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On Timing Reacquisition and Enhanced Primary
Synchronization Signal (ePSS) Design for
Energy Efficient 3GPP LTE MTC
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Abstract—Machine Type Communications (MTC) is one of the major drivers for the future growth of the Third Generation Partnership
Project (3GPP) Long Term Evolution (LTE)/LTE-Advanced (LTE-A) standards. A primary challenge associated with MTC using
LTE/LTE-A is to cater to varied requirements of the User Equipment (UE) like coverage enhancement, low complexity, low power
consumption, etc. The current LTE/LTE-A standards incorporate the Discontinuous Reception (DRX) mechanism for reduced energy
consumption where the UE wakes up periodically to check for a paging message from the base-station. On each wake-up occasion,
the UE has to decode the paging information, which requires accurate timing resynchronization. In the case of the MTC UEs,
especially when the devices are deployed in low coverage areas, the resynchronization consumes significant amount of time which
increases the ON time of the UE leading to higher energy consumption. In this paper, we introduce the Enhanced Primary
Synchronization Signal (ePSS) within the LTE/LTE-A standardization framework and propose a novel DRX mechanism which uses our
ePSS for faster resynchronization and reduced energy consumption. We demonstrate that our mechanisms are more energy efficient
than the legacy DRX mechanism for the MTC UEs with coverage enhancement.

Index Terms—Long Term Evolution (LTE), LTE-Advanced (LTE-A), Machine Type Communications (MTC), Machine-to-Machine
(M2M), Internet of Things (loT), Discontinuous Reception (DRX), Paging.

1 INTRODUCTION

HE world is evolving towards an Internet of Things
T(IOT) where a large number of devices interact to re-
alize different applications that constitute smart electricity
grids, intelligent transportation systems, ubiquitous health-
care solutions, etc. Machine Type Communications (MTC)
or Machine-to-Machine (M2M) communications provide the
substrate for the connectivity and service mechanisms of
these devices. Many services associated with the MTC ap-
plications such as smart metering, building security moni-
toring and reporting, location tracking, etc. require the cel-
lular network as the backbone for communication. The 3rd
Generation Partnership Project (3GPP) has recognized MTC
as one of the principal components in driving the growth of
cellular network and instituted the standardization of MTC
from Release 11 of the Long Term Evolution (LTE) standard
[1].

The challenges in MTC depend on the application for
which the MTC device is being used. For example, the
MTC devices used for smart metering require an efficient
communication and service mechanism to operate in a low
mobility, high delay tolerant, low data rate environment.
These requirements are different from those of human-
to-human (H2H) communications like video streaming on
smartphones which require high data rate and low delay
tolerance. The current LTE/LTE-A networks are designed
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for efficient H2H communications and the network architec-
ture needs to be revamped to support MTC applications [2],
[3], [4], [5], [6]. Also, the energy consumption of the MTC
devices forms an integral part of the design of the MTC
mechanisms [7].

Considering the application diversity and the variety of
MTC network scenarios envisioned over the IoT platform,
it would be difficult to have a single solution to answer
the requirements of all the applications. Moreover, MTC
devices can be placed in underground parking lots or base-
ments of shopping malls where the network coverage is
low. Therefore, the MTC mechanisms should be designed
to work effectively for devices experiencing low coverage
too. Small-cell based IoT solutions are prominent candidates
in this regard, but they come at the expense of additional
cost for network infrastructure/maintenance and backhaul
provisioning and it is essential to have cost-effective solu-
tions addressing the requirements of “hard to reach” devices
in the network [8]. Although there is no consensus on
the percentage of such devices in the network, forecasts
indicate that they can be significant. For example, in [9],
it is predicted that between 2015 and 2020, cellular M2M
connections will grow from 310 million to 715 million and
Low Power Wireless Access (LPWA) M2M connections will
grow from 20 million to over 860 million. Moreover, smart
meters are expected to be the largest LPWA application with
a projected share of 45% of the total LPWA connections by
2020 [9]. Furthermore, low cost and extended coverage are
the key features of LPWA technologies [8].

The 3GPP has classified such low-power, low-complexity
MTC devices as Category-M (CAT-M) devices and has lim-
ited the maximum date rate supported by these devices to
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1Mbps [10], [11]. The design and development of MTC
mechanisms for “hard to reach” devices has been recog-
nized as a “work item” by the 3GPP under the label cov-
erage enhancement (CE). The 3GPP has proposed to enable
15dB additional coverage in Release 13 of the LTE/LTE-
Advanced (LTE-A) standards for MTC [10], [11].

1.1 Motivation

In a typical wireless communication system, it is important
for the mobile device, or the so called user equipment
(UE) to maintain accurate symbol timing synchronization
with the base-station in order to decode the downlink data.
The current Orthogonal Frequency Division Multiplexing
(OFDM) based systems like LTE/LTE-A and Wireless lo-
cal Area Network (WLAN) support power saving modes,
where the UE is in sleep state when it is not transmitting or
receiving data. It wakes up periodically to check whether it
has a message (called the paging message) from the base-
station. When the UE is in the sleep state, its clock drifts
away from the nominal timing value. Therefore, every time
the UE wakes up, it has to reacquire the symbol timing
before checking for the paging message from the base-
station.

The amount of clock drift depends on the quality of
the oscillator used for the UE’s clock. If the UE uses a
high quality oscillator, the timing drift will be small. This
means that the UE can sleep for a longer duration without
losing the timing synchronization. Typically, mobile devices
like smartphones using a high quality Voltage Controlled
Temperature Compensated Crystal Oscillator (VCTCXO)
have an accuracy of £1ppm [12]. But, the low-complexity
MTC UEs cannot incorporate a high quality oscillator for
its clock since it increases the cost of the device. Hence,
most of them use a Voltage Controlled Crystal Oscillator
(VCO) for their clock, which has an accuracy of £10ppm
[13]. As an example, assuming that the symbol time is
72us and the tolerable timing drift is 5%, i.e. 3.6us, the
MTC UE with a 10ppm accurate clock can sleep up to
18’_‘?% = 0.36s= 360ms, while the device with a 1ppm
accurate clock can sleep up to 1?’1%“‘86 = 3.6s. However,
the sleep time supported by the network can be longer.
For example, in LTE/LTE-A, the sleep time supported by
the network has been recently extended to 2621.44s (43.69
minutes) [14]. Therefore, the assumption of perfect timing
synchronization is not always true for both types of devices
and timing reacquisition becomes important for successful
communication between the UE and the base-station.

Conventionally, in OFDM based systems, the UEs reac-
quire the timing using cyclic prefix (CP) autocorrelation
[15], [16] and/or by detecting the synchronization reference
signals [17], [18], [19], [20] which are transmitted periodi-
cally by the base-station. The reacquisition time is inversely
proportional to the Signal-to-Noise Ratio (SNR). In the case
of the MTC UEs located in low coverage areas, the SNR
at the UE receiver is as low as -14dB, thereby increasing
the reacquisition time. Moreover, at such low SNRs, the
time taken by the UE to decode the paging message is also
significant, since the UE requires multiple repetitions of the
paging message to decode it successfully. The increase in the
reacquisition time and the paging message decode time lead
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to an increase in the ON time of the UE, thereby increasing
the UE energy consumption.

Furthermore, the network has to accommodate for a
large number of MTC devices in IoT scenarios. As a con-
sequence, the base-station has to transmit the paging infor-
mation to a large set of UEs and the probability that a UE is
paged during each wake-up occasion decreases. However,
the UE continues to check for paging information every
time it wakes up, which consumes a substantial amount of
energy. Therefore, it is vital to reduce the reacquisition time
and the paging message processing time, especially when
there is no page for the UE.

Our objective is to design mechanisms for faster tim-
ing reacquisition and simplified paging message process-
ing mechanisms to reduce the energy consumption of the
MTC UEs using LTE/LTE-A. In particular, we consider
low-power, low-complexity MTC UEs requiring coverage
enhancement, which are referred to as low coverage (LC)
devices. Table 1 summarizes the LTE nomenclature and their
usage throughout this paper.

