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Abstract—This letter proposes enhanced Simple Energy Saving
(eSES), a simple yet novel scheme that turns off the RF module
of inactive low-power LTE Home eNBs (HeNBs), and accurately
wakes up these dormant HeNBs when there are connection
requests. The eSES does not modify the 3GPP specifications,
and can co-exist with other HeNBs that do not exercise the eSES.
We show that the eSES effectively saves the energy consumption
of a dormant HeNB at the cost of moderately increasing the
connection time of the first call request to the HeNB.
Index Terms—Dormant Mode, Energy Saving, Long Term
Evaluation (LTE), low-power LTE Home eNB (HeNB), Small
Cell

I. I NTRODUCTION

L

OW-power Home base stations (HeNBs) are deployed by
mobile operators for residential and small business use
with short ranges and limited number of channels. A mobile
operator typically uses HeNBs to extend its service coverage or
increase network capacity for in-building wireless service. For
example, HeNBs are deployed in Taipei Mass Transit Railway
(MTR) where huge data connections occur during traffic hours.
However, during the late-night hours, there are no passengers
in Taipei MTR, and the HeNBs are idle. In this case, the active
HeNBs are consuming energy without serving any customer.
It was reported that the energy consumption nearly doubles
every four years due to heavy mobile network access, where
the base stations dominate the energy consumption in the
mobile network infrastructure. To resolve the energy saving
issue for base stations, several solutions have been proposed.
These solutions need either a core network component [1] or
macro eNBs [2]-[6] to control power saving of HeNBs. We
will make a comparison of these solutions in Section IV. In [4]
we proposed Simple Energy Saving (SES), a simple yet novel
scheme that turns off the Radio Frequency (RF) module (i.e.,
both the transmitter and the receiver are turned off) of inactive
HeNBs, and accurately wakes up these dormant HeNBs when
there are connection requests. The scheme assumes that the
HeNBs are overlaid with the macro eNB. In a low-traffic
environment, the SES enables the inactive HeNBs to quickly
The work of Y.-B. Lin was supported by Academia Sinica AS-105-TP-A07,
Ministry of Science and Technology (MOST) 104-2221-E-009-133 -MY2,
105-2221-E-009 -119.
The authors are with the Department of Computer Science, National Chiao
Tung University, Hsinchu 30010, Taiwan, R.O.C. Y.-B. Lin is also with
the Institute of Information Science and the Research Center for Information Technology Innovation, Academia Sinica, Nankang, Taipei, Taiwan,
R.O.C. (e-mail: liny@cs.nctu.edu.tw). 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).

enter the dormant mode (where the RF module is periodically
turned on and off) to save energy. When a macro eNB is
heavily loaded, the SES wakes up the overlapped dormant
HeNBs to enter the active mode (where the RF module is
always turned on) to share the macro eNB’s traffic load.
We also showed that energy saving of the SES scheme is
significant when the macro eNB covers a larger number of
HeNBs.
The SES assumes that the HeNBs are overlaid with macro
eNBs. When there are no macro eNBs in a Long Term
Evolution (LTE) network, the SES does not work. With minor
modifications, this letter extends the SES to achieve energy
saving without the existence of macro eNBs. Our solution
is called enhanced Simple Energy Saving (eSES). Consider
a simplified LTE network illustrated in Figure 1, where the
HeNBs (Figure 1 (a)) are connected to the core network
(Figure 1 (b)) to provide mobile services [7]. In this figure, the
circles represent the radio coverage areas of the HeNBs, where
a UE can access n HeNBs in an Rn area. In a commercial
LTE network, it is likely that n>3. This letter assumes that
n≤3 for worst case scenario study.

Fig. 1. The LTE network with overlaid HeNBs.

