue for 

a mobile network deployed with a large number of small cells. 

These small cells are typically overlapped with macro cells. When 

the call traffic is light, a small cell enters the dormant mode to save 

energy. Therefore, its call traffic is directed to the overlapped 

macro cell. When the traffic load of the macro cell becomes heavy, 

the macro cell wakes up the dormant small cells to share the traffic 

load. It is a non-trivial task to wake up the “right” dormant cells. 

This paper proposes Simple Energy Saving (SES), a simple yet 

novel scheme, to accurately wake up the dormant small cells. In a 

low-traffic environment, our scheme enables the small cells to 

quickly enter the dormant mode. When the macro cell is heavily 

loaded, it wakes up the dormant small cells to share its traffic load. 

Specifically, with 90% of energy saving in our scheme, a dormant 

small cell can be detected and reported to the macro cell in 1.3716s. 

When the macro cell conducts the wakeup mechanism, with a 

probability of 0.9, more than 75% of the dormant small cells are 

not affected and can stay in the dormant mode. We also show that 

energy saving of the SES scheme is more effective when the macro 

cell covers a larger number of small cells.  

 
Index Terms—Dormant Mode, Energy Saving, Long Term 

Evolution (LTE), Macro Cell, Small Cell  

 

I. INTRODUCTION 

ERVERAL surveys indicate that the information and 

communication technology (ICT) industry has become one 

of the major contributors of global warming and worldwide 

energy consumption [1][2]. Researchers also found that the 

energy consumption nearly doubles every four years due to the 

popularity of mobile network access, and the energy 

consumption of the base stations dominates in the mobile 

network infrastructure [3]. Energy conservation is one of the 

key issues for both device-to-device communication mode [4][5] 

and infrastructure mode [6][7] of mobile cellular networks. 

Since the base stations are responsible for maintaining the 

mobile service coverage, it consumes the majority (~57%) of 

the energy bill in the operational expenditures (OPEX) of a 

typical mobile network operator [8]. Therefore, energy saving 
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of base stations has played an important role in mitigating 

global warming and reducing the mobile operation cost. 

Commercial mobile network is typically deployed with 

heterogeneous base station configuration. Consider a simplified 

Long Term Evolution (LTE) network architecture as an 

example illustrated in Figure 1. The User Equipments (UEs; 

UE1, UE2, and UE3 in Figure 1) connect to the base stations to 

access the LTE network. The radio coverage of a base station is 

called a “cell”. The network includes macro cells (Cells A and 

B in Figure 1) to provide complete service coverage, and small 

cells (Cells C, D and E in Figure 1) are generally deployed in 

the areas of poor signal quality (caused by geographic 

constraints) or the hotspots to increase the network capacity. In 

the LTE system, the Evolved Packet Core (EPC) in the core 

network supports mobility and connectivity management, and 

the base stations connect to the EPC through the S1 links [9]. 

The 3rd Generation Partnership Project (3GPP) also optionally 

introduces the X2 interface for communication between the 

base stations [10]. 

Compared with a macro cell (that has a radio coverage of 0.5 

to 2 km radius), a small cell has a radio coverage of 5 to 100 

meter radius. Due to short distance between a UE and a small 

cell, the small cell provides wireless transmission services with 

higher data rate than a macro cell does. Small cells are mainly 

deployed in the indoor environment such as homes and offices. 

L.-C. Wang is also with the Information and Communications Research 

Labs, Industrial Technology Research Institute (ICL/ITRI), Chutung, Hsinchu, 

31040, Taiwan, R.O.C. (e-mail: LCWang@itri.org.tw) 
P. Lin is with the Department of Computer Science and Information 

Engineering, National Taiwan University, Taipei, Taiwan R.O.C. (e-mail: 

plin@csie.ntu.edu.tw).  
 

SES: A Novel yet Simple Energy Saving 

Scheme for Small Cells  

Yi-Bing Lin, Fellow, IEEE, Li-Chang Wang, and Phone Lin, Fellow, IEEE 

S 

 
Fig. 1.  LTE network architecture. 
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On the other hand, macro cells are deployed in the outdoor 

environment [16]. A macro cell may overlap with hundreds of 

small cells. If the call traffic is heavy, then the small cells will 

handle the calls in their coverage to share the traffic load of the 

macro cell. On the contrary, if the call traffic is light, the small 

cells may be idle without handling any call most of the time. In 

this case, it is desirable to turn off power consuming 

components of the small cells, e.g., the radio frequency (RF) 

module, to save the energy. This paper proposes Simple Energy 

Saving (SES), a simple yet novel solution to turn off small cells 

when they are not serving the calls, and wake up these small 

cells when the macro cell has heavy traffic load. We have 

implemented this scheme in the LTE small cell developed by 

Industrial Technology Research Institute (ITRI) in Taiwan [11]. 

SES is easy to implement since it only requires slight 

modification on a standard small cell. Through measurements, 

analytical analysis and simulation, we will show that the 

proposed SES can significantly save energy consumption of 

small cells with insignificant impact on the network 

performance. 

The remainder of this paper is organized as follows. Section 

II describes the previous works, in particular, the 3GPP 

schemes. Section III proposes a new energy saving scheme for 

small cells. The performance of the proposed scheme is 

investigated in Section IV, and the conclusion is given in 

Section V.  