1.2 Prior Work

The aspects of energy efficiency of the MTC UEs has been
addressed in several works. In [21], [22], energy efficient
mechanisms have been designed for the MTC UE oper-
ation in the uplink, but these solutions do not consider
the CE mode of operation. The challenges associated with
coverage enhancement in LTE/LTE-A uplink are discussed
in [23], [24], [25] and novel UE transmission mechanisms
are proposed to improve the decoding of UE data. The
mechanisms to improve the coverage of the broadcast chan-
nel are described in [25] and a new design for the control
channel for better performance in low coverage is proposed
in [26]. However, these works do not examine the UE power
consumption.

In order to reduce the power consumption of the UE,
the Discontinuous Reception (DRX) mode of operation is
adopted by the present LTE/LTE-A standards in the down-
link. In this mode, the UE alternates through sleep and
wake-up cycles and checks for the paging information from
the base-station during its wake-up time [27], [28], [29], [30].
The power savings obtained from this procedure depend on
the duration for which the UE is awake, i.e, the ON time of
the UE, that in-turn depends on the procedure followed by
the UE for decoding the paging information. The procedure
for paging decode in LTE/LTE-A is computationally inten-
sive, since the UE has to hypothesize over 44 blind decoding
options to obtain the paging identifier on the control channel
and then decode the data channel to get the paging data
[29], [30], [31]. The 3GPP standardization committee is in the
process of defining a new control channel (M-PDCCH) for
LC devices so that the number of blind decodes required to
detect the paging identifier on the control channel is reduced
[14].

The analysis of power consumption for the UEs adopting
the DRX mechanism has been studied earlier in [32], [33],
[34], [35], [36], [37]. These works provide analytical models
based on queuing theory and/or semi-Markov processes to
illustrate the power consumption of the regular (non-CE)
UEs in the DRX mode. In [38], the authors demonstrate
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TABLE 1
LTE/LTE-A nomenclature and their usage in this paper

[ Acronym [ Expansion | Usage
eNB Evolved Node B Base-station
PBCH Physical Broadcast Channel Broadcast channel
PDCCH Physical Downlink Control Channel Control channel
PDSCH Physical Downlink Shared Channel Data channel
CRS Cell-Specific Reference Signal Pilot signal
PSS Primary Synchronization Signal Legacy
SSS Secondary Synchronization Signal synchronization signals
P-RNTI Paging Radio Network Temporary Identifier Paging identifier
CE MTC UE | Coverage Enhanced Machine Type Communication User Equipment | LC (low coverage) device

significant reduction in power consumption for the LC de-
vices through a modified DRX mechanism where the device
turns off its radio after transmission instead of checking for a
page periodically. However, such a mechanism can be used
only in the MTC applications that are transmit driven and
cannot be used for the MTC UEs that require considerable
downlink data from the base-station.

The performance of the control channel and the data
channel has been analyzed in many prior works. For exam-
ple, in [39], the control channel performance is analyzed for
M2M traffic and the scenario of excess load on the control
channel due to large number of MTC devices is discussed.
In [40] and [41], the control channel Block Error Rate (BLER)
performance is analyzed for various channel models and
the data channel BLER performance is discussed in [42]. But
these works assume perfect timing synchronization.

1.3 Contributions

In this paper, we examine the energy consumption of the
MTC UEs in CE mode adopting the DRX mechanism sup-
ported by the current 3GPP LTE/LTE-A standards. The
LC devices can spend a significant amount of energy to
reacquire the timing owing to a very low operating SNR
(around -14dB) and low quality VCOs used for their clocks.
We explore the impact of timing reacquisition on the UE
energy consumption and design a novel, fast resynchroniza-
tion mechanism to improve the UE energy efficiency in the
downlink.

Although the new control channel definition for LC
devices can reduce computational complexity for decoding
of the paging control information, the LC devices would
still require multiple repetitions of the control information
in order to successfully decode the paging identifier owing
to the low operating SNR. Moreover, this decoding has to
performed on each wake-up occasion of the DRX cycle,
regardless of whether the device has a valid upcoming page
or not, thereby increasing the energy consumption of the
LC devices. To address this issue, we introduced the Quick
Sleeping Indication (QSI) mechanism in our previous work
[43], which suggests the UE to go back to “sleep” when
it does not have an impending page. When such a QSI
mechanism is adopted, the UE first decodes the QSI and
only if the QSI indicates that there is an upcoming page, it
will stay ON. Otherwise, it will go back to “sleep” immedi-
ately and save power. In this work, we propose a modified
DRX mode of operation using the QSI in conjunction with
our fast resynchronization mechanism for improved energy

efficiency of the LC devices. The significant contributions of
our work are as follows.

o We show that the legacy methods for resynchronization
using CP autocorrelation and reference signal detection
are not effective for the LC devices due to the increased
ON time of the UE.

e We introduce our novel Enhanced Primary Synchroniza-
tion Signal (ePSS) as the resynchronization signal for the
LC devices and demonstrate the reduction in energy con-
sumption when the ePSS is used for timing reacquisition
during the DRX wake-up interval.

e We design and develop a new DRX mechanism where
the ePSS can also be used as QSI that combines the
advantages of the two schemes to provide faster timing
reacquisition and quicker transition to sleep mode when
there is no page begetting further improvement in the
energy efficiency of the LC devices.

e We ensure that our solutions are designed such that the
changes required to the current LTE/LTE-A standards
are kept minimal and the resource allocation respects the
procedure followed in the current standards.

The rest of the paper is outlined as follows. In Section 2,
we briefly discuss the DRX and paging decode mechanism
supported in the present 3GPP LTE/LTE-A standards. In
Section 3, we demonstrate the importance of timing reacqui-
sition for the MTC UE operation in CE mode and explore
the conventional mechanisms for timing reacquisition. In
Section 4, we describe the design and resource allocation
aspects of our proposed ePSS mechanism and discuss how
the ePSS can also be used as QSI to reduce the ON time of
the MTC UE. In Section 5, we compare the detection per-
formance of our ePSS signal and the legacy synchronization
signal and illustrate the energy efficiency obtained when our
ePSS is adopted by the LC devices in DRX. The conclusions
are drawn in Section 6.

2 DRX MODES AND PAGING MECHANISM IN
LTE/LTE-A

The 3GPP LTE/LTE-A standards adopt the DRX mechanism
for reducing the power consumption of the UE. When a UE
is in the DRX mode, it follows a periodic cycle called the
DRX cycle involving sleep intervals and wake-up intervals.
The current LTE/LTE-A standards support different DRX
cycle lengths with a maximum length of 2.56s. Recently,
extended DRX cycle lengths starting from 5.12s to a max-
imum of 2621.44s have been approved by the 3GPP [14]. In
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Fig. 1. LTE FDD radio frame structure showing the different LTE physical
channels.

this section, we briefly review the DRX and paging decode
mechanism in the current LTE/LTE-A standards.

Fig. 1 shows an LTE/LTE-A radio frame and the different
physical channels supported by LTE/LTE-A. During each
wake-up interval or the ON time, the UE looks for a page
from the base-station [27], [28], [29]. The paging block in
LTE/LTE-A consists of a paging identifier transmitted on
the control channel and the paging data transmitted on the
data channel [30], [44], [45]. The paging data indicates the
list of UEs being paged using unique UE specific signatures
[31]. A valid paging information is received by the UE if it is
successful in decoding the paging identifier and the paging
data block containing its unique signature'. The UE goes
back to sleep if it does not get a valid page.

