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AC C E P T E D F R O M OP E N CALL

INTRODUCTION
The advent of smart mobile devices triggers the
constant push for higher data rates. It is challeng-
ing to meet the ever increasing demand for faster
wireless data services from the already scarce
spectrum resources. The modern wireless net-
work, like the Long Term Evolution (LTE) cellu-
lar network, is already operating at a very high
spectral efficiency, leaving little margin for fur-
ther practical and cost-effective improvements.
Small cells are believed to play a key role in
reaching such ambitious data rates for today’s
mobile applications by increasing frequency reuse
or area spectral efficiency [1, 2]. Heterogeneous
architectures based on nested tiers of more and
more dense small cells operating at higher and

higher frequencies are expected not only to
improve the overall area spectral efficiency of the
cellular network but also to increase coverage
and user signal-to-interference-plus-noise ratio
(SINR) in most deployment scenarios. For exam-
ple, for indoor or hotspot small cells, especially
for dense deployment scenarios where a mobile
device is likely to be close to the base station,
and probably enjoying line-of-sight channels, the
device’s SINR has been shown to be well above
20 dB when co-channel inter-cell inference is
well controlled [3]. However, dense cells also
imply high inter-cell interference. Uncontrolled
inter-cell interference may hinder the benefits of
small cells. It is thus evident that dense small cell
networks must be used in junction with other
advanced technologies, such as inter-cell interfer-
ence coordination (ICIC) [4], coordinated multi-
point (CoMP) transmissions [5], interference
cancellation [6], and dynamic cell on/off in order
to reach their true potential.

ICIC is a technique for mitigating inter-cell
interference to improve the cell edge user SINR
via power and resource coordination between
cells. CoMP allows multiple base stations to
dynamically coordinate, providing joint scheduling
and transmissions as well as joint processing of the
received signals. In this way a device at the edge
of a cell is able to be served by two or more base
stations to improve signal quality. In dense small
cell deployments, the number of users in the cov-
erage of a small cell is small, and the probability
that a cell is not serving any user is high. Dynamic
cell on/off allows a small cell to be adaptively
turned on and off based on the proximate traffic
such that the interference to other cells is reduced.
Small cell networks combined with these technolo-
gies create a high SINR environment for poten-
tially high data rate transmissions.

However, the effectiveness of these technolo-
gies depends on the fundamental assumption
that the cells operate in a coordinated and time
synchronized manner. For instance, CoMP
requires high time slot synchronization accuracy
between different transmission points in order to
achieve the performance gain from joint data
processing. Moreover, synchronization is even
more crucial for cells operating in time-division
duplex (TDD) mode in order to avoid interfer-
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ABSTRACT
Although the development of the next gener-

ation (i.e., 5G) of wireless networks is in its initial
phase, it is widely agreed that some key technolo-
gies will play a vital role in the realization of 5G,
such as millimeter waves, massive MIMO, small
cells, and new radio air interfaces. Among these,
densely deployed small cell networks are believed
to be one of the most practical solutions to the
5G promise of truly ubiquitous mobile broad-
band. However, synchronization between densely
deployed small cells is the key to the materializa-
tion of the benefits a small cell network promises,
and is one of the most challenging issues of small
cell networks. In this article, we overview the
existing network synchronization techniques and
address their limitations in small cell network
deployment environments. There are two primary
synchronization techniques in today’s communica-
tion networks. GNSS provides the most accurate
synchronization accuracy. However, due to envi-
ronmental and cost limitations, GNSS may not
be available in some small cell deployment sce-
narios (e.g., indoors). Another synchronization
technique is IEEE 1588, the accuracy of which
depends highly on backhaul conditions. We
therefore study the feasibility of a radio-inter-
face-based solution as a practical alternative to
the synchronization problem of a dense small
cell network with an application to LTE.

NETWORK SYNCHRONIZATION FOR
DENSE SMALL CELL NETWORKS
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ence between downlink and uplink transmissions
from different cells [7]. Synchronization is also
beneficial to other technologies such as dual con-
nectivity, carrier aggregation, and small cell dis-
covery. As mentioned above, when there is no
traffic in its coverage, a small cell can be put in
the “dormant” state (i.e., the power-off state), in
which only the cell discovery signal is transmit-
ted. A mobile device needs to be constantly
aware of its neighboring cells by scanning for the
discovery signals so that the cells can be activated
whenever necessary. In this case, time-synchro-
nized transmissions of discovery signals from all
cells play a crucial role in improving the discov-
ery signal detection efficiency and battery life.

There are two primary synchronization tech-
niques in today’s communication networks. The
Global Navigation Satellite System (GNSS) with
its well-known Global Positioning System (GPS)
provides the most accurate synchronization accu-
racy within the range of 50 to 100 ns. Most base
stations in the conventional cellular networks,
henceforth referred to as macro base stations,
employ GPS to achieve synchronization. Unfor-
tunately, due to environmental and cost limita-
tions, GPS may not be available in small cell
deployment scenarios (e.g., indoors). Another
synchronization technique is standardized by
IEEE 1588. The accuracy of IEEE 1588 depends
highly on backhaul conditions. The timing error
is dominated by the asymmetry between the
upstream and downstream of the backhaul (ie.,
D/2), where D is the difference in delay between
the upstream and downstream. IEEE 1588 is
able to provide sub-microsecond accuracy under
good backhaul conditions (e.g., operator-con-
trolled fiber or Ethernet), which may not always
be available to small cell networks, rendering
IEEE 1588 limited for small cell applications.