II. PREVIOUS WORKS 

This section surveys the related works for energy saving of 

small cells. In [12], a method for base stations to enter the 

dormant mode was proposed. Specifically, the small cell checks 

whether there is any UE in its coverage through paging. If no 

UE resides in the vicinity of the small cell, the small cell will 

not receive any response. Then the small cell enters the dormant 

mode. In the dormant mode, the small cell transmits its 

reference signal and system information less frequently than 

that in the normal operation. The RF signal emitted from the 

transmitter of the small cell shows a transient behavior with 

respect to instantaneous frequency and amplitude. Transient 

signal behavior is attributable to a variety of sources, such as 

the acquisition characteristics of frequency synthesis systems, 

modulator subsystems, and RF amplifiers [13]. Typically, 

unique RF signal characteristics in different transmitters are 

observable because of the manufacturing tolerance and aging of 

the devices. The unique transient signal behavior is called the 

RF fingerprint, and is used to identify the transmitter. Therefore, 

the UEs severed by the macro cell detect the dormant small cell 

by identifying its RF fingerprint. If a UE detects the small cell, 

it sends the Wake Up message to the macro cell. The macro cell 

forwards the Wake Up message to the small cell through the 

Mobility Management Entity (MME) in the EPC by using the 

S1 link. Then the small cell leaves the dormant mode. This 

method utilizes the RF fingerprint detection, which is out of the 

scope of the 3GPP specifications, and the UE vendors may not 

support the RF fingerprint detection. Also, the detection may 

introduce heavy computation overhead to the UEs. Non-

standard implementation is required to support the Wake Up 

message transmission. Furthermore, the small cell needs to 

know which UE to page at the first step, and the small cell 

typically cannot accurately find all UEs to be paged. 

The 3GPP proposed two approaches for energy saving of 

small cell: the OAM (Operations, Administration, 

Maintenance)-based scheme and the signaling-based scheme 

[14]. The OAM-based scheme is a centralized control scheme, 

where the time when a small cell should enter/leave the dormant 

mode is scheduled by the OAM server according to the analysis 

of the traffic load. When the traffic load in a macro cell is below 

a predefined threshold, the small cells are configured to the 

dormant mode. When the traffic load of the macro cell increases 

above the threshold, the scheme will wake up all small cells in 

the dormant mode. The scheduling of energy saving for small 

cells requires large centralized computation, which may not be 

effective. 

In the signaling-based scheme, extra communication 

between a small cell and a macro cell is required through the 

X2 interface. The details are illustrated in Figure 2, and are 

elaborated in the following steps.  

Steps 1 and 2. The small cell sends the Resource Status 

Request message to the macro cell to retrieve the traffic 

load information of the macro cell. The macro cell 

returns the traffic load information through the Resource 

Status Response message. 

Step 3. The macro cell periodically sends the Resource Status 

Update message to the small cell to report current traffic 

load until the small cell stops requesting the resource 

status. 

Step 4. If the traffic load of the macro cell is light, the calls in 

the small cell will be handed over to the macro cell, and 

the small cell will enter the dormant mode to reduce its 

energy consumption. 

Steps 5 and 6. The small cell sends the eNB Configuration 

Update message to inform the macro cell that it will 

enter the dormant mode. The macro cell records the 

small cell’s identity in the dormant small cell list, and 

    
Fig. 2.  3GPP signaling-based energy saving scheme. 

  



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

3 

sends the eNB Configuration Update Acknowledge 

message to the small cell. Upon receipt of the message, 

the small cell enters the dormant mode. The UEs served 

by the small cell are moved to the macro cell. 

When the traffic load of the macro cell is high, the macro cell 

will wake up the dormant small cells to share the traffic load. 

Steps 7 and 8. The macro cell sends the Cell Activation 

Request message to the small cells in the dormant small 

cell list. Upon receipt of the message, each of the 

dormant small cells sends the Cell Activation Response 

message to the macro cell. The small cell turns on its RF 

module and leaves the dormant mode to handle the UEs 

in its radio coverage. 

In the 3GPP signaling-based scheme, the macro cell wakes 

up all small cells. If an awaken small cell finds no call in its 

coverage and the macro cell is still heavily loaded, it cannot 

move back to the dormant mode. A 3GPP technical report [15] 

attempts to enhance the signaling-based scheme to resolve this 

issue. In the enhanced scheme, before the macro cell actually 

wakes up the small cells at Step 7, it uses the X2 interface to 

ask these small cells to send the reference signal for a while. 

Then the macro cell requests all UEs to measure the signal of 

small cells. After sending the reference signal for a while, the 

small cells return to the dormant mode again. When a UE 

returns the measurement report, the macro cell checks if the 

report indicates any cell identity found in the dormant small cell 

list. If so, the macro cell proceeds to execute Step 7 to wake up 

the small cells. However, the 3GPP specification does not adopt 

the enhanced scheme because there is not enough evidence or 

evaluation results to justify that the enhanced scheme has better 

energy efficiency than the original one. In particular, both the 

signaling-based and the enhanced 3GPP schemes cannot 

resolve the following issue: Consider a small cell that has 

completed serving the last call and become idle. If the Resource 

Status Update message received at Step 3 indicates that the 

macro cell is heavily loaded, the small cell will never enter the 

dormant mode even if no call will arrive at this small cell, and 

it will be idle forever (we will derive the probability that the 

above situation occurs in Section IV). Also, the small cell may 

keep requesting the macro cell to provide resource status at Step 

3 when the macro cell is heavily loaded, and such request makes 

the macro cell even busier. 