There are two modes of DRX operation supported in
the present 3GPP LTE/LTE-A standards based on the Radio
Resource Configuration (RRC) state - a) Connected Mode
DRX and b) Idle Mode DRX [28], [29]. In the Connected
Mode DRX, the UE traverses the DRX cycle by remaining
connected at the RRC level, which is helpful to devices
that access the network frequently such as smartphones.
In this mode, the ON time of the UE is generally 100ms
corresponding to 100 sub-frames in LTE/LTE-A. Since the
control channel is transmitted on every sub-frame (see Fig.
1) and a control channel block with the paging identifier
can be present on any of the 100 sub-frames, the UE may
eventually process multiple control channel blocks before it
receives a valid one.

In this work, we focus on the Idle Mode DRX [29] where
the UE releases the RRC connection before going into sleep
and reestablishes it on wake-up. This mode is applicable
to low-power, low-complexity MTC devices that access the
network intermittently. Here each UE is assigned one sub-
frame per DRX cycle known as the Paging Occasion (PO).
The UE checks for the control channel only on the PO
sub-frame which is determined based on the UE Identifier
(UEID) [27], [28], [29]. Hence, the ON time of the UE can be
as small as 1ms in the ideal scenario where the UE timing
is accurate and SNR is good. However, the MTC devices
can be located in areas of bad network coverage, which

1. The paging identifier in LTE/LTE-A is called the Paging-Radio
Network Temporary Identifier (P-RNTI) transmitted on the PDCCH
and the unique UE specific signature corresponds to the System Archi-
tecture Evolution-Temporary Mobile Subscriber Identity (S-TMSI) or
the International Mobile Equipment Identity (IMEI) data transmitted
on the PDSCH.
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TABLE 2
Simulation settings for Fig. 2.

[ Parameter | Setting

DL Bandwidth 1.4 MHz

Sampling Rate 1.92 MHz

Antenna Configuration | 2 x 1

Channel Model EPA

Max. Doppler Shift 1 Hz

MIMO Correlation Low
Type = Format 2

PDCCH Settings RNTI used = P-RNTI
DCI Format = 1A
MCS =0

PDSCH Settings TBS = 16 bits
Number of PRBs = 1

MCS: Modulation and Coding Scheme
TBS: Transport Block Size
PRB: Physical Resource Block

results in low SNR at the UE receiver and requires more
repetitions to decode the paging information. This increases
the ON time of the UE, which results in increased energy
consumption. Additionally, as discussed in Section 1, these
low-complexity MTC UEs incorporate a low quality VCO
for their clock in order to reduce the cost of the device, that
causes a drift in the UE timing. This necessitates timing
reacquisition that further increases the ON time and the
energy consumption of the UE.

3 UE TIMING ACCURACY AND LEGAcCY TIMING
ACQUISITION ALGORITHMS

In this section, we first demonstrate the sensitivity of the
control channel/data channel paging decode operation to
the UE timing offset. Then, we explore the timing es-
timation and synchronization algorithms used widely in
OFDM based systems. We examine the performance of
two algorithms - a) CP autocorrelation [15], [16] and b)
Synchronization signal detection [17], [18], [19], [20] and
determine their suitability for low-complexity MTC UEs in
CE mode. The LTE toolbox in MATLAB was used for the
simulations. The Extended Pedestrian A (EPA) 1Hz channel
was chosen since it is the recommended channel model to
study the performance of MTC in LTE/LTE-A [10], [46]
because it models the low mobility multi-path scenario
quite well. Especially for the MTC UEs in low coverage,
the 3GPP envisions the scenario where a significant portion
of these devices are located in basements of buildings or
underground parking lots and are mostly stationary, which
is well characterized by the EPA 1Hz channel model [10],
[46]. The Carrier Frequency Offset (CFO) value for timing
reacquisition was chosen to be 1kHz [10]. But for the control
channel and the data channel decoding, the CFO was set to
100Hz, since the initial CFO will be estimated and compen-
sated after timing reacquisition and one has to account only
for the residual CFO [10]. The other important simulation
parameters are summarized in Table 2.

3.1 Importance of UE timing accuracy

The first step of the paging decode process is to check for
the paging identifier by decoding the control channel. If
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Fig. 2. lllustration of the sensitivity of the control channel and the data
channel decoding to timing offset (TO).

the paging identifier is found, the UE decodes the data
channel to check for the paging data. Otherwise, it goes
back to sleep. It is important to analyze the sensitivity of
the control channel and the data channel performance with
respect to UE timing accuracy. Similar to the previous works
in [41], [42], we use the BLER as the metric for analyzing
the performance the control channel containing the paging
identifier and a data channel block containing paging data.

Fig. 2a and Fig. 2b demonstrate the BLER performance
of the control channel and the data channel respectively.
It is evident that both the control channel and the data
channel are highly sensitive to timing offset. We consider the
10% BLER point to analyze the performance as suggested
n [10] for LTE/LTE-A MTC. At 10% BLER, the control
channel performance is degraded by about 8dB for as little
as 7.5% error in timing estimation and the corresponding
degradation in the data channel performance is 12dB. How-
ever, when the timing estimate is within 5% of the actual
value, the degradation is less than 3dB in both the cases.
Therefore, the accuracy of UE timing plays a vital role in
the success of the paging decode mechanism in LTE/LTE-
A. Additionally, for the LC devices, the timing reacquisition
algorithms would be required to provide accurate results at
very low SNR. Next, we discuss the performance of legacy
timing estimation algorithms for the LC devices operating
at low SNRs.

3.2 Timing reacquisition using CP autocorrelation

In this method, the symbol start position is obtained by
finding the location of the peak of the CP autocorrelation
[15], [16], [31]. For the illustration of the performance of CP
autocorrelation, we accumulate the correlation results only
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Fig. 4. Synchronization signal detection performance.

on the symbols that are used to transmit the pilot signal.
This is because the pilot signal is always transmitted on
specific symbols regardless of whether the base-station has
data or control information to send. However, on the other
symbols, the sub-carriers contain a valid signal only when
they are used for control or data allocation. The pilot signal
is transmitted on the first and fifth symbol of each slot (see
Fig. 1) [31], [44].

Fig. 3 depicts the performance of CP autocorrelation
for different accumulation times. For the LC devices, the
operating SNR for the synchronization channel at 10% BLER
is -14.2dB [10] and the error tolerance level of the estimated
timing offset is set to +5% based on the results obtained
in Section 3.1. From Fig. 3, we observe that about 600 sub-
frames (corresponding to 600ms) of accumulation time is
required for 10% BLER at -14.2dB which is large. This is
because there are only 9 CP samples available for correlation
at a sampling rate of 1.92MHz (the sampling rate supported
by the low-complexity MTC UEs [10]). This means that the
MTC UE has to be on for 600ms (as discussed in Section 2)
which will lead to increased energy consumption. Therefore,
we conclude that the classical method of CP autocorrelation
is not an efficient mechanism for timing reacquisition for
low-complexity MTC UEs in CE mode.

3.3 Timing reacquisition using synchronization signal
detection

The sub-frame synchronization in LTE/LTE-A standards is
achieved by detecting the synchronization reference signals
- the Primary Synchronization Signal (PSS) and the Sec-
ondary Synchronization Signal (SSS) [17], [31]. The PSS and
the SSS occupy a bandwidth of 1.4MHz in the centre of the
spectral band (see Fig. 1). The PSS is a Zadoff-Chu (ZC)
sequence transmitted with a periodicity of 5ms. The PSS
is transmitted on the last symbol of the first slot in sub-
frame 0 and sub-frame 5 [30], [44], [45]. The UE can obtain
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the 5ms sub-frame timing by detecting the PSS, but it will
not know whether it is in the first half of the radio frame
(corresponding to the detection of the PSS at sub-frame 0)
or the second half (corresponding to the detection of the PSS
at sub-frame 5). This ambiguity can be resolved by detecting
the SSS which is transmitted one symbol before the PSS [30],
[44], [45]. The SSS on sub-frame 0 is different from the one
on sub-frame 5, and the UE can exactly determine the sub-
frame number depending on the SSS pattern it detects [31].