Although recent advances in the IEEE 1588
protocol have made backhaul-based cell synchro-
nization more feasible using self-adaptive timing
recovery protocols such as the International
Telecommunication Union (ITU) G.8261 based
protocol defined in [8], it is still beneficial to
have a universal cost-effective synchronization
solution that does not rely on GPS coverage or
the backhaul condition to ensure stability and
robust operation of dense small cell networks. In
this article, we investigate the feasibility and
benefits of the radio-interface-based network
synchronization technique for small cell applica-
tions. We first review the radio-interface-based
cell synchronization mechanism. A conceptual
design under the LTE architecture is provided to
further illustrate the mechanism. We then pro-
pose an improved practical design of such a syn-
chronization technique for coordinating the time
tracking between the cells either within the same
operator network or from different operator net-
works. LTE (Release 10) is assumed in the fol-
lowing discussion unless specified otherwise.

THE CONCEPT OF RADIO-INTERFACE-BASED
SYNCHRONIZATION

Radio-interface-based network synchronization
achieves synchronization between cells via the
help of the over-the-air synchronization signals

transmitted by the cells [7]. A cell determines its
timing by detecting a reference signal from
another cell. It is natural that a cell should
always look for the cell in its reception range
with the highest timing precision and stability as
its timing source. This behavior is also necessary
in order to prevent the forming of an endless
synchronization loop. A cell that has access to
the GPS has the highest synchronization grade,
and is considered as a source with synchroniza-
tion stratum 0. Hence, a cell, either a macrocell
or a small cell, that is synchronized to GPS is the
primary source (henceforth referred to as stra-
tum 0) to provide the reference timing within a
cluster of small cells (a group of densely collo-
cated small cells). In the case when not all the
cells in the cluster can acquire its timing directly
from the primary synchronization source, multi-
hop synchronization is needed, as illustrated in
Fig. 1a.

A cell with its timing derived from a source
of stratum 0 is a source one hop away from the
GPS, and is thus of synchronization stratum 1.
The synchronization stratum of a timing source
is thus defined as the smallest number of hops
between this source and the GPS source. Under
this definition, a cell always tries to synchronize
to the cell with the lowest stratum level. A cell
needs to be aware of the synchronization hierar-
chy in its neighborhood, and correspondingly
determines its own stratum on a regular basis.
This allows a cell to stay as close to the GPS
time as possible since each hop introduces addi-
tional errors to the timing errors inherited from
its timing source.

The synchronization errors of each hop are
mainly contributed by the propagation of the
synchronization signal from the source to the
receiving cell (the recipient), the timing detec-
tion error at the receiver, and the timing drift as
a result of the frequency discrepancy/offset
between the source and the recipient. The error
introduced by synchronization signal propaga-
tion includes the propagation delay as well as
multipath delay spread. The propagation delay is
transferred to the timing at the receiving cell,
and the multipath delay spread may further bias
the timing toward the strongest path instead of
the first path of arrival. The timing detection
error is due to the imperfection of the timing
estimation, which is affected by the design of
both the synchronization signal waveform and
the detector of the receiver. The timing drift is
the result of the frequency offset between the
timing source and the recipient, which causes the
timing of the recipient to gradually deviate from
the source as time elapses. Frequency estimation
is hence a necessary component of the synchro-
nization process in addition to timing detection.
Among these errors, the timing detection error
and timing drift can be reduced by improving
the synchronization signal and receiver design,
whereas the propagation-introduced error is an
irreducible error, meaning that it cannot be
reduced by improving the transceiver design.
These errors combined ultimately limit the total
number of synchronization hops in a network as
a consequence of error propagation.

It is evident that the higher the stratum of a
cell is, the larger the accumulated errors from
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the previous hops and the lower the timing accu-
racy of the cell. Network synchronization accura-
cy is the maximum absolute deviation in frame
start timing between any pair of cells in the net-
work that have overlapping coverage areas [9].
Consequently, depending on the actual error
introduced by each hop, the maximum number
of synchronization hops is limited in order to
meet the synchronization accuracy requirement.
Assuming the maximum synchronization error is
Dmax, for example, 3 ms (or ±1.5 ms), the maxi-
mum number of synchronization hops is then 

where dmax is the maximum timing error intro-
duced in one hop. A smaller number of maxi-
mum allowed synchronization hops means more
potential unsynchronized cells since these cells,
which only neighbor the cells with the highest
stratum level (i.e., on the last hop on the syn-
chronization path or chain), will not be able to
synchronize to the required accuracy. Figure 1b
shows an example with maximum number of
hops equal to three, in which cell D is not able
to synchronize to the network with the required
accuracy since the maximum number of hops
(three) has been exceeded. We henceforth refer
to these kinds of cells as unsynchronized or iso-
lated cells. On the other hand, a larger number
of maximum synchronization hops means more
stringent synchronization accuracy requirements
for the base station at each hop. For example,

the accuracy requirement for each hop is ±0.25
ms if the maximum number of synchronization
hops is 6 (i.e., seven stratum levels).