By extending the idea of SES, the eSES mechanism is
simple: Instead of always turning on the RF module of a
HeNB, we slightly modify the Radio Resource Control (RRC),
Radio Resource Management (RRM) and the Medium Access
Control (MAC) procedures of the HeNB such that the HeNB
will enter the dormant mode if it does not serve any UE
connection. In the dormant mode, the HeNB periodically
turns on and off its RF module to save the power. For the
discussion purpose, the original HeNB procedure that does not
accommodate the dormant mode is called the 3GPP scheme,
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Fig. 2. The timing diagram for LTE connection procedure.

which always operates at the active mode (i.e., the RF module
is always turned on). This letter proposes the eSES and
compares it with the 3GPP scheme. The letter is organized
as follows. Section II describes the UE connection procedure
with eSES. Section III measures the performance of the eSES.
Finally Section IV compares the eSES with other solutions and
concludes our study.
II. T HE LTE C ONNECTION P ROCEDURE WITH E SES
Using the timing diagram in Figure 2, this section describes
the LTE connection procedure exercised between the UE and
the HeNB [8]. Before a UE can start attaching to the LTE
network, it must first connect to the HeNB. Suppose that
the UE attempts to make connection to the LTE network at
time t0 in Figure 2. A HeNB is active, and is broadcasting
the Primary Synchronization Signal (PSS) and the Secondary
Synchronization Signal (SSS) at t1 . The UE receives the PSS
and then the SSS at t2 . The HeNB continues to broadcast
the Master Information Block (MIB), the System Information
Block type 1 (SIB1), and the System Information Block type 2
(SIB2) at times t3 , t5 and t7 . These messages are received by
the UE at times t4 , t6 and t9 , respectively. At t9 , the UE sends
the Random Access (RA) preamble request (Msg1) to the
HeNB. If Msg1 is not received and the HeNB does not reply to
the UE, then the UE has to re-start the connection procedure.
In the 3GPP scheme, this situation may occur due to packet
loss in the transmission. Besides packet loss, in the eSES,
Msg1 may be lost during the period when the RF module of
the HeNB is turned off. That is, if the HeNB’s RF module is
turned off at time t8 before Msg1 arrives, then the connection
fails. When the connection attempt fails, the UE will make the
next connection attempt at t11 . In the 3GPP scheme, the UE is
configured such that if a connection attempt fails, it will wait
for a period τd before it makes the next connection attempt;
that is
t11 > t9 + τd
(1)
Besides the effect of the UE configuration, the time point
t11 is also affected when the eSES is exercised. If the HeNB
fails to receive Msg1 because its RF module is turned off,
then the HeNB will not issue the next PSS/SSS before its RF
module is turned on again at t10 .
Suppose that the UE receives the PSS/SSS, MIB, SIB1 and
SIB2, and then sends Msg1 to the HeNB at t17 . Upon receipt
of Msg1 at t18 , the HeNB sends the random access response
(Msg2) to the UE, and the message is received by the UE
at t19 . At this point, the UE has connected to the HeNB.