For the synchronization signal detection, we consider the
PSS and the SSS as one long sequence, since they are on con-
secutive symbols. For successful timing acquisition, we have
to find the position of this sequence in a 10ms radio frame
within a tolerance level (set to 5% in our implementation
similar to Section 3.2). We use differential autocorrelation in
frequency domain to detect the synchronization signal [17],
[18].

Fig. 4 gives the performance results for timing reac-
quisition using the legacy synchronization signal detection.
Considering 10% BLER at the coverage enhancement SNR
of -14.2dB [10], we require around 400ms, i.e., 80 repetitions
of the legacy synchronization signal to detect the correct
timing offset. This is again significant, resulting in increased
energy consumption of the UE. Therefore, we require a
faster resynchronization mechanism to improve the energy
efficiency of the LC devices.

4 ENHANCED PRIMARY SYNCHRONIZATION SIG-
NAL

In this section, we introduce our new, simple resynchroniza-
tion signal specially catering the needs of the LC devices.
Since this signal is designed similar to the PSS, it would be
apt to call it the enhanced PSS (ePSS). We discuss the design
and resource allocation aspects of our ePSS mechanism.

4.1 ePSS Design

The ePSS signal should be designed such that the MTC UE
can detect it with considerable accuracy at very low SNRs
(around -14dB). Since the ePSS is used by LC devices, which
have limited processing capabilities, it should be designed
to provide robust detection with minimal complexity. This
requires the ePSS signal to possess good autocorrelation
and crosscorrelation properties. Such properties are demon-
strated by the ZC sequences that are extensively used in the
LTE/LTE-A standards, for example, in the case of the PSS
in the downlink and the Physical Random Access Channel
(PRACH) in the uplink. The ZC sequences are such that
their cyclically shifted versions are orthogonal to each other
and the crosscorrelation of two N length ZC sequences is
limited by LN [31]. These properties make them the perfect
candidates for the ePSS signal design.

Also, the location of the ePSS in the LTE/LTE-A radio
frame should be such that the UE can unambiguously
determine the sub-frame number upon successful detec-
tion, which necessitates the ePSS to occupy exclusive and
invariable resources in time and frequency. In order to obey
the mandate of resource allocation dictated by the current
LTE/LTE-A framework, such dedicated resources can be
accommodated only in the data channel space. The number
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of symbols available for the data channel is decided by the
base-station.

We use the data channel on sub-frames 1 and 2 for
transmitting the ePSS, so that its location is fixed in time
as shown in Fig. 5a. In LTE/LTE-A with normal CP, a sub-
frame consists of 14 symbols. A Resource Element (RE)
spans 1 sub-carrier X 1 symbol and a Physical Resource
Block (PRB) consists of 12 REs x 7 symbols = 84 REs. The
minimum unit of allocation spans 12 REs x 1 sub-frame,
which corresponds to a pair of PRBs = 168 REs. A commonly
used configuration for LTE/LTE-A MTC using normal CP is
a sub-frame consisting of a 12 symbol data channel preceded
by a 2 symbol control channel [10]. In this scenario, there are
168 - 2 x 12 = 144 REs per PRB pair available for the data
channel. Also, some REs in the data channel are reserved for
pilot signals, which is 12 REs per PRB pair in this case. This
gives us 132 REs per PRB pair for the data channel.

In the extended CP case, a sub-frame consists of 12
symbols and the minimum unit of allocation spans 12 REs
x 1 sub-frame = 12 x 12 = 144 REs. As in the case of
normal CP, 12 REs per PRB pair are required for pilot signal
transmission. Hence, the total number of REs available per
PRB pair is 144-12 = 132 REs. Typically, one symbol is used
for the control channel [10]. Therefore, we have 132 - 12 =
120 REs available for the data channel for the extended CP
case.

In the following, we present two methods to design
the ePSS - a) Using multiple PSS and b) Using new ZC
sequences. The ePSS detection uses differential autocorre-
lation similar to the legacy synchronization signal detection
mechanism discussed in Section 3.3.

4.1.1 ePSS construction using multiple PSS

In this method, the ePSS is formed by a burst of PSS copies
occupying the REs in the data channel space. The advantage
of re-using the existing PSS sequences is that they are readily
available at the base-station and no additional process-
ing/memory is required to generate/store a new sequence.
An example for such an ePSS for normal CP is shown in Fig.
5b. An ePSS PRB consists of the concatenations of two PSS
sequences of different roots. Unlike the regular PSS where
the ZC sequence is spread across frequency, the PSS ZC
sequence within our ePSS is spread across time (see Fig. 5b).
This ensures that the legacy UEs do not falsely detect this
signal as the PSS. The PSS signal is a 63-length ZC sequence
[31] and two such sequences will occupy 126 REs. The
unused REs are set to zero. The low-complexity MTC UEs
can operate on a maximum DL bandwidth of 1.4MHz which
corresponds to 6 PRBs. Therefore, we transmit 6 copies of
the ePSS in a sub-frame which is equivalent to transmitting
12 PSS copies.

In the ePSS design, we cannot have the same signal
on both sub-frame 1 and sub-frame 2, since the ePSS will
be used for timing resynchronization. If these two sub-
frames have the same signal, the UE would not be able
to uniquely determine the sub-frame number. Therefore,
we have to judiciously re-use the PSS sequences so that
the two sub-frames are different, but can be detected to-
gether to uniquely determine the sub-frame number. The
LTE/LTE-A standards use 3 roots for the PSS sequence -
r € [rg = 25,71 = 29, r9 = 34]. Each ePSS sequence consists
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Fig. 5. lllustration of ePSS sub-frame structure for normal and extended CP

of 2 of the 3 possible PSS roots. This gives us 6 possible
ways to choose the roots for sub-frame 1. They are (7o, 71),
(7‘0, T2), (7’1, 7’0), (7"17 ’I"Q), (7’2, 7‘0) and (Tg, ’I"l).

Let us say that sub-frame 1 has the sequence (r9,r1)
and call 7o the top root and r; the bottom root. Since the
ePSS is used for timing reacquisition, if both the sub-frames
contain the same top and bottom roots, the UE using the
ePSS to detect the timing will not know whether it detected
the root on sub-frame 1 or on sub-frame 2. Therefore, we
should have different sequences on sub-frame 1 and sub-
frame 2. Hence, subfame 2 can only have (r1,7g), (r1,72) or
(re,70) as the sequence. Similarly, if we start with a different
sequence for sub-frame 1, we have 3 possibilities for sub-
frame 2. Thus, in total we have 6 x 3 = 18 sequences to
construct the ePSS using this method.

Moreover, there are only 3 legacy PSS sequences and one
sequence is used per sector. Therefore, the frequency reuse
for the legacy scheme is 3, which may result in the detection
of the neighbour PSS. However, for ePSS constructed using
this method, we have 18 possible sequences (greater than
7). Therefore, the ePSS can be used with a frequency re-use
factor of 7, which reduces the probability of the neighbour
ePSS detection.

For the extended CP case, the ePSS transmission uses
one of the following schemes - a) using both the control and
data symbols (as shown in Fig. 5¢) and b) using only the data
symbols (as shown in Fig. 5d). In the first scheme, there are
132 REs available per PRB pair (since the control symbols
are also used) and the ePSS sequences are the same as that
for normal CP. However in the second scheme, there are
120 REs available per PRB pair and the ePSS sequences are
slightly shortened so that they can be accommodated within
the available space with negligible loss in performance.