In the following, we first describe a conceptu-
al network synchronization framework to illus-
trate the concept of radio-interface-based
synchronization, and then propose an improved
practical design.

BASELINE DESIGN OF RADIO-INTERFACE-
BASED SYNCHRONIZATION

In this section, we describe a baseline design of
a radio-interface-based network synchronization
framework under the LTE architecture, borrow-
ing the existing LTE reference signals and syn-
chronization techniques [7, 10], to further
elaborate on the concept of the radio-interface-
based synchronization presented in the previous
section. Since this exemplary design is only for
the purpose of illustration, detailed design
schemes to solve the practical issues will not be
the focus. They are covered in the subsequent
section (Improved Design).

SYNCHRONIZATION SIGNAL
As aforementioned, timing and frequency esti-
mations are both needed for small cell synchro-
nization. The network synchronization signal
thus needs to possess both good timing and fre-
quency estimation properties. In this article, the
existing LTE reference signals are exploited for
small cell synchronization to reduce the com-
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Figure 1. a) Illustration of multihop synchronization in a small cell network, where cells M and Q are
macrocells, and cells A to K are small cells. A small cell always looks for and synchronizes to the cell
with the lowest stratum level within its detection range. In this example, cell K neighbors cell E, cell
H, and cell D. It synchronizes to cell E that has the lowest stratum (2) in its range. Cell K thus has a
synchronization stratum 3 derived from cell E. The arrow in the diagram indicates where the synchro-
nization source from which a small cell receives its synchronization signal; b) illustration of unsyn-
chronized cells in multihop synchronization due to the limit of the maximum number of
synchronization hops. In this example, the maximum number of synchronization hops per synchro-
nization chain is three, which leaves cell D unsynchronized; that is, cell D is not able to synchronize to
the required accuracy.
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limited in order to meet
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accuracy requirement.
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plexity, cost, and standardization efforts. Among
them is the legacy downlink cell-specific refer-
ence signal (CRS), which is commonly used for
the purposes of time and frequency tracking,
downlink channel quality measurements, as well
as downlink channel estimation for coherent
demodulation/detection at the user. It is hence a
natural choice for use as a cell synchronization
reference signal in the baseline design.

INDICATION OF SYNCHRONIZATION STRATUM
To achieve synchronization in a small cell net-
work, a cell identifies the synchronization stra-
tum of the surrounding cells and chooses the cell
with the lowest stratum level (highest accuracy)
as its timing source. It then detects the synchro-
nization signal of the source cell for synchroniza-
tion. Therefore, a cell needs to indicate the
synchronization stratum level and the resource
of its synchronization signal. There are two pos-
sible methods to support the indication of stra-
tum level: backhaul signaling or physical layer
signaling (i.e., over-the-air radio-interface-based
signaling).

With backhaul signaling, a cell obtains the
synchronization information of the neighboring
cells through backhaul, using the S1/X2 interface
in LTE, for example. The main drawback, how-
ever, is that when the cells belong to different
operators, it is difficult to exchange stratum
information due to the lack of direct backhaul
connection between operators in order to main-
tain the same synchronization between opera-
tors.

As for physical layer signaling, the stratum
level of a cell can be conveyed with over-the-air
radio signals explicitly or implicitly, thereby
negating the need for inter-operator backhaul
signaling. This way, the stratum can be detected
when the synchronization signal is detected.
Consequently, even the cells belonging to differ-
ent operators can obtain the stratum by simply
detecting the physical layer signal broadcast by a
small cell without resorting to backhaul signal-
ing.

A cell may explicitly signal its synchronization
information via the downlink broadcast channels
together with other system information. The
master information block (MIB) in LTE carries
the most important system information, such as
system bandwidth, system frame number, and so
on, and is continuously broadcast on the down-
link in subframe 0 of each radio frame (10 sub-
frames per radio frame). However, due to the
half-duplex limitation, a cell has to stop trans-
mitting its own MIB when listening to another
cell’s MIB on the downlink. Therefore, it is not
a feasible means for conveying synchronization
status. The system information block (SIB), on
the other hand, is a better way to carry the cell’s
synchronization information, and the transmis-
sion can be scheduled flexibly. However, the
problem with this scheme is that broadcasting of
SIBs may not be available when a small cell is in
a dormant state. In addition, system information
broadcast has limited coverage, which may affect
the synchronization range.

The stratum level of a cell can also be embed-
ded in the network synchronization signal implic-
itly. That is, different stratum levels can be

signaled implicitly by associating the transmis-
sion of the synchronization signals with certain
predefined rules. For example, the radio frame
offset can be used to indicate the stratum as
shown in Fig. 2, where cells that belong to stra-
tum s transmit their network synchronization sig-
nals in a subframe of radio frame s. The use of
the radio frame offset, instead of the subframe
offset, is for the purpose of distributing different
synchronization signals as far apart as possible to
minimize the effect of traffic disruption on local
data services.