Other studies on energy saving for small cells are briefly 

summarized as follows, and the details can be found in our 

previous work [16] and the references therein. In [17], a 

solution similar to the OAM-based scheme was investigated. 

The studies [18][19] are similar to the 3GPP signaling-based 

scheme. Both of them either require extra hardware (e.g., the 

sniffer) installed on the small cells or introduce non-standard 

3GPP messages. Our work [16] proposed a signaling-based 

mechanism without extra hardware installation or non-standard 

3GPP message exchange. In the above studies, the traffic load 

of the macro cell is not considered. We will address the traffic 

load analysis of the macro cell in Section IV. 

III. SES: THE PROPOSED ENERGY SAVING SCHEME  

In this section, we propose Simple Energy Saving (SES), a 

novel scheme to resolve the issues discussed in Section I. 

Consider a small cell in the normal operation. The small cell 

decides to enter the dormant mode when it has no call to handle. 

In the dormant mode, the RF module of the small cell is 

switched between the ON and the OFF periods. The small cell 

transmits its reference signal in the ON periods, while the RF 

module is turned off in the OFF periods to save the energy 

consumption and avoid the interference to other cells. 

When the macro cell experiences heavy traffic load, it 

triggers the wakeup mechanism to make the dormant small cells 

go back to the normal operation to share the call traffic. Figure 

3 illustrates the wakeup mechanism with the following steps. 

Step 1. When the macro cell’s traffic load is higher than a 

threshold, it sends the Measurement Configuration 

message to request the serving UEs to measure the signal 

strengths of the neighbor cells. 

Step 2. Each UE repeatedly scans the nearby small cells. 

When a dormant small cell is in the ON period, and the 

reference signal of the small cell is detected, the UE 

sends the Measurement Report message with the 

neighbor cells information to the macro cell. 

Step 3. Based on the measurement report, the macro cell 

decides to hand over the UE to the small cell. The macro 

cell sends the Handover Request message to the dormant 

small cell through the S1 link or the X2 interface (if the 

X2 interface is available). Upon receipt of the Handover 

Request message, the small cell leaves the dormant 

mode. 

Steps 4-6. The small cell sends the Handover Request 

Acknowledge message back to the macro cell. Then the 

macro cell sends the Mobility Control Info message to 

the UE to execute the standard 3GPP handover 

procedure [20]. 

The SES scheme instructs the small cell to enter or leave the 

dormant mode by using the existing measurement and handover 

procedures in the LTE system. Unlike the signaling-based 

scheme of the 3GPP, the SES scheme does not require the 

macro cell to maintain the dormant small cell list. Instead, our 

scheme only needs to slightly update the software of the small 

cell without introducing new message types used in the 3GPP 

signaling-based scheme. It is clear that in the SES scheme, the 

wakeup mechanism activated by the macro cell accurately 

 
Fig. 3.  The wakeup mechanism. 
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identifies the dormant small cells that can share its traffic load. 

A. Implementation of the SES Scheme 

We take the ITRI’s Frequency Division Duplexing (FDD) 

small cell as an example to illustrate the implementation of the 

SES scheme. We only modify the program of the Texas 

Instruments (TI) Digital Signal Processors (DSP) called 

TMS320C6670 [21] in the ITRI small cell to implement the 

procedure to enter the dormant mode. The TI DSP controls the 

RF module through the Serial Peripheral Interface (SPI). The 

ITRI RF module consists of two major components as 

illustrated in Figure 4: one RF core chip AD9361 [22] and two 

AVAGO 43040 power amplifiers for the transmitter [23]. The 

power consumption of an AD9361 and that of an AVAGO 

43040 are 1.4292W and 2.5W, respectively. The AD9361 

provides a set of programmable registers. The TI DSP sets these 

registers to control the enable state machine (ENSM) of 

AD9361 illustrated in Figure 5. When the small cell stays in the 

dormant mode (i.e., the SLEEP state), the AD9361 and two 

AVAGO 43040 chips are turned off. When the small cell enters 

the active mode for the normal operation, the RF module is 

turned on and stays at the FDD state. 

The registers related to the ENSM are Clock Enable (address: 

0x009), ENSM Config (address: 0x014), RX Voltage 

Controlled Oscillator (VCO) Calibration (address: 0x230), and 

TX VCO Calibration (address: 0x270). When the RF module is 

turned on, the Baseband Phase Lock Loop bit of the Clock 

Enable register is set to 1, the AD9361 clock is enabled, and the 

ENSM moves to the WAIT state. 

At the WAIT state, the related registers for the synthesizer 

configuration can be set. Then the ENSM moves to the ALERT 

state by setting both the FORCE ALERT STATE and the TO 

ALERT bits of the ENSM Config register to 1. On the other 

hand, if the TO ALERT bit is set to 0, all clocks are turned off 

through the Clock Enable register, and the ENSM moves to the 

SLEEP state. 

At the ALERT state, the transmitter and the receiver (TX/RX) 

can be turned on by setting the FORCE TX ON bit of the ENSM 

Config register to 1. This state enables the TX/RX VCO 

calibration by setting the RX and the TX VCO calibration 

registers. Then the ENSM moves to the FDD state. 