4.1.2 ePSS construction using new ZC sequences

In this method, we use new ZC sequences for the ePSS in-
stead of re-using the PSS ZC sequences. The ZC sequence is

—jmrn(n41)
oftheformZC(r):e( = ),wheren:0,17~~~N—1,

r is the root of the ZC sequence and N is the length. The
root 7 and the length IV are co-prime. As discussed earlier,
for the PSS, N = 63 and r € [25,29,34]. There are 33
more roots that are co-prime to 63 which can be used to
construct new ZC sequences. The ePSS can be then con-
structed as described in Section 4.1.1. Our second solution
for using new ZC sequences consists of using a longer
length sequence for the ePSS. For example, in our scenario
of using a data channel with 132 REs per PRB, we can use
a ZC sequence of length 131 and set the single unused RE
to zero. Also, using a longer length sequence provides a
larger set of sequences since the number of roots co-prime
with the length increases. Moreover, the cross-correlation
between two ZC sequences is proportional to  and a
longer length sequence should improve the performance.
Fig. 5b also depicts the construction of the ePSS using longer
length ZC sequences for the normal CP case. Fig. 5¢ and
Fig. 5d demonstrate the two ePSS transmission schemes for
the extended CP case, where the former scheme uses the
same 131-length ZC sequences as that of the normal CP and
the latter uses a 119-length shortened ZC sequences.

Similar to Section 4.1.1, the signals on sub-frame 1 and
sub-frame 2 should be different so that the MTC UE can
clearly identify the sub-frame number on resynchronization.
With a 131 length sequence, we have 130 possible roots and
130 x 129 = 16,770 sequences. This gives us a large set of
sequences to choose for the ePSS signal design. Again, such
an ePSS can also be used with a frequency re-use factor of 7
due to the availability of multiple sequences, which reduces
the probability of detecting a neighbour ePSS.

4.2 ePSS Allocation

The ePSS will be used for resynchronization of the MTC
UE with the same cell. Hence, the location(s) of the ePSS
in the LTE frame structure should be known by the UE be-
forehand. Therefore, the ePSS cannot be scheduled using the
control channel or the enhanced control channel (ePDCCH)
[47]. We propose the following allocation schemes.
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Fig. 6. lllustration of ON time and sleep time for UEs using the legacy and the ePSS based resynchronization mechanisms.

« ePSS on centre band: This is a fixed allocation scheme
where the REs used for the ePSS always correspond to
the centre band occupying 1.4MHz. The location of the
ePSS in time is already fixed, i.e., on sub-frames 1 and
2 and it is transmitted every t,, seconds. This method is
advantageous for the UE, because there is no additional
signaling to indicate the location of the ePSS. The disad-
vantage is that it limits the flexibility of resource allocation
optimization at the base-station, because it cannot use
the ePSS REs for other data allocation at any scheduling
interval.

¢ ePSS on any contiguous band spanning 1.4AMHz: In this
variant of ePSS allocation, we use any contiguous band
spanning 1.4MHz within the available bandwidth at the
base-station for the ePSS. The location of the ePSS can be
broadcast within a System Information Block (SIB), which
will be decoded by the UE when it connects to the cell
initially and is updated every 3 hours [31]. This is feasible
because the ePSS is only used for resynchronization, i.e.,
whenever the device wakes up from DRX and reacquires
the timing. The initial synchronization is still done using
the legacy synchronization signals. After initial synchro-
nization, the device can decode the SIB, which will convey
the ePSS location. Another way of conveying the location
of the ePSS would be through higher layer signaling.
Here, the initial location of the ePSS is obtained from
SIB, but the subsequent location is indicated to the UE via
higher layer signaling. This gives more flexibility for the
base-station to optimize the resource allocation process.

4.3 ePSS as Quick Sleeping Indication (QSI)

Besides the time consumed by the MTC UE for resyn-
chronization, it is highly possible that the UE can spend
a significant amount of time and power trying to decode
the paging control information on the control channel. This
is because the LC devices require multiple repetitions to
successfully decode the paging control information due to
very low operating SNR.

The DRX procedure necessitates the UE to wake-up and
look for paging during each PO. However, the probability
that a UE is paged on every PO instance is very low since
the network consists of a large number of UEs. Therefore, we
introduced the Quick Sleeping Indication (QSI) mechanism
for energy efficient DRX operation in our previous work
[43]. The QSI mechanism assumes that the UEs are cate-
gorized into multiple groups. The QSI signal will indicate
“sleep” if there is no impending page for the UE group,
otherwise it will indicate “stay-awake”. The UE decodes the

QSI and attempts to decode the paging information only if
the QSI indicates “stay-awake”. Otherwise, it goes back to
sleep immediately and saves power.

The earliest phase to indicate the presence or absence of
a page is when it is resynchronizing with the base-station.
Therefore, it would be beneficial if the resynchronization
signal can also serve as the QSI signal. The ePSS signal
presented in the previous section can fulfill this role as
follows.

e The LC devices are divided into N, groups and assigned
a pair of ePSS patterns denoted by (e PSSy, ePSS1).

o The base-station schedules the POs one group at a time.
It transmits eSS if the UE group is not paged in the
subsequent PO. Otherwise, it transmits e PSS;.

o When the UE attempts to resynchronize with the base-
station, it hypothesizes over the two assigned patterns
and detects one of them. If it detects ePSSy, the UE
interprets that there is no upcoming page in the PO and
goes back to sleep immediately. If it detects e PSS, then
it remains awake to decode the paging message.

Hence, the ePSS pattern can also serve as the QSI enabling

the UE to resynchronize and go back to sleep quickly when

there is no valid page.

Fig. 6 depicts the UE sleep and wake-up durations for
the legacy mode of operation, when it uses the ePSS only
for resynchronization (not as QSI) and when it uses the
ePSS also as the QSI. The notations tprx, tppccn and
tggpage denote the length of UE DRX cycle, the ON time
of the UE to decode the control channel and the total ON
time of the UE when there is no page respectively. Since
our ePSS mechanism is designed to provide faster timing
reacquisition, the ON time of the UE decreases when it uses
the ePSS for resynchronization instead of the legacy syn-
chronization signal. Also, the UE ON time further reduces
by a factor of i%%CCH when the ePSS is also used as the QSIL.

NoPage

A detailed discussion on the performance analysis of the
ePSS is presented in the next section.

5 PERFORMANCE ANALYSIS

In this section, we analyze the detection performance of
our ePSS mechanism and demonstrate that it is better than
the legacy synchronization signal detection mechanism. We
also provide a simple model based on the ON time to
compute the energy consumption of the UE and show that
the UEs adopting the DRX mechanism along with our ePSS
for timing resynchronization consume much lesser energy
than the UEs using the current DRX mechanism with legacy
synchronization signal detection for resynchronization.
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Fig. 7. Performance of legacy synchronization signal detection and
ePSS detection.

TABLE 3
Rx energy efficiency gain for LC devices in DRX mode using ePSS.

DRX ePSS using ePSS using
Length multiple PSS new longer ZC
tDRX Not as As Not as As

QSI QSI QSI QSI
2.56s 39-76 199-115 | 43-93 | 126-16.0
5.12s 39-76 199-114 | 43-93 | 126-159
10.24s 39-75198-113 | 43-92 | 124-15.7
32768 | 34-55| 69-72 |37-64| 81-87
262144s | 21-24 | 26-28 | 22-25| 27-29

5.1 Reacquisition performance analysis

The ePSS solutions discussed in Section 4 were simulated
with the settings listed in Table 2 and a CFO of 1kHz. The
SNR considered for this simulation is -14.2dB, which corre-
sponds to the operating SNR for the MTC UEs that require
15dB coverage enhancement [10]. The detection threshold
is set such that the false alarm rate is limited to 1%. Fig. 7
shows the performance of the legacy synchronization signal
detection scheme and our two ePSS design schemes (refer to
Sections 4.1.1 and 4.1.2) along with the case where the ePSS
is also used as the QSI (refer to Section 4.3). It is observed
that the ePSS designed using longer length ZC sequences
performs slightly better than the ePSS designed by re-
using the PSS ZC sequences. As discussed in Section 4.1.2,
the longer length ZC sequence has better cross-correlation
properties that results in better performance.