Consider four small cells, cells 0, 1, 2, and 3,
in a small cell network, with stratum levels of 0,
1, 2, and 3, respectively. Cell 3 transmits its syn-
chronization signal in radio frame 3 and listens
for the synchronization signal from its source,
cell 2, in radio frame 2. Due to the half-duplex
limitation, a cell does not transmit during listen-
ing (on the downlink). Consequently, cell 3 does
not create interference to its neighbors that
belong to stratum 3 and are also listening to
their sources of stratum 2. Furthermore, in order
to avoid interfering with its source (cell 2) when
cell 2 is listening to its own source (cell 1) in
radio frame 1, cell 3 needs to refrain itself from
transmission in the corresponding subframe of
radio frame 1, since if cell 3 can hear cell 2, it is
likely that cell 2 can hear the transmission from
cell 3 as well. However, it is not necessary for
cell 3 to mute for cell 1 or cell 0, since cell 3 is
unlikely to be in the neighborhood of cell 1 or
cell 0 (otherwise, cell 1 or cell 0 would be select-
ed by cell 3 as the timing source).

This scheme requires a base station to stop
its local traffic on some specific subframes and
use them for either transmitting its network syn-
chronization signal or receiving the network syn-
chronization signal from its source, or simply
muting. This may disrupt the regular user traffic
and cause backward compatibility issues. This
backward compatibility problem can be circum-
vented by using an existing special LTE sub-
frame, that is, the multimedia broadcast
single-frequency network (MBSFN) subframe. In
such a subframe, users are informed via radio
resource controller (RRC) signaling, and expect
control signals and the CRS signals only in the
first one to two orthogonal frequency-division
multiplexed (OFDM) symbols and ignore the
rest of the subframe. Although originally this
type of subframe was introduced solely for
MBSFN transmissions, the mechanism is bor-
rowed for many other purposes (e.g., mobile
positioning, relaying, and almost blank sub-
frames) as a means to avoid disturbance to lega-
cy users. In the current application, network
synchronization signals are transmitted in these
subframes, even though no actual MBSFN trans-
mission takes place in them. Network synchro-
nization signal listening and muting (Fig. 2) can
use this type of subframe as well, that is, no
transmission in the MBSFN frame (except the
control channels and the CRS signals in the con-
trol region).

SYNCHRONIZATION PROCEDURE
Before transmitting any signal of its own (on the
downlink) during the initial power up, a small
cell base station searches for primary and sec-
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ondary synchronization signals (PSSs/SSSs) of a
neighbor cell (on the downlink). Once detected,
the base station obtains the ID and timing of the
neighboring cell. The cell uses the acquired
neighbor cell ID to determine the CRS wave-
form of the cell, and use the timing to locate the
cell synchronization subframes where the cell
synchronization signal is present. This procedure
is repeated until the small cell finds the timing
source with the lowest stratum. The synchroniza-
tion stratum for this cell is then determined
based on the detected source cell stratum, and
its CRS signal is transmitted on the correspond-
ing radio frame determined by its stratum. In
addition to performing routine periodic synchro-
nization, once in a while, a small cell has to
repeat the above procedure to detect whether
any change occurs that may impact its own stra-
tum. This ensures that a cell always stays as close
to GPS time as possible.

IMPROVED DESIGN

The baseline cell synchronization scheme is sim-
ple, but suffers from several issues that may limit
its practical applications. For example, the syn-
chronization signal (CRS) is cell-specific and has
a high reuse factor, thereby giving rise to high
inter-cell interference that limits detection accu-
racy and coverage. Since the synchronization sig-
nal is cell-specific, a base station needs to find
out the cell ID before it can search for the syn-
chronization signal, which complicates the syn-
chronization procedure. Moreover, the stratum

information is contained in the radio frame
index on which the synchronization signal is
transmitted; the signal itself does not convey any
stratum information. This further complicates
the synchronization procedure. A more serious
issue is that the stratum structure typically works
well with one primary source. Using the example
in Fig. 1 where we have two primary sources (M
and Q), if the distance between cell F and its
source Q is much shorter than the distance
between A and its source M, the difference in
propagation delay between these two links will
cause a large timing deficit between A and F as
well as between all descendants of A and F in
their respective synchronization chains, for
example, between cell H (descendant of A) and
cell K (descendant of F). In this section, we go
through these detailed issues in the following
subsections and propose an improved, more
practical design of the radio-interface-based cell
synchronization scheme.

SYNCHRONIZATION SIGNAL DESIGN
In addition to CRS, the available candidates for
the network synchronization signal are PSSs/
SSSs, channel state information reference signal
(CSI-RS), and Positioning Reference Signal
(PRS), which are the existing reference signals
specified in LTE Release 10. In this subsection
we take a closer look at these reference signals
that have the potential for use as the network syn-
chronization signal, and provide a detailed analy-
sis of these reference signals on how they can be
adopted for use in small cell synchronization.

Figure 2. Illustration of the network synchronization signal transmission and stratum level indication
using the radio frame offsets in a synchronization period. The top row indicates the times for cells
with different stratum levels to transmit their corresponding network synchronization signals. The
rows below are the synchronization signal transmission patterns for cells of strata 0, 1, 2, and 3. Tx
indicates the transmission of the synchronization signal, Rx indicates listening for the synchronization
signal, and Mute indicates no transmission (not even local traffic). 
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The PSSs/SSSs are the synchronization sig-
nals for a user to acquire a cell’s physical ID and
frame synchronization in the initial system acqui-
sition, which enables a user to read system infor-
mation blocks from a particular network. They
occupy the central 72 subcarriers, and are trans-
mitted on subframes 0 and 5 of every radio
frame by all cells (i.e., reuse factor of 1). They
hence suffer from high interference and low
detectability. Moreover, PSSs/SSSs cannot be
turned off during normal operation, which makes
them unsuitable for cell synchronization. We
therefore focus only on CSI-RS, CRS, and PRS
in the following discussion.