To exit from the FDD state, we disable the transmitter and 

the receiver by setting the FORCE TX ON bit of the ENSM 

Config register to 0, and the ENSM enters the FDD FLUSH 

state. 

At the FDD FLUSH state, the ENSM waits for 384 ADC 

clock cycles to flush the signal, and the TX/RX VCO 

calibrations are disabled. If the TO ALERT bit of the ENSM 

Config register is 1, the ENSM enters the ALERT state, and 

will return to the FDD state. On the other hand, if the TO 

ALERT bit is 0, the ENSM moves to the WAIT state. 

In the ITRI small cell, the number of connected calls is 

counted by a variable conn_num. When conn_num reaches 0, 

the TI DSP triggers the ENSM to exit from the FDD state, and 

the ENSM moves to the SLEEP state through the FDD FLUSH 

and the WAIT states by setting the TO ALERT bit to 0. 

Similarly, at Step 3 in Figure 3, the macro cell sends the 

Handover Request message to the small cell through the S1 link 

or the X2 interface, which results in the event 

BSLMAC_BSUMAC_TURNON_RF_EVT at the MAC layer of 

the small cell. This event triggers the ENSM to enter the FDD 

state from the SLEEP state by enabling the clocks (to enter the 

WAIT state), the synthesizer (to enter the ALERT state) and 

then the TX/RX (to enter the FDD state). As the measurements 

in the next subsection indicates, the overhead for switching 

between the SLEEP and the FDD states is low, and can be 

ignored. 

B. The Delay Time Measurement 

This section discusses the time complexity of the SES 

scheme. We first investigate the measurement period (Steps 1 

and 2 in Figure 3). Consider the timing diagram in Figure 6. The 

RF module of a dormant small cell switches between the ON 

and the OFF periods. Figure 6 illustrates the ON-OFF cycles, 

where 𝑇𝑂𝐹𝐹 = 𝑡4 − 𝑡0  is an OFF period and 𝑇𝑂𝑁 = 𝑡8 − 𝑡4  is 

an ON period. In this way, we can save (
𝑇𝑂𝐹𝐹

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
) ×100% 

energy of the RF module. In the SES scheme, the small cell 

turns off the RF module and enters the dormant mode at 𝑡1 in 

Figure 6. At 𝑡1, the macro cell experiences heavy traffic load, 

and sends the Measurement Configuration message to the UE 

     
Fig. 4.  ITRI small cell’s RF module. 

  

 
Fig. 5.  The enable state machine (ENSM). 

  

 
Fig. 6.  The timing diagram for the measure period. 
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(Step 1 in Figure 3). The message indicates the length of the 

Measurement Gap Repetition Period (MGRP), which can be 

40ms or 80ms. In Figure 6, the first MGRP starts at 𝑡1 and ends 

at 𝑡3. During the MGRP, the macro cell communicates with the 

UE for a period 𝜏1,1 = 𝑡2 − 𝑡1 , which is 34ms for a 40-ms 

MGRP or 74ms for an 80-ms MGRP. Starting at 𝑡2, there is a 6-

ms gap time 𝜏1,2. In 𝜏1,2, the macro cell does not communicate 

with the UE, and the UE can measure the signal strengths of the 

neighbor cells. If the UE does not find any small cell (because 

the measurement is conducted during the OFF period), then it 

continues the second MGRP starting at 𝑡3 , where 𝜏2,2  is the 

second measurement gap time. The MGRP repeats until the 

signal of the small cell is measured. Suppose that the signal is 

measured during the second MGRP, the UE waits for a period 

𝜏3 = 𝑡7 − 𝑡6  called “time to trigger”, and sends the 

measurement report to the macro cell (Step 2 in Figure 3). 

We conduct experiments to measure the delay 𝑇𝑚  of the 

interval between when the macro cell instructs the UE to 

measure the small cell signal (at 𝑡1) and when the macro cell 

receives the measurement report (at 𝑡7). That is, 𝑇𝑚 = 𝑡7 − 𝑡1. 

In our experiments, the time to trigger 𝜏3 is set to 0. For every 

setup of the parameter set (𝑇𝑂𝐹𝐹 , 𝑇𝑂𝑁 , MGRP), we repeat the 

measurements for either 50 times or 70 times depending on 

when the statistics are stable. The experiments indicate that 

different MGRP lengths result in the same performance, and we 

only present the measurements for MGRP=40ms. Our 

experiments also indicate that for 𝑇𝑂𝑁 ≥ 0.25s, the UE either 

detects the small cell immediately or after exactly one 𝑇𝑂𝐹𝐹  

period. For 𝑇𝑂𝑁 ≤ 0.125s, the UE may fail in the RF signal 

measurement, and experience more than 10𝑇𝑂𝐹𝐹  periods before 

it detects the small cell’s RF signal. Therefore, selecting 𝑇𝑂𝑁 ≥
0.25s  is appropriate for the SES scheme. Under this 

𝑇𝑂𝑁  selection, an expected lower bound 𝑇𝑚,min for  𝑇𝑚 can be 

expressed as 
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The 𝑇𝑚,min equation is explained as follows. From the 

renewal theory [24], a dormant cell is in the ON period with the 

probability 
𝑇𝑂𝑁

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
, and the RF signal measurement time for 

the UE is MGRP (40ms in our example). On the other hand, 

with the probability 
𝑇𝑂𝐹𝐹

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
, the dormant cell is in the OFF 

period when the UE starts measuring the RF signal. Since the 

UE can be considered as a random observer of the OFF period, 

the observation point uniformly randomly falls in the OFF 

period, and the UE expects to wait for 0.5𝑇𝑂𝐹𝐹  before it can 

start RF signal measurement. All measured   𝑇𝑚  are larger than 

this expected lower bound 𝑇𝑚,min. 