In order to analyze the performance, we consider the
accumulation time required for 90% detection denoted by
tacc. We note that the legacy synchronization signal detec-
tion requires t,cc = 380ms that corresponds to 76 legacy
synchronization signal repetitions, since it is transmitted
every 5ms. In this simulation, the ePSS is transmitted on
sub-frame 1 and sub-frame 2 of the radio frame. This set
of two sub-frames is denoted as “ePSS Block”. For the
ePSS constructed using multiple PSS (refer to Section 4.1.1),
tacc = 30ms that corresponds to 3 ePSS Blocks and for the
ePSS constructed using longer length ZC sequences (refer to
Section 4.1.2), tocc = 20ms corresponding to 2 ePSS blocks.
Also, it is evident that there is negligible degradation in
performance when the ePSS is also used as the QSI for
both the mechanisms. The ePSS detection consumes less
than 10% of the time taken by legacy synchronization signal
detection for the LC devices, which decreases the ON time
of the UE significantly and reduces the energy consumption.
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5.2 Energy efficiency analysis

Now we analyze the energy consumption of the UE follow-
ing the DRX mechanism when it uses the legacy synchro-
nization signal detection for resynchronization and compare
it to the energy consumption of the UE when it uses our
ePSS solutions. In this work, we look at energy consumption
from the physical layer perspective and consider a simple
model for our energy consumption calculation based on two
quantities - a) ON time of the UE and b) sleep time of the
UE similar to [32].

Let t, and t, denote the time taken for the UE RF
warm-up and the time taken for the UE resynchronization
respectively. The UE ON time for the control channel decode
and the ON time of the data channel decode are denoted
by tppccnu and tppscu respectively. Pon and Ps represent
the power consumed by the UE during the ON time and
the sleep time respectively. In order to decode a page,
the UE warms up, resynchronizes with base-station and
decodes the control channel to check for a page. If the
control channel contains paging identifier, the UE attempts
to decode the paging data on the data channel. Otherwise,
it goes back to sleep. Hence, the total ON time of the UE
depends on whether it received a page or not. When the
UE has a valid page, the ON time (see Fig. 6) is given by
tON — ¢+t + tppecn + tppscn and the corresponding

Page
energy consumed is given by

Efa)al\ée = (tw +t:) PN ata + (tpoccn + tppscn) Pona - (1)

where PI\%\]IDM& and nga denote the ON time power con-
sumption of the UE without active data and with active data
respectively. The warm-up and resynchronization phases
are considered to be non-active data phases since the UE is
not running intricate control/data decoding processes like
layer demapping, de-precoding. Viterbi/turbo decoding,
etc. Therefore, the power consumption in these phases is
P B?o%gata'

When there is no page for the UE, the ON time (see Fig.
6) is determined by thNPagC = tw + t; + tppccu and the
corresponding energy consumed is given by

EON = (tW + tr)PISI)ci\]I)ata + tPDCCHPI());\tIa . (2)

NoPage
The sleep time can be obtained by subtracting the ON
time from the total length of the UE DRX cycle (denoted
by tprx). For the UE using the legacy synchronization
signal detection, ¢, = tpgs, which is the time consumed
for the legacy synchronization signal detection. For the UE
using our ePSS for resynchronization, t, = tepsgs, which
corresponds to the ePSS detection time. Also, when the ePSS
is used as the QSI and when there is no page for the UE, the
decoded ePSS pattern itself suggests that there is no valid
page and the UE does not decode the control channel. In
this case, the ON time will be tgoNpagC = tw + tepss. Using
p to denote the probability that the UE is paged, the total
energy consumed by the UE can be calculated as

Eiot =p- (Elg)aljgc + (tDRX - tgggc)PS)
+ (1 - p) : (Egcl)\IPagc + (tDRX - tggpagc)PS) . (3)

where Ps denotes the power consumed by the UE in deep
sleep state.
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For the Rx power consumption, we used Fp,;. =

500mW, PON ... = 250mW and Ps = 0.0185mW [48], [49].
The UE warm-up time ¢, was assumed to be Ims and the
paging rate p = 0.1. We used tpgs = 380ms for the legacy
synchronization signal detection, tepss = 30ms for the ePSS
using multiple PSS and t.pgs = 20ms for the ePSS using
longer ZC sequences corresponding to the accumulation
time required for 90% detection (see Fig. 7). The energy
efficiency gain indicates the ratio of the energy consumed
by the UE receiver using the legacy synchronization signal
detection for resynchronization to the energy consumed
by the UE receiver using our ePSS for resynchronization.
Table 3 summarizes the energy efficiency gain of the UE
using our ePSS solutions for different values of the DRX
cycle length tprx. We examined two scenarios - a) Short
paging decode time assuming ¢ppccu = tppscu = 10ms
corresponding to the upper bound of the energy efficiency
gains in Table 3 and b) Long paging decode time using
tppcca = tppscu = 40ms corresponding to the lower
bound of the energy efficiency gains in Table 3. The cases
we examined include the maximum length of the DRX cycle
supported in the current LTE/LTE-A standards (2.56s) and
the maximum extended DRX cycle length (2621.44s).

In the following, we choose the DRX cycle length of
10.24s to illustrate the interpretation of the energy efficiency
gains in Table 3. In this case, the UE adopting DRX with our
ePSS using multiple PSS mechanism for resynchronization
is 3.9 times (denoted by 3.9x) more energy efficient than
the UE using DRX with the legacy synchronization signal
detection mechanism for resynchronization owing to faster
timing reacquisition using the ePSS. Also, the gain obtained
from the ePSS using longer ZC sequences is higher com-
pared to the ePSS constructed using multiple PSS (4.3x as
opposed to 3.9x), since the ePSS using longer ZC sequences
requires a lesser time for reacquisition.

Moreover, the energy efficiency improves further when
the ePSS is used as the QSI. For example, in the case of
the 10.24s DRX cycle, using our ePSS as QSI mechanisms
are 9.8x (for the ePSS using multiple PSS) and 12.4x (for
the ePSS using longer ZC sequences) more energy efficient
than the legacy mechanism respectively. This demonstrates
a significant increase compared to the corresponding gains
obtained when the ePSS is not used as the QSI (3.9x and 4.3x
respectively). This is because the LC device does not decode
the control channel when the ePSS pattern indicates that
there is no page (which happens 90% of the time since p =
0.1) unlike the non-QSI cases where the UE has to decode
the control channel regardless of whether it is paged or not,
thereby simplifying the operation of checking for a page
when our ePSS as QSI mechanism is used.

A common trend observed with the different ePSS solu-
tions is that the energy efficiency gain decreases with the
increase in length of the DRX cycle. This is because the
reduction in energy consumption is directly proportional
to the fraction of the time the UE is ON during the DRX
cycle. Since the ON time of the UE depends on the SNR and
not on {prx, this ratio decreases with increase in tprx for
a fixed SNR. However, even for the maximum DRX cycle
length of 2621.44s, the energy efficiency gain obtained is
between 2.1x and 2.5x when ePSS is not used as QSI, which
is considerable and improves further (between 2.6x and
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2.9x) when ePSS is used as QSI. Also, for longer DRX cycle
lengths, the legacy UE may have to reacquire the system
frame number (SFN) before attempting to decode the paging
control information (as discussed later in Section 5.5), while
the UE using our ePSS solutions (as QSI) is informed about
an upcoming page during the timing resynchronization
phase itself and need not decode the SFN when there is
no page. The energy efficiency gain computation does not
account for the ON time of the UE for SFN decoding.
Therefore, the energy efficiency gains obtained using our
ePSS as QSI solutions (columns 2 and 4 of Table 3) for longer
DRX cycles serve as a loose lower bound for the actual gains.