Note that since the network synchronization
signals are to be transmitted in downlink
MBSFN subframes, the first two OFDM symbols
of the subframe are, by default, reserved for
legacy control channels for local traffic. In addi-
tion, since a base station may use the MBSFN
for listening to the network synchronization sig-
nal from the source cell, the third and last
OFDM symbols are purposely left unused to
provide time for transitions between transmis-
sion and reception in the current design.

CSI-RS was originally designed for mobile
devices to obtain the channel state of its serving
base station and/or its neighboring base stations.
The resources of the CSI-RS subframe that can
be used for CSI-RS transmissions are depicted
in Fig. 3a in an OFDM resource grid. CSI-RS
symbols are separated by 12 subcarriers in fre-
quency for each CSI-RS signal pattern, resulting
in 12 repeated waveforms in time with a period
of ~5 ms, which can be problematic for timing
detection as will be seen later. In addition, CSI-
RS symbols are situated temporally next to each
other, causing poor frequency offset estimation
performance (since the frequency offset is typi-
cally estimated from the ratio of the phase and
time difference between the two symbols, a large
time difference helps reduce the effect of phase
estimation error). There are 12 orthogonal CSI-
RS patterns in a subframe. It is possible to mute
a specific CSI-RS signal to avoid colliding with
CSI-RS transmissions from other cells. A user
assumes zero transmission power on the resource
elements associated with these CSI-RS signals.
This feature can be applied to cell synchroniza-
tion such that instead of using the MBSFN sub-
frame for muting the whole subframe (Fig. 2),
only the resource elements associated with the
network synchronization signal (i.e., CSI-RS) are
configured as zero-power, resulting in minimal
disruption of user traffic.

Unlike CSI-RS, the CRS pattern provides
temporally separated reference symbols, which is
ideal for frequency estimation. The CRS tones
overall are separated by three subcarriers in fre-
quency, giving rise to three repeated waveforms
in the time domain with a period of ~20 ms.
There are six orthogonal CRS patterns in an
MBSFN subframe, providing a reuse factor of 6.
Figure 3a shows one of the six CRS patterns.
However, unlike CSI-RS, CRS signals cannot be
selectively muted since the legacy devices are
expected to use them for time and frequency
tracking, as well as channel quality measure-
ments.

PRS was introduced for mobile positioning

due to the fact that the CRS signals do not pro-
vide sufficient accuracy for time difference mea-
surement required by the Observed Time
Difference of Arrival protocol. As seen in Fig.
3a, PRS subcarriers are densely distributed in
frequency by design; hence, there are no repeat-
ed waveforms in time, thereby providing best
time correlation properties for timing. Plus, PRS
symbols are widely separated in time, offering
good frequency estimation performance as well.
PRS is designed for transmissions in MBSFN
subframes. PRS is therefore ideal for current
cell synchronization applications. Since a total of
six frequency shifts in a PRS pattern can be sup-
ported, the reuse factor for PRS is 6. Figure 3a
shows one of the six PRS patterns. Note that
since the last OFDM symbol is reserved, there
are only 14 PRS resource elements (instead of
16 for the original PRS) for a network synchro-
nization signal. Also note that PRS symbols are
designed not to collide with CRS symbols.

Compared to CRS, PRS time waveform is
not periodic. It is thus more advantageous where
the search window is wider than 20 ms, which
may happen in the blind search of synchroniza-
tion signals as seen later. Since CRS has a peri-
od of 20 ms, this periodicity causes degraded
performance for the same reason as in the CSI-
RS case, although the period is longer and the
effect less. For this reason, PRS is a better can-
didate for the improved design.

Note that like CRS, CSI-RS and PRS are
both cell-specific reference signals and are gen-
erated with a corresponding cell ID. That is, a
cell picks a signal pattern from the available pat-
terns based on its cell ID, and modulates/scram-
bles the signal symbols with a gold sequence
seeded by its cell ID.

Figure 4 shows the synchronization perfor-
mance of these three reference signals. It is
expected that CSI-RS performs the worst in both
frequency and timing estimation. The surge of
timing error between 5–6 ms is due to the peri-
odicity of the CSI-RS waveform. PRS performs
best in both timing and frequency estimation.

Since PRS is designed not to collide with
CRS, they are orthogonal to each other and can
therefore be combined to form a new composite
signal, as illustrated in Fig. 3b, to further
improve, in particular, the frequency estimation
performance for the current design. More advan-
tages of the composite signal are discussed in
the next subsection.