For 𝑇𝑂𝐹𝐹= 10s, we conduct experiments with 𝑇𝑂𝑁=1s, 2s, 3s 

and 4s. The measurements show that the average 𝑇𝑚 values are 

5.555s, 5.1828s, 4.7938s and 4.2950s for 𝑇𝑂𝑁=1s, 2s, 3s and 4s, 

respectively. For 𝑇𝑂𝐹𝐹 = 5s, we conduct experiments with 

𝑇𝑂𝑁=1s, 2s and 3s. The measurements show that the average   

𝑇𝑚  values are 2.9579s, 2.6124s and 2.4598s for 𝑇𝑂𝑁=1s, 2s and 

3s, respectively. For 𝑇𝑂𝐹𝐹= 2.5s, we conduct experiments with 

𝑇𝑂𝑁=0.25s, 0.5s, 1s and 1.5s. The measurements show that the 

average  𝑇𝑚 values are 1.3716s, 1.3081s, 1.0635s, and 0.9335s 

for 𝑇𝑂𝑁=0.25s, 0.5s, 1s and 1.5s, respectively. For 𝑇𝑂𝐹𝐹= 1.25s, 

we conduct experiments with 𝑇𝑂𝑁=0.25s, 0.5s and 0.75s. The 

measurements show that the average 𝑇𝑚  values are 0.86s, 

0.8401s and 0.7607s for 𝑇𝑂𝑁 =0.25s, 0.5s and 0.75s, 

respectively. Figure 7 illustrates the histograms of 𝑇𝑚  for 

𝑇𝑂𝐹𝐹= 10s and 1.25s. The histograms for 𝑇𝑂𝐹𝐹= 5s and 2.5s are 

similar and are not presented. 

Figure 7 shows that all measurements involve at most one 

OFF period. Specifically,  𝑇𝑚 ≤ 11s in Figure 7 (a) and 𝑇𝑚 ≤
2s  in Figure 7 (b). The figure also shows the tends of the 

variances of the measured data. For 𝑇𝑂𝐹𝐹= 10s, the variances of 

 
(a) 𝑇𝑂𝐹𝐹=10s. 

 

 
(b) 𝑇𝑂𝐹𝐹=1.25s. 

Fig. 7.  The 𝑇𝑚 histograms (MGRP=40ms). 
 

 

 
Fig. 8.  The energy saving ratio on Tm (𝑇𝑂𝐹𝐹=10s, 5s, 2.5s, 1.25s, and 0s). 
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𝑇𝑚 are 8.212, 11.6866, 11.9535 and 8.8162 for 𝑇𝑂𝑁=1s, 2s, 3s 

and 4s, respectively. The above statistics indicate that the 

variances are reasonable small. For 𝑇𝑂𝐹𝐹= 1.25s, the variances 

of  𝑇𝑚 are 0.1228, 0.2153 and 0.1462 for 𝑇𝑂𝑁=0.25s, 0.5s and 

0.75s, respectively. 

Figure 8 plots the average  𝑇𝑚 against the energy saving ratio  

(
𝑇𝑂𝐹𝐹

𝑇𝑂𝑁+𝑇𝑂𝐹𝐹
) × 100%. The curves indicate that the average  𝑇𝑚 

is an increasing function of the energy saving ratio, which 

ranges from 0.7607s to 5.555s. We note that when the small cell 

is in the active mode (i.e., 𝑇𝑂𝐹𝐹=0s and the RF module is always 

turned on when the UE conducts the RF signal measurement), 

the average  𝑇𝑚 value is 0.45764s (𝑇𝑂𝐹𝐹=0s, see the △ point at 

(0, 0.45764) in Figure 8). Although  𝑇𝑚 for the dormant mode 

is longer than that for the active mode, the extra  𝑇𝑚 delay is 

acceptable in the commercial mobile operation if 𝑇𝑚 ≤ 3𝑠. The 

curves in Figure 8 also show that for the same energy saving 

ratio, a small 𝑇𝑂𝐹𝐹  results in a small 𝑇𝑚. For example, to save 

90% of the energy, if 𝑇𝑂𝐹𝐹=10s is selected in the small cell, then 

𝑇𝑂𝑁=1s, which results in 𝑇𝑚=5.555s. If 𝑇𝑂𝐹𝐹=2.5s is selected, 

then 𝑇𝑂𝑁 =0.25s, which results in 𝑇𝑚 =1.3716s. Therefore, a 

small 𝑇𝑂𝐹𝐹  should be selected to guarantee small 𝑇𝑚. However, 

a short ON-OFF cycle means frequent switching of the dormant 

small cell’s RF module. Fortunately, our measurements showed 

that the switching time for the RF module is 0.002s, which is 

about 0.8% of the smallest 𝑇𝑂𝑁  considered in our study (i.e., 

0.25s), and this overhead can be ignored. From Figure 8, if we 

engineer a small cell at 90% of energy saving, it is appropriate 

to configure 𝑇𝑂𝑁 =0.25s and 𝑇𝑂𝐹𝐹 =2.5s, and 𝑇𝑚 =1.3716s is 

expected. If we engineer a small cell at 62.5% energy saving, it 

is appropriate to configure 𝑇𝑂𝑁 =0.75s and 𝑇𝑂𝐹𝐹 =1.25s, and 

𝑇𝑚=0.76s is expected. 