The UE then sends the RRC connection request (Msg3) to
the HeNB. Upon receipt of Msg3 at t20 , the HeNB replies
the RRC connection setup (Msg4) to the UE. If the eSES is
exercised, then at t18 , the HeNB will switch from the dormant
mode to the active mode, and the RF module will not be turned
off until the HeNB no longer serves any UE. In Figure 2, the
period for the UE to connect to the HeNB is τc =t19 −t0 . We
implement the eSES in the Industrial Technology Research
Institute (ITRI) LTE eNB, where the AD9361 RF chip and
two AVAGO 43040 power amplifier are used [9]. The power
consumption of an AD9361 and that of an AVAGO 43040 are
1.4292W and 2.5W, respectively.
III. P ERFORMANCE M EASUREMENTS
This section investigates the performance of the eSES.
Suppose that a UE is located at an area Rn covered by n
HeNBs in Figure 1. Let Ton be the period that the RF module
of a HeNB is turned on and Tof f be the period that the RF
module is turned off in the dormant mode.
We conduct measurements to investigate how Ton and Tof f
affect the UE connection time τc . In our experiments, the
commercial Samsung Galaxy Note 4 serves as the UE, and
three ITRI LTE eNBs serve as the HeNBs exercising either
the 3GPP scheme or the eSES. The input parameters for the
measurements include
• the period Ton that the RF module is turned on, where
1s≤Ton ≤8s
• the period Tof f that the RF module is turned off, where
Ton ≤Tof f ≤8s
• the number n of the HeNBs that can be accessed by the
UE, where 1≤n≤3
The output measure is the connection delay τc =t19 −t0 .
We conduct the measurement experiments in two scenarios.
T f
≥1 is
In Scenario 1, Tof f is fixed. In Scenario 2, Tof
on
fixed. For every parameter set. (Ton , Tof f , n) in a scenario,
we repeatedly measure τc for 50-100 times to ensure that
the results are stable. The experiments are conducted in an
environment without packet loss. Therefore, the UE’s attempt
for connection is always successful in the 3GPP scheme, and
we compare the performance of the eSES with the “no packet
loss” 3GPP scheme. Note that for the input settings other than
Scenarios 1 and 2, similar results are observed and are not
presented.
In Scenario 1, Tof f is fixed with different Ton and n values.
Figure 3 shows the histograms of τc for Tof f =5s, where
1s≤Ton ≤5s. Figure 3 also shows the expected values E[τc ].
As Ton increases from 1s to 5s, E[τc ] decreases from 22.545s
to 3.536s for n=1, from 13.552s to 1.819s for n=2, and
from 6.991s to 1.119s for n=3. We observe that E[τc ] is
significantly reduced as Ton increases from 1s to 4s (by 7080%), and is moderately reduced as Ton increases from 4s to
5s (by 4-20%). Figure 3 also shows that E[τc ] reduces as n
increases. Specifically, when n increases from 1 to 3, E[τc ]
reduces for about 200%. This effect becomes less significant
when Ton >4s.
Histograms in Figure 3 indicates that when Ton increases,
the measured samples tend to cluster into two peaks. The
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Fig. 4. Histograms of τ ∗ for the 3GPP scheme and the eSES.

Fig. 3. Histograms of τc and E[τc ] for Scenario 1 (Tof f =5s).

largest peak occurs in the region [0, Ton ] and the smaller peak
occurs in the region [Tof f , Ton + Tof f ]. Note that the peak at
the right-hand side of each histogram represents the samples
with τc ≥25s for n=1, and τc ≥10s for n=3. The coefficient of
variation or relative standard deviation cν [τc ] is a standardized
measure of dispersion of the measured τc . A large coefficient
of variation indicates that the group is more variable and is
less stable or less uniform. In our experiments, variations of τc
are contributed by multiple clusters of the measured samples.
The cν [τc ] values range from 0.916 to 1.558 for n=1, from
1.039 to 1.659 for n=2, and from 1.068 to 1.684 for n=3.
Let τ ∗ =t19 −t11 . For the 3GPP scheme, τc =τ ∗ . For the
eSES, the measured samples in the largest peak are clustered at
τ ∗ . Figure 4 plots the τ ∗ histograms for the 3GPP scheme and
the eSES. From the data of Figure 4, we have E[τ ∗ ] =0.725s
for the 3GPP scheme and E[τ ∗ ] =0.739s for the eSES.
Therefore, the E[τ ∗ ] performances are roughly the same for
both schemes. For the histogram in Figure 4, cν [τ ∗ ] =0.049 for
the 3GPP scheme and cν [τ ∗ ] =0.077 for the eSES. Therefore,
the cν [τ ∗ ] values are small, and τ ∗ are stable for both schemes.

Fig. 5. Histograms of τc and E[τc ] for Scenario 2.