5.2.1 Energy consumption due to UE computation

In a typical Digital Signal Processor (DSP), one real addi-
tion takes one operation and one real multiplication also
requires one operation. Each accumulation is a complex
addition and one complex addition uses two real addi-
tions. At a sampling rate of 1.92MHz (please see Table 2),
we have 19200 samples in 10ms and each accumulation
takes 19200 x 2 = 38400 operations. The signal detection
is done in frequency domain. Since each subframe (1ms)
contains 14 symbols for the case with normal CP, the 10ms
buffer consists of 140 symbols. Using 128-point FFT (the
FFT size corresponding to 1.4MHz bandwidth) and noting
that an N-point FFT takes 4N log,(N) — 6N + 8 opera-
tions [50], the number of operations consumed by FFT is
140 x (4 x 128 x log,(128) — 6 x 128+-8) = 395360. Similarly,
correlating a signal with a reference involves L complex
multiplications, followed by L —1 complex additions, where
L is the length of the signal. Each complex multiplication
involves 4 real multiplications and 2 real additions = 6 oper-
ations. Therefore, a correlation uses 6L + (L —1)2 = 8L — 2
operations. The UE should perform this correlation on each
symbol and find the symbol number that gives the best
correlation energy. Therefore, correlation takes 140(8L — 2)
operations. The total number of operations is the sum of
accumulation, FFT and correlation operations.

In the legacy case, the known signal consists of one
set of PSS and SSS on subframe 0 and the second set on
subframe 5, each of length 63. Therefore, L = 63 x 4 = 252.
Also, the accumulation time required to detect the legacy
synchronization signals is 380ms = 38 accumulations (please
refer Fig. 7). The total number of operations for legacy
synchronization signal detection is 38400 x 38 + 395360 +
140(252 x 8 — 2) = 2136520. In our proposed solution, the
UE looks for the ePSS signal transmitted on subframes 1
and 2. For ePSS using PSS, L = 63 x 24 = 1512 since
we use 24 PSS sequences for constructing the ePSS and
the accumulation time is 30ms (3 accumulations). The total
number of operations to detect the ePSS is 2203720. When
ePSS is used as QSI, the correlation has to be performed
for 2 patterns (one pattern indicating “sleep” and one indi-
cating “stay-awake”). The accumulation and FFT operations
remain the same. Then, the total number of operations for
detecting ePSS using PSS (as QSI) is 38400 x 34-395360+2 x
140(1512 x 8 — 2) = 3896880. Similarly, for ePSS using new
longer ZC sequences, L = 131 x 12 = 1572, since we use
12 ZC sequences of length 131 and the accumulation time is
20ms (2 accumulations). The total number of operations for
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TABLE 4
Battery Lifetime gain for LC devices using ePSS with tprx = 10.24s and tprx = 2621.44s.

Tx:Rx ePSS using ePSS using ePSS using ePSS using
energy multiple PSS new longer ZC multiple PSS new longer ZC
consumption | Not as As Not as As Not as As Not as As
share QsI QsI QSI QsI QsI QSI QSI QsI
tDRX = 10.24s tDRX = 2621.44s
70:30 129-135 | 1.37-1.38 | 1.30-1.36 | 1.38-1.39 | 1.19-1.21 | 1.23-1.24 | 1.20-1.22 | 1.23-1.24
50:50 1.59-176 | 1.81-1.84 | 1.62-1.80 | 1.85-1.88 | 1.35-1.41 | 1.44-1.47 | 1.38-1.43 | 1.46-1.49
30:70 2.09-254 | 2.69-276 | 2.16-2.66 | 2.81-290 | 1.58-1.69 | 1.76-1.82 | 1.62-1.72 | 1.79 - 1.85

detecting ePSS using new longer ZC sequences is 2232520
and 3992880 without and with QSI, respectively.

The power consumption of a DSP used for wireless ap-
plications [51] is 100 million operations per second (MOPS)
per mW. In other words, the energy consumption is 1mJ
for 100 million operations. Therefore, the legacy synchro-
nization signal detection consumes 2138520 = (.02137m].
Our ePSS using PSS detection consumes 0.02204m] (not as
QSI) and 0.03897m] (as QSI). Our ePSS using new longer
ZC sequences detection consumes 0.02233m] (not as QSI)
and 0.03993m] (as QSI). However, the ON time of the UE
for legacy synchronization signal detection is 380ms and
the power consumption due to the radio being ON is
250mW, which corresponds to an energy consumption of
250 x 1073 x 380 x 1073 = 95m]. For ePSS using PSS,
the ON time radio energy consumption is 7.5mJ (for 30ms
ON time) and for ePSS using new longer ZC sequences,
it is 5m]J (for 20ms ON time). It can be clearly seen that
the energy consumption due to UE computation is much
smaller than that of the ON time radio energy consumption.
Therefore, the effect of UE computational energy on the
energy efficiency would be negligible. Hence, the energy
consumed by the UE computation block was not included
in our calculations.

5.3 Battery Lifetime Improvement

Having established that the ePSS mechanisms result in
higher energy efficiency, we now estimate the improvement
in the battery lifetime of the device when our different ePSS
solutions are used. The UE consumes its battery for both
transmission and reception. The battery consumption share
between UE'’s transmission and reception varies depending
on the UE’s application. For example, a device used for
location tracking has to transmit the data more frequently
than that used for smart meter data reporting. In both
these applications require the device to periodically listen to
the network to remain connected. The battery consumption
share for transmission is higher for the UE used for location
tracking, since it transmits data more frequently. However,
for the UE used for smart meter data reporting, the battery
consumption share is dominated by periodic reception. In
the following, we analyze the improvement in battery life
for three different scenarios based on ratio of the UE battery
consumption for transmission to that of the reception - a)
70:30 (Tx > Rx), b) 50:50 (Tx = Rx) and c) 30:70 (Tx < Rx).
Since our ePSS mechanisms are adopted by the UEs in
the downlink, the energy efficiency gains obtained using

our solutions is applicable to the UE reception. The battery
lifetime gain is calculated as

1

STx + S?jx

(4)

where sy and sgx indicate the UE battery consumption
share for transmission and reception respectively, and 7 is
the gain obtained by the use of our different ePSS solutions
(given in Table 3). For example, in the first scenario sty =
0.7, spx = 0.3 and n = 12.4 for tpgx = 10.24s and ePSS
using new longer ZC sequences (as QSI).

Table 4 gives the battery lifetime gain () for our different
ePSS solutions with tprx = 10.24s and tprx = 2261.44s
in the aforementioned scenarios. In the first scenario, a
conventional battery lasting for 10 years can potentially last
108 =10 x 1.38 = 13.8 years for tprx = 10.24s and 10 X
1.23 = 12.3 years for tprx = 2621.44s, when our ePSS using
new longer ZC sequences (as QSI) solution is adopted. This
is a substantial improvement considering that only 30% of
the battery was being used for UE reception. The battery
lifetime gain increases as the battery consumption share for
UE reception increases. For instance, with our ePSS using
new longer ZC sequences (as QSI) solution in the second
and third scenarios, the battery lifetime increases to 18.5
years and 28.1 years respectively for tprx = 10.24s and to
14.6 years and 17.9 years respectively for tprx = 2261.44s,
which is highly significant. The lowest energy efficiency
gain is obtained when our ePSS using multiple PSS (not
as QSI) solution is used. Even in this case the lifetime of
a conventional battery lasting 10 years is extended to 12.9
years, 15.9 years and 20.9 years for the three scenarios for
tprx = 10.24s and to 11.5 years, 13.5 years and 15.8 years
respectively for tprx = 2261.44s, which is considerable.
Similar to Section 5.2, the battery lifetime extension for ePSS
as QSI solutions for longer DRX cycles serve as a loose lower
bound since the SEN decoding gain is not included in the
computation.

5.4 Analysis of ePSS transmission overhead

The periodicity of the ePSS transmission determines the
overhead on the network. If the ePSS is scheduled on every
radio frame like the PSS, it will consume a lot of network
resources. From our simulation results (see Fig. 7), we note
that m ePSS frames are required for the desired accuracy
of timing detection, where m = 3 for ePSS using PSS and
m = 2 for ePSS using new longer ZC sequences. If the
periodicity of ePSS is ¢, ms, the transmission consists m
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TABLE 5
Network resource overhead due to the ePSS transmission.