We next investigate the handover procedure of the SES 

scheme (Steps 3-6 in Figure 3). This procedure follows the 

standard 3GPP specifications and the macro cell and the UE are 

not modified. As we pointed out in this section, the software of 

the small cell is modified so that it is woken up by turning on 

the RF module in the dormant mode. Therefore, it is required to 

investigate if the overhead of the SES scheme affects the time 

complexity of the handover procedure. Figure 9 illustrates the 

timing diagram for the handover period. At 𝑡9, the macro cell 

decides to hand over the UE to the small cell, and initiates the 

procedure by sending the Handover Request message to the 

small cell (Step 3 in Figure 3). Upon receipt of the Handover 

Request message at 𝑡10, the small cell turns on the RF module, 

and replies the Handover Request Acknowledge message to the 

macro cell (Step 4 in Figure 3). The message informs the macro 

cell that the small cell can satisfy the UE service requirement. 

Therefore, the macro cell sends the Mobility Control Info 

message to request the UE to hand over at 𝑡11 (Step 5 in Figure 

3). The UE executes the handover procedure with the small cell 

by sending the Connection Request message at 𝑡12 , and 

successfully connects to the small cell at 𝑡13 (Step 6 in Figure 

3). The macro cell releases the UE context at 𝑡14  when it 

receives the UE Context Release message sent from the small 

cell. 

We conduct experiments to measure the macro cell handover 

time 𝑇ℎ𝑚 = 𝑡14 − 𝑡9, the interval between when the macro cell 

initiates the handover procedure (at 𝑡9) and when the macro cell 

is instructed to release the UE context (at 𝑡14). We also measure 

the small cell handover time 𝑇ℎ𝑠 = 𝑡13 − 𝑡10 , the period 

between when the small cell receives the Handover Request 

message (at 𝑡10) and when the UE is connected to the small cell 

(at 𝑡13). Note that if the small cell is in the OFF period, the RF 

module needs to be turned on during the 𝑇ℎ𝑠  period. 

Furthermore, the UE needs to wait for the AD9361 ENSM to 

move from the SLEEP state to the FDD state. The delays 

contributed by the above actions are not found in the handover 

procedure of a small cell in the normal operation. We compare 

the handover performance of a small cell in the dormant mode 

and that of the small cell in the normal operation (i.e., the active 

mode). The measurements are repeated for 380 times to ensure 

that the statistics are stable. The histograms for 𝑇ℎ𝑚 and 𝑇ℎ𝑠 are 

shown in Figure 10, where the average 𝑇ℎ𝑚 is 0.44668s and 𝑇ℎ𝑠 

is 0.42135s. On the other hand, the average handover times for 

the active small cell scenario are 𝑇ℎ𝑚 = 0.44492s and 𝑇ℎ𝑠 = 

0.419925s, respectively. Our study indicates that in handover, 

the extra overhead contributed by the SES scheme is 0.34% 

(0.002s) due to the action for turning on the RF module. This 

overhead can be ignored in the handover procedure. 

IV. PERFORMANCE EVALUATION OF CALL TRAFFIC 

HANDLING 

This section conducts analytic analysis and simulation 

experiments to investigate the performance of call traffic 

handling in the SES scheme. We consider the low call traffic 

environments such as Taiwan High Speed Rail Stations and 

Taipei Mass Transit Railway during late-night hours. In such 

environments, some spots (7-ELEVEN, McDonald’s, and so on) 

may be crowded during late-night hours. On the contrary, there 

 
Fig. 9.  The timing diagram for the handover period. 

 

 
Fig. 10.  The histograms of 𝑇ℎ𝑚 and 𝑇ℎ𝑠 for handover involving a dormant 
small cell. 
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are few people in the remaining parts of the areas. 

If the call traffic to the radio coverage of a small cell is 

sufficiently large, then the calls are connected through this 

small cell without involving the macro cell. Therefore, the call 

traffic to these small cells need not be considered in this study. 

On the other hand, our study considers the small cells with light 

traffic, which will enter the dormant mode. Suppose that a 

macro cell covers K light-traffic small cells. Let S={1, 2, …, K} 

be the set of the indexes of the small cells covered by the macro 

cell. For 𝑘 ∈ 𝐒, if the calls arrive at small cell k with the rate λk 

and the expected call holding time 1/μk, then the traffic to this 

small cell is ρk = λk / μk. A call can be a voice conversation or a 

data session. In this study, if a user engaged in the call does not 

move, then the call holding time is the period between when the 

call is connected and when the call is complete. If the user may 

move, then the call holding time is the voice/data connection 

period when the user resides in this cell. Similarly, the call 

arrivals are new calls if the users do not move. However, if the 

users may move, the call arrivals include both new and 

handover calls. For the light-traffic environment considered in 

this paper, we observe that the user mobility is low. When we 

say “a call in the radio coverage of a small cell”, it does not 

imply that the call is handled by the small cell. Instead, it means 

that the user engaged in the call is residing in the radio coverage 

of the small cell. This call is either handled by the small cell or 

the macro cell. Let the random variable Ik be the number of calls 

in the radio coverage of small cell k. Let 𝜋𝑘(𝑖)  be the 

probability that Ik =i. Suppose that the call arrivals form a 

Poisson process, and the call holding times have an arbitrary 

distribution then from [25], 𝜋𝑘(𝑖) can be expressed as 
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Equation (1) is derived based on the an M/G/∞ queueing 

system, and has been validated against the event driven 

simulation with Gamma residence times and Exponential call 

holding times. Details of the simulation approach can be found 

in [26][16] and are not described in this paper. The errors 

between the analytic analysis and simulation experiments are 

within 3%, which indicate that both the analytic and the 

simulation models are consistent. 