INDICATION OF SYNCHRONIZATION STRATUM
In the baseline design, the synchronization stra-
tum of a cell is represented by its transmission
position of the network synchronization signal,
whereas the synchronization signal is cell-specif-
ic, and hence different cells have different net-
work synchronization signals. This causes
interference between synchronization signals
belonging to different cells of the same stratum.
Note that synchronization signals that belong to
different strata are transmitted on different loca-
tions (Fig. 2), meaning no interference between
strata. Since the CRS reuse factor is 6, the colli-
sion probability between the synchronization sig-
nals is 1/6, which directly affects the signal
quality and hence the detectability or coverage

In the baseline design,
the synchronization 
stratum of a cell is 
represented by its 

transmission position 
of the network 

synchronization signal,
whereas the synchro-

nization signal is 
cell-specific, and hence

different cells have 
different network 

synchronization signals.
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of the synchronization signals. More synchro-
nization hops are thus needed, which translates
to reduced overall synchronization accuracy and
more MBSFN subframes.

One solution is to use a unique synchroniza-
tion signal waveform to represent a unique stra-
tum, that is, cells with the same stratum share
the same waveform. This design not only elimi-
nates the interference between the network syn-
chronization signals of the same stratum but also
enables the single-frequency-network (SFN)
combining gain from different cells, and hence
the extended coverage. Fewer synchronization
hops are needed, and there are fewer isolated
(unsynchronized) cells in the network. Cells can
thus stay closer to the GPS time, which means
improved overall synchronization accuracy.

Note that since both CRS and PRS are cell-
specific reference signals, their actual time wave-
forms are dependent on the cell ID, as are the
composite waveforms. To become an SFN sig-
nal, all the composite signals of the same stra-
tum must have a common waveform (i.e., a
common cell ID). Under this design, the net-
work synchronization signal is stratum-specific
but not cell-specific. We can recycle the unused
cell IDs for use as the common cell ID dedicat-
ed to the network synchronization. In LTE, valid
cell IDs are in the range of 0 to 503. Any ID
greater than 503 (e.g., 504) can be exclusively
used for network synchronization signals, irre-
spective of a cell’s actual cell ID. Therefore, to
form, for example, seven network synchroniza-
tion signals, seven out of the 36 composite pat-
terns can be utilized and scrambled with the
gold sequence seeded by cell IDs larger than 503

(504 for stratum 0, 505 for stratum 1, etc.). Since
a legacy device does not look for cells with IDs
beyond 503, the synchronization signal will not
affect the operation of a legacy device.

Under this design, together with the transmis-
sion pattern illustrated in Fig. 2, the synchro-
nization signal behaves like a virtual global
synchronization source, contributed by all cells
under the same stratum. The small cell network
is thus covered with synchronization signals of
multiple stratum levels, depending on the loca-
tion in the network. What is different in using
the transmission pattern depicted in Fig. 2 for
the baseline and improved designs is that in the
baseline design, the indication of stratum relies
on the radio frame offset/index number, whereas
in the improved design, the waveform of the net-
work synchronization signal itself uniquely deter-
mines the stratum, and therefore the radio frame
index is no longer needed for conveying the stra-
tum information. On the contrary, the frame
information can be derived once the synchro-
nization signal is detected.

Figure 5 shows the coverage improvement as
a result of the improved synchronization signal
design where most cells can see the synchroniza-
tion signal at SINR level higher than –5 dB.
Note that by taking advantage of the CRS assis-
tance information for users (introduced in
Release 11 of LTE), which enables CRS inter-
ference cancellation from aggressing cells
[12–15], the baseline performance can potential-
ly be improved. However, although cancellation
removes the major interference from neighbor
cells, the signal will not be strengthened as is in
the case of the improved design, in which the

Figure 3. a) Illustration of CSI-RS, CRS, and PRS (existing in LTE Release 10) in a downlink MBSFN subframe in an OFDM
resource grid, where only one pattern for each reference signal is shown. The first two OFDM symbols of the subframe are, by
default, reserved for legacy control channels (not available for MBSFN), whereas the third and the last OFDM symbols are
deliberately left unused in the LTE specification to provide time for transitions between transmission and reception; b) the pro-
posed network synchronization signal design, which is a combination of CRS and PRS (CRS+PRS), producing a total of 6 × 6 =
36 composite new signals. Only one combination is shown in the figure.
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SFN design allows for enhanced signal strength
and extended coverage by combining signals con-
tributed by all cells.

PROPAGATION ERROR CORRECTION
The timing error from propagation delay cannot
be reduced via better synchronization signal and
timing detector designs, as mentioned in the pre-
vious section. Nevertheless, it is not a major con-
tributing error source in a dense small cell
network environment due to the small size of the
cells. However, when the timing of the cells of
stratum 1 is derived from a macrocell, the timing
difference between these stratum 1 cells can be
significant depending on their geographic loca-
tions relative to their source macro base stations
since macrocells have much larger cell radius.
Consequently, the variation of the propagation
delay within the macrocell can be large. The
same situation happens when two stratum 1 cells
are individually synchronized to a macrocell and
a small cell of stratum 0 (with direct access to
GPS), as illustrated in Fig. 6. It is thus necessary
to remove the effect of propagation delay when
the timing source of a small cell is a macrocell to
ensure the robust synchronization of small cell
networks in various deployment scenarios.