Base-station Bandwidth | ¢, = 100ms tp= 360ms

1.4 MHz (6 PRB pairs)
5 MHz (25 PRB pairs)
10 MHz (50 PRB pairs)
20 MHz (100 PRB pairs)

[4% 6%] [1.11% 1.67%]
[0.96% 1.44%] | [0.26% 0.4%]
[ [
[ [

0.48% 0.72%] | [0.13% 0.2%]
0.24% 0.36%] 1%]

0.06% 0

ePSS radio frames followed by (— —m) legacy radio frames
as shown in Fig. 8a.

The ePSS is mostly used by the LC devices. Therefore, to
minimize the resource consumption, we propose to group
the paging opportunities (POs) of such UEs close to the
ePSS. This solution is illustrated in Fig. 8b. For a given
interval of time, the number of LC devices might a small
subset of the total number of UEs. Assuming that 10% of
the UEs are LC devices, the ePSS only needs to be sent every
tp, = 100ms. Also, the paging identifier for the LC devices
can be sent on the enhanced control channel (ePDCCH) [47],
which uses the sub-carriers in the data channel space. The
POs for the legacy UEs will be distributed and they will be
paged via the regular control channel (PDCCH). This way
the control channel capacity is not altered.

Moreover, when the ePSS is not transmitted every radio
frame, a single ePSS will be used to resynchronize UEs that
have their PO sub-frames greater than 10ms from the ePSS
sub-frame. Therefore, the UE can save power by going back
to sleep after successfully detecting the ePSS and wake up
again just before its PO. However, we have to ensure that the
UE does not lose the symbol timing (UE clock does not drift
by more than 5% of the symbol time, which is 3.6us) during
its sleep time. For example, for a UE using a crystal with
10ppm accuracy, the clock drift is within 5% of a symbol if
the sleep time is less than 360ms. Therefore, the maximum
value of t;, is 360ms for a 10ppm accurate UE clock.

The ePSS consumes 6 PRB pairs x 2 sub-frames = 12 PRB
pairs every 10ms (refer Fig. 5a). As seen from Fig. 7, the time
taken to decode ePSS can be 20ms (= 24 PRB pairs for ePSS
using longer ZC sequences) or 30ms (= 36 PRB pairs for
ePSS using multiple PSS). The overhead on the base-station
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due to the resource allocation for the ePSS with periodicity
t, = 100ms and ¢, = 360ms is summarized in Table 5.
The numbers in each row of the second and third columns
of Table 5 correspond to the network load considering
ePSS decode time of 20ms and 30ms respectively. The base-
station deployments usually have a bandwidth of 5SMHz
or more and the network overhead due to the ePSS for
such base-stations is less than 1.5% for both ¢, = 100ms
and t, = 360ms. Moreover, the overhead of ePSS trans-
mission is restricted to the idle mode. The regular data
transmission occurs after the UE transitions from the idle
mode to the connected mode, where the resource allocation
uses the default LTE/LTE-A frame structure, without the
ePSS. Therefore, the ePSS does not affect the regular data
transmission.

5.5 Discussion

In summary, our ePSS solutions reduced the energy con-
sumption when compared to the legacy solutions due to the
following reasons.

o The ePSS consists of an increased density of synchroniza-
tion signals, i.e., ePSS packs more synchronization signals
in less amount of transmission time, thereby reducing the
time taken by the UE to reacquire the symbol timing.

e The ePSS has an additional attribute of being able to
indicate whether there is an impending page for the UE or
not, thereby helping UEs to return to sleep mode quickly
when there is no page and save energy. But the legacy UE
follows the procedure of decoding the paging identifier
on the control channel regardless of whether it is paged
or not, which is complex and energy consuming.

o The ePSS with best performance uses longer length ZC se-
quences, which possess better signal detection properties,
thereby improving the reacquisition time and reducing
power consumption.

Moreover, the legacy UE may have to reacquire the SFN
so that it attempts to decode the paging information on the
correct frame/sub-frame, depending on the accuracy of its
clock and the length of the DRX cycle. This is because the
UE will lose its frame timing when its clock drifts by more
than half a frame (= 1% — 5ms). For example, an LC UE
with 10ppm accurate clock [13] will lose its frame timing
if it sleeps for more than 75j5*sy = 500s. When the DRX
cycle length is than 500s, the clock drift results in a symbol
timing offset, but the UE remains in the same radio frame.
However when the DRX cycle is longer than 500s, both the
frame timing and the symbol timing are lost and the UE has
to reacquire the SFN.

The SEN field in LTE/LTE-A consists of 10 bits and
is incremented by one every 10ms (= frame length) [28],
[31]. Hence the maximum time length that can be indicated
by the SEN field is 2! x 1073 = 10.24s. In order to
support extended DRX cycles, the on-going standardization
activities in LTE/LTE-A have included a new field called the
Hyper System Frame Number (H-SFN) which incremented
by one every 10.24s [14]. Currently, the number of H-SFN
bits is set to 8. Consequently, the maximum time length that
can be indicated with the combination of H-SFN and the
legacy SFN is (2% — 1) x 10.24 + 10.24 = 2621.44s, which
corresponds to the maximum extended DRX cycle length.
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The UE has to decode the H-SEN and the SFN if it
sleeps so long that the frame timing is lost, and then attempt
the paging decode on the correct paging frame/sub-frame.
Owing to the low operating SNR, H-SFN/SFN decoding
can take multiple repetitions, increase the ON time and the
energy consumption of the UE. Also, the legacy UE needs to
perform this decoding even when there is no page because
it can know about the validity of the page only when it
decodes the paging control information (which is post H-
SFN/SEN decoding). But, when our ePSS as QSI solutions
are used, the UE is informed about the validity of the page
during the timing resynchronization phase itself and H-
SFN/SFN decoding would not be necessary when there is
no page. The savings obtained from not decoding the H-
SFN/SFN when there is no page has not been included in
our calculations for the energy efficiency gain and battery
lifetime extension. Therefore, our results for this case serve
as a loose lower bound and the actual gains that can be
obtained using our solutions can be higher when the DRX
cycle length is longer (>500s for an LC UE with 10ppm
accurate clock).

Furthermore, our ideas can be extended to other OFDM
based systems where the conventional methods of CP cor-
relation and reference signal detection take a long time to
converge at very low SNR. For example, in WLAN, two new,
closely spaced, robust preamble sequences can be assigned
to each UE, one indicating a “Page” and the other indicating
“No Page”. This mapping of paging indication to resyn-
chronization sequences, combined with shrewd resource
allocation would result in an energy efficient operation of
the MTC UEs.

6 CONCLUSION

In this paper, we considered the DRX mechanism in
LTE/LTE-A for the MTC UEs requiring coverage enhance-
ment. Firstly, we showed that the paging decode operation
which is a critical part of the DRX mechanism, is very
sensitive to timing offset. Secondly, we explored the con-
ventional timing acquisition algorithms - CP autocorrelation
and the legacy synchronization signal detection and demon-
strated they take around 600ms and 380ms respectively for
reacquiring the symbol timing within tolerable limits. This
leads to increased ON time of the UE and hence results in
increased energy consumption. To mitigate this problem, we
introduced the Enhanced Primary Synchronization Signal
(ePSS) within the LTE/LTE-A standardization framework
and proposed a novel DRX mechanism which uses our ePSS
for faster timing resynchronization and reduced energy
consumption. We described two simple methods to design
the ePSS signal - by using multiple PSS sequences and by
using new ZC sequences and indicated that our ePSS design
requires less than 1.5% network resource overhead for base-
station bandwidths of 5MHz or more. We also proposed
the use of the ePSS as the Quick Sleeping Indication (QSI)
(introduced in our previous work) to further improve the
energy efficiency of the LC devices. We illustrated that the
modified DRX mechanism for the LC devices using our
ePSS solutions are more energy efficient than the legacy
mechanism. A detailed analysis of the resource allocation,
higher layer signaling aspects for the ePSS and developing
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improved UE grouping strategies to handle higher density
of LC devices constitute our future work.
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