Figure 11 plots 𝜋𝑘(𝑖) for various ρk values. Figure 11 plots 

the 𝜋𝑘(𝑖)  curve for various ρk. These curves indicate the 

number of engaged users. Suppose that the expected call 

holding time 1/μk is 5 minutes, then in every hour, there are 0.6, 

1.2, and 2.4 call arrivals for ρk =0.05, 0.1 and 0.2, respectively. 

This figure shows that for ρk=0.05, we have 𝜋𝑘(0) = 0.951, 

𝜋𝑘(1) = 0.048 and  𝜋𝑘(2) = 0.001 . For ρk=0.1, we have 

𝜋𝑘(0) = 0.905 , 𝜋𝑘(1) = 0.09 and   𝜋𝑘(2) = 0.005 . For 

ρk=0.2, we have 𝜋𝑘(0) = 0.819, 𝜋𝑘(1) = 0.164 and 𝜋𝑘(2) =
0.016 ,  𝜋𝑘(3) = 0.001 . These light traffic scenarios are 

observed at Taiwan High Speed Rail Stations and Taipei Mass 

Transit Railway during late-night hours. 

Without loss of generality, we assume that the macro cell 

only covers light-traffic small cells (our model can be easily 

extended to accommodate heavy-traffic small cells with tedious 

details). From superposition of the Poisson processes, the call 

arrival rate λS to the coverage of the macro cell is 

λS=  ∑ 𝜆𝑘  𝑘∈𝑺 and the expected voice/data call holding time 

1/ 𝜇𝐒  is expressed as 
1

𝜇𝐒

= ∑
 𝜆𝑘

 𝜆𝐒 𝜇𝑘
𝑘∈𝑺 = ∑

 𝜌𝑘

 𝜆𝐒
𝑘∈𝑺 . Suppose 

that the small cells in 𝐒 are in the dormant mode. Then the call 

traffic to the macro cell is 𝜌𝐒 = λS/𝜇𝐒 =∑ 𝜌𝑘𝑘∈𝑺 . The number of 

calls in the macro cell is a random variable 

𝐼𝐒=∑ 𝐼𝑘𝑘∈𝑺  

A. Effects of M and 𝜌𝑘 

Following (1), the probability 𝜋𝑺(𝑖) that 𝐼𝐒=i is expressed as 
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Suppose that the wakeup procedure is triggered when the 

macro cell is occupied by more than M calls. Then this 

procedure is triggered with the probability Pr[𝐼𝐒 >M]. From (2), 

we have 
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Equation (3) implies that roughly Pr[𝐼𝑆 >M] portion of the 

time, the dormant small cells will be woken up. If the small cells 

are homogeneous, i.e.,  𝜌𝑖 = 𝜌𝑗 = 𝜌𝑘  for 1 ≤ 𝑖, 𝑗 ≤ 𝐾 , 

 
Fig. 11.  Effects of ρk on 𝜋𝑘(𝑖). 
 

 
Fig. 12.  Effects of M on Pr[𝐼𝐒 > 𝑀] (ρk=0.1). 
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Figure 12. illustrates the effects of M on Pr[𝐼𝐒 > 𝑀], where 

ρk =0.1. The figure indicates that if we engineer Pr[𝐼𝐒 > 𝑀] at 

0.01, then the macro cell can overlap with more than 200 small 

cells for 𝑀 = 40, with more than 400 small cells for 𝑀 = 60, 

and with more than 600 small cells for 𝑀 = 80. 

Figure 13 plots Pr[𝐼𝐒 > 𝑀] against ρk and K, where M=40. 

This figure indicates that Pr[𝐼𝐒 > 𝑀] < 0.01  if 𝐾 <

137 (for 𝜌𝑘 = 0.2), 𝐾 < 275 (for 𝜌𝑘 = 0.1),  and 𝐾 <

554 (for 𝜌𝑘 = 0.2). It is clear that the wakeup mechanism is 

seldom activated for the scenarios investigated in this paper, 

which is good for the SES scheme. 