The propagation delay can be estimated (and
hence removed) by employing the random access

procedure used in LTE for a mobile device to set
up a connection with the network. In this proce-
dure, an access device first acquires the system
timing by synchronizing to a PSS/SSS. It then
sends a random access signal to the network
access point (base station) on the uplink random
access channel (RACH) [16, 17]. The base sta-
tion detects the signal, estimates the device’s tim-
ing from the detected signal, and instructs the
user to advance its transmit timing to account for
the propagation delay before an uplink traffic
channel can be established. This way, interfer-
ence to other uplink channels due to timing dif-
ferences among users at the base station receiver
can be avoided. Borrowing the same procedure,
in which a small cell acts like an access device,
the small cell advances its timing according to the
time advance message from the macrocell such
that the propagation delay can be removed and
the corresponding error minimized. This tech-
nique removes the limitation that a cluster of
small cells can only synchronize to one primary
source (stratum 0) at a time.

SYNCHRONIZATION PERIOD
Time tracking is needed to maintain synchro-
nization between cells even if perfect timing is
established after the timing detection. As previ-
ously mentioned, one of the timing errors is

Figure 4. Synchronization performance comparison among different signal designs (SINR = –5 dB, EPA channel, 0.01 km/h). The
receiver consists of a correlator that is matched to the specific waveform of a candidate signal, and has a frequency error of +0.1
ppm at 3.5 GHz. The receiver monitors the output of the correlator and claims a detection if the output energy exceeds a thresh-
old. The corresponding detection time position is considered as a timing candidate. The timing candidate with the largest energy
is claimed to be the estimated timing of the source. The frequency offset between the current cell and the source is obtained by
measuring the phase offset/shift between two temporally adjacent reference symbols of the detected reference signal since this
phase offset (if any) is directly attributed to the frequency offset. 
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from the timing drift as a result of the frequency
offset between the timing source and the recipi-
ent. The drift causes the timing of the recipient
to deviate from the source as time elapses. It is
therefore necessary to perform synchronization
on a regular basis to correct the timing error as
a result of the timing drift, even though the tim-
ing detection is perfect. Clearly, the duty cycle at
which the synchronization is to be performed
depends on the frequency offset.

The frequency offset mainly comes from the
frequency estimation error. From Fig. 4, the 95th
percentile frequency estimation error is less than
150 Hz at SINR higher than –5 dB. The overall
relative frequency error between the source and
the recipient is then expected to be less than 0.05
ppm per hop. For a six-hop synchronization
path/chain, the total error can be up to 0.05 × 6
= 0.3 ppm at the end of the path, resulting in a
0.3 ms drift per second. Consequently, a synchro-
nization period of 1.5 ms/0.3 ms/s = 5 s, corre-
sponding to 512 radio frames, is sufficient.

SYNCHRONIZATION PROCEDURE
Another important advantage of the SFN design
of the network synchronization signals is the
simplified synchronization procedure. In the
baseline design, in order to find the timing
source with the lowest stratum, a small cell base
station must acquire the cell ID first since the
CRS waveform associated with cell synchroniza-

tion is cell-specific. The stratum associated with
the specific cell is determined by determining on
which radio frame the CRS signal is transmitted.
Therefore, the frame timing needs to be acquired
or known as well. There is also an ambiguity in
terms of whether the CRS waveform is a regular
CRS present in regular subframes or the net-
work synchronization signal present only in the
MBSFN subframe. Using the SFN design, since
the waveforms of the synchronization signals are
unique, and there is a one-to-one mapping
between the synchronization signal and the stra-
tum, the radio frame offset is not needed to
determine the stratum. This clearly simplifies the
synchronization process. Therefore, a blind
search for the synchronization stratum without
knowledge of cell frame timing is made possible.
In fact, the radio frame as well as the subframe
timing are automatically obtained as soon as a
synchronization signal is detected.

As mentioned in the previous section, in
addition to performing the routine periodic syn-
chronization (e.g., every 5 s), a small cell has to
detect whether any change (i.e., the new appear-
ance of a lower stratum signal) occurs that may
affect its own stratum. With the improved design,
this can be done by simply looking for the net-
work synchronization signals of a lower stratum
level than its current one without bothering to
find the cell ID.

CONCLUSIONS

The effectiveness of dense small cell networks
depends largely on the premise of synchronization.
Most transmission and interference management
techniques for small cells developed in recent
years assume that cells are ideally synchronized. In
reality, however, synchronization among small
cells is no simple matter. The existing synchroniza-
tion techniques for macrocell networks do not
provide a universally applicable synchronization
means for dense small cell networks. This article
presents a practical radio-interface-based synchro-
nization framework under the LTE architecture
for densely deployed small cell networks by using
coordinated timing detection and muting. We first
describe a conceptual baseline design of a radio-
interface-based synchronization system which suf-
fers from limitations that hinder its practical
applications. We then propose an improved
design. The key of the design is the use of a coop-
erative synchronization timing structure contribut-
ed by every small cell in the network. This unique
structure eliminates the interference between the
synchronization signals of the same stratum,
between the synchronization signals with different
strata, and between the synchronization signals
and local traffic. Interference is thus minimized,
and coverage is maximized. More cells see timing
sources with lower synchronization stratum levels.
Consequently, the number of synchronization
hops is reduced, and the timing error and number
of unsynchronized cells are reduced as well.
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Figure 5. The SINR distribution of the network synchronization signal for
densely deployed small cells evaluated using LTE small cell deployment
models [11]. In each simulation run, small cells are randomly deployed in
the fashion of clusters. The transmission power of the small cells is 23
dBm. Shadow fading variance is 8 dB. Each small cell determines its stra-
tum and transmits its network synchronization signal. The SINR at each
position in the clusters is measured and collected. In the baseline scheme
simulation, the neighbor base station IDs are assumed to be known to
simplify the simulation effort (note that in the improved design there is no
need for knowledge of the neighboring cell IDs since the network syn-
chronization signal in this design is stratum-specific, not cell-specific.). 