We also observe that E[τ ∗ ] ≤1s, and the UE is successfully
connected to the HeNB at the first attempt if τc =τ ∗ ≤1s≤Ton .
In Scenario 2, Tof f =Ton . Figure 5 shows the histograms of
τc for 1s≤Tof f =Ton ≤8s. Like what we observed in Figure
3, the measured τc samples are clustered in two peaks, and
this phenomenon is more significant as n increases. Figure 5
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TABLE I
C OMPARING THE E NERGY S AVING S OLUTIONS ( THE TIME COMPLEXITY OF STANDARD 3GPP APPROACH IS 1)
Title
Base-station sleeping control and power matching [1]

Extra System
Complexity
corework

Time
Complexity
1.86

Power
Saving
48%

Delay-constrained energy [3]

macro eNB

1.97

27%

SES [4]

macro eNB

1.47

75%

Energy saving through handover in HetNets [5]

macro eNB

1.08

5%

Hyper-cellular networks with base station sleeping control [6]

macro eNB

1.36

25%

eSES

none

1.19 (n=3),
1.55 (n=2)

50%

also shows the expected values E[τc ]. For Scenario 2 E[τc ]
decreases and then increases as Ton increases. For n=1, E[τc ]
decreases from 5.821s to 2.752s as Ton increases from 1s to
4s, and then increases to 3.046s as Ton increases to 6s. For
n=2, E[τc ] decreases from 4.629s to 1.63s as Ton increases
from 1s to 3s, and then increases to 2.051s as Ton increases
to 6s. For n=3, E[τc ] decreases from 3.783s to 0.903s as
Ton increases from 1s to 3s, and then increases to 1.535s
as Ton increases to 6s. This phenomenon is the same as
what we observed in the SES scheme [4], and is explained
on
ratio, the smaller
as follow. Theoretically, for a fixed TTof
f
the Ton the smaller the τc . However, when Ton is too small,
a UE connection to the HeNB may not be complete before
the HeNB’s RF module is turned off, and many re-attempts
are made by the UE before the connection is successfully
established. The cν [τc ] values in Scenario 2 range from 0.599
to 1.687, and are reasonably stable. Our experiments show
good eSES performance if the parameters are appropriately
selected. For example, for n=3, if we select Tof f =Ton =3s,
then 50% of the energy consumption of the RF module can
be saved at the cost of increasing the connection time of the
first call attempt from 0.725 seconds to 0.9 seconds . We note
that in a commercial HeNB environment, a UE typically can
connect to three cells. We investigate n<3 for worst case study.
We use a probability model to explain the phenomena
observed in the experiments. Let pon be the probability that a
random observer finds that at least one HeNB’s RF module is
turned on. From the renewal theory
n

Tof f
pon > 1 −
(2)
Ton + Tof f
For i≥1, let pon (i) be the probability that the UE is connected
to the LTE in the ith attempt. Note that our experiments use
commercial UE where the information about τd in (1) is not
released. Here we assume that τd is an exponential back-off
period, then from (2), we have
pon (i)=pon (1 − pon )i−1
and the probability pon (i) that the UE is connected to the LTE
within j attempts is
pon (j) =

j
X

pon (i)

(3)

i=1

We compared (2) with Pr[τc ≤1s] obtained from the measurements in Figure 3 and found that they have the same

trends. We also observe that pon (2) in (3) is proportional to
Pr[τc ≤1s+Ton +Tof f ].
IV. C OMPARISON AND C ONCLUSIONS
Low-power HeNBs are deployed for residential and small
business use with short ranges and limited number of channels.
However, large-scale deployment of HeNBs may consume
huge energy. This wakes up these dormant HeNBs when there
are connection requests. The eSES does not modify the 3GPP
specifications, and can co-exist with other HeNBs that do not
exercise the eSES. We showed that the eSES effectively saves
the energy consumption of a dormant HeNB at the cost of
moderately increasing the connection time of the first call
request to the HeNB. We also compare the eSES with other
solutions in Table I, which shows that the eSES has reasonably
good performance and does not need the support of a core
network component or macro eNBs
The eSES will be implemented in the Cloud-Radio Access
Network (C-RAN) architecture, where the major energy consumption of Remote Radio Heads (RRHs) will be the RF
modules and eSES can effectively save the energy of the
RRHs.
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