B. The Probability of Staying Dormant 

Even if K is large, i.e., the macro cell needs to trigger the 

wakeup mechanism often, we show that most of the small cells 

are not affected and can stay in the dormant mode. Let 𝐬𝑛 be a 

subset of 𝑺 (i.e., 𝐬𝑛 ⊆ 𝑺), which contains the indexes of n small 

cells (i.e., |𝐬𝑛|=n). Let 𝛽𝐬𝑛
= Pr[𝐼𝐬𝑛

= 0]Pr[𝐼𝐒−𝐬𝑛
> 𝑀] be the 

probability that more than M calls occur in the coverage of the 

macro cell and no call occurs in the cells in 𝐬𝑛. Then 
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If 𝐬𝑛 = {𝑘}, and the small cells are homogeneous with the 

same traffic 𝜌𝑘, then from (4), 
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is the probability that the macro cell conducts the wakeup 

mechanism and small cell k is dormant (and therefore is not 

woken up). Note that 𝛽{𝑘} is also the probability that small cell 

k requests resource status from the macro cell in the 3GPP 

scheme (Step 1 in Figure 2), it finds that the macro cell is 

heavily loaded and then cannot enter the dormant mode (but it 

should!). Figure 14 plots 𝛽{𝑘} against 𝜌𝑘  and K for M=40. Note 

that a larger 𝛽{𝑘} implies that the SES scheme is better, and the 

3GPP scheme is more worse in terms of a small cell that should 

enter and stay in the dormant mode. The figure indicates that 

𝛽{𝑘} increases as K increases. For a small K, 𝛽{𝑘} increases as 

𝜌𝑘 increases. On the other hand, for a large K, 𝛽{𝑘} increases as 

𝜌𝑘 decreases. This phenomenon can be explained by (4). The 

first term Pr[𝐼𝐬𝑛
= 0] of the right hand side of the equation 

increases as 𝜌𝑘  decreases (see Figure 11). The second term 

Pr[𝐼𝐒−𝐬𝑛
> 𝑀] increases as 𝜌𝑘 increases (see Figure 13). When 

K is small, the second term dominates. When K is large, the first 

term dominates. In Figure 14, 𝛽{𝑘} for 𝜌𝑘=0.2 is larger than that 

for 𝜌𝑘=0.1 when 𝐾 < 500. The result reverses when 𝐾 > 500. 

Similarly, let 𝛼𝐬𝑛
= Pr[𝐼𝐬𝑛

= 0]Pr[∀𝑘 ∈ 𝐒 − 𝐬𝑛 , 𝐼𝑘 > 0] be 

the probability that no call occurs in the cells in 𝐬𝑛, and every 

cell in 𝐒 − 𝐬𝑛 has at least one call. Then 
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Let 𝛼𝑛 be the probability that exactly n out of K small cells 

has no calls. In other words, in the SES scheme, these n small 

cells are guaranteed to be in the dormant mode for energy 

saving. Let 𝐗𝑛 = {∀𝐬𝑛} , then 𝛼𝑛 = ∑ 𝛼𝐬𝑛𝐬𝑛∈𝐗𝑛
. For 

homogeneous small cells with traffic 𝜌𝑘 , 𝛼𝑛 is expressed as 
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Fig. 13.  Effects of ρk on Pr[𝐼𝐒 > 𝑀] (M=40). 

 
 

Fig. 14. Effects of 𝜌𝑘  and K on 𝛽{𝑘} (M=40). 

 

 
Fig. 15. 𝛼𝑛

+ against n/K and 𝜌𝑘 (M=40). 
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Let 𝛼𝑛
+ =∑ 𝛼𝑘

𝐾
𝑘=𝑛 . It is clear that 𝛼𝑛

+ = 1 for 𝑛 ≤ 𝐾 − 𝑀 . 

Figure 15 plots 𝛼𝑛
+ against n/K and 𝜌𝑘  for 𝐾 = 100 and 500, 

respectively, where M=40. For both K=100 and 500, the figure 

indicates that when the macro cell conducts the wakeup 

mechanism, with a probability of 0.9, more than 76% (for 𝜌𝑘 =

0.2 ), 87% (for 𝜌𝑘 = 0.1 ), and 94% (for 𝜌𝑘 = 0.2 ) of the 

dormant cells are not affected, and can stay in the dormant mode. 

V. CONCLUSIONS 

This paper proposed Simple Energy Saving (SES), a simple 

yet novel solution, to turn off small cells when they are not 

serving the calls, and wake up these small cells when the macro 

cell has heavy traffic load. The SES scheme does not change 

any 3GPP-defined message flows among the macro cell, the 

small cells and the UEs. Instead, we only need to slightly 

modify the implementation of the RF module control of a small 

cell. Measurement of the delay times indicates that the overhead 

due to our modification is negligible. We showed that in low-

traffic environments such as Taiwan High Speed Rail Stations 

and Taipei Mass Transit Railway during late-night hours, the 

small cells quickly enter the dormant mode, and the wakeup 

mechanism is seldom activated by the macro cell, which is the 

advantage of the SES scheme. Even if the macro cell needs to 

trigger the wakeup mechanism often, our study indicated that 

most of the small cells are not affected and can stay in the 

dormant mode. Specifically, when the macro cell conducts the 

wakeup mechanism, with a probability of 0.9, more than 75% 

of the dormant cells are not affected. We also showed that 

energy saving of the SES scheme is more effective when the 

macro cell covers a larger number of small cells. Our study 

indicated that in handover, the extra overhead contributed by 

the SES scheme is 0.34% (0.002s) due to the action for turning 

on the RF module. This overhead can be ignored in the 

handover procedure. The delay 0.002s is also the overhead for 

switching between the ON and the OFF periods in the dormant 

mode, which is 0.8% of the shortest ON period considered in 

this paper, and can be ignored. With 90% of energy saving in 

the SES scheme, the UE can detect the dormant small cell and 

report it to the macro cell in 1.3716s. 
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