SINR (dB)
-10-20

0.1

0.0

C
D

F

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0 10

Im
pr

ov
edBa

se
lin

e

20 30

WANG3_LAYOUT.qxp_Author Layout  4/17/15  1:28 PM  Page 116



IEEE Wireless Communications • April 2015 117

REFERENCES
[1] H. Wang et al., “Coverage and Throughput Analysis With A

Non-Uniform Small Cell Deployment,” IEEE Trans. Wireless
Commun., vol. 13, no. 4, Apr. 2014, pp. 2047–59.

[2] H. Insoo et al., “A Holistic View on Hyper-Dense Hetero-
geneous and Small Cell Networks,” IEEE Commun.
Mag., vol. 51, no. 6, June 2013, pp. 20–27.

[3] T. Nakamura et al., “Trends in Small Cell Enhancements
in LTE Advanced,” IEEE Commun. Mag., vol. 51, no. 2,
Feb. 2013, pp. 98–105.

[4] J. Huang, et al., “Distributed Interference Compensation
for Wireless Networks,” IEEE JSAC, vol. 24, no. 5, May
2006, pp. 1074–84.

[5] M. K. Karakayali et al., “Network Coordination for Spectrally
Efficient Communications in Cellular Systems,” IEEE Wire-
less Commun., vol. 13, no. 4, Aug. 2006, pp. 56–61.

[6] G. Boudreau et al., “Interference Coordination and Can-
cellation for 4G Networks,” IEEE Commun. Mag., vol.
47, no. 4, Apr. 2009, pp. 74–81.

[7] TR 136 922, “TDD HeNB Radio Frequency Requirements
Analysis,” v. 9.0.0, Apr. 2010.

[8] M. Rahman et al., “Delay Asymmetry Correction Model
for Master-Slave Synchronization Protocols,” IEEE 28th
Int’l. Conf. Advanced Info. Networking and Applica-
tions, 2014, pp. 1–8.

[9] TS 36.133, “Requirements for Support of Radio Resource
Management, Release 10, v. 10.9.0, Aug. 2013.

[10] D. Astely et al., “LTE: the Evolution of Mobile Broad-
band,” IEEE Commun. Mag., vol. 47, no. 4, Apr. 2009,
pp. 44–51.

[11] 3GPP, TR 36.872, “Technical Specification Group Radio
Access Network Small Cell Enhancements for E-UTRA
and E-UTRAN Physical Layer Aspects,” Release 12, v.
12.1.0, Dec. 2013.

[12] B. Soret et al., “CRS Interference Cancellation in Het-
erogeneous Networks for LTE-Advanced Downlink,”
IEEE ICC, 2012, pp. 6797–6801.

[13] B. Priyanto et al., “Robust UE Receiver with Interfer-
ence Cancellation in LTE Advanced Heterogeneous Net-
work,” Proc. IEEE VTC-Fall, 2013, pp. 1–7.

[14] 3GPP, TS 36.101, “LTE; Evolved Universal Terrestrial
Radio Access (E-UTRA); User Equipment (UE) Radio
Transmission and Reception,” Release 11, v. 11.9.0,
Aug. 2014.

[15] 3GPP, TS 36.331, “LTE; Evolved Universal Terrestrial Radio
Access (E-UTRA); Radio Resource Control (RRC); Protocol
Specification,” Release 11, v. 11.8.0, July 2014.

[16] C. Yang et al., “Over-the-Air Signaling Design for Cel-
lular Networks,” IEEE Wireless Commun., Aug. 2014,
pp. 120–29.

[17] M. Hua et al., “Analysis of the Frequency Offset on
the ZC Sequence Timing Performance,” IEEE Trans.
Commun., no. 11, Nov. 2014, pp. 4024–39.

BIOGRAPHIES
KINGSLEY JUN ZOU (jun_zou@njust.edu.cn) is currently work-
ing toward his Ph.D. degree with the Wireless Networking
and Mobile Communications Group, School of Electronic

and Optical Engineering, Nanjing University of Science and
Technology. His research interests are in the areas of wire-
less communications and signal processing.

KRISTO WENJIE YANG (wj_yang@njust.edu.cn) is working
toward his Ph.D. degree at Nanjing University of Science
and Technology. He is with the Wireless Networking and
Mobile Communications Group, School of Electronic and
Optical Engineering. His current research interests are in
the areas of wireless communications and signal pro-
cessing.

MAO WANG (wangmao@njust.edu.cn) received a Ph.D.
degree in electrical engineering and computer science from
the University of Kentucky, Lexington. He is a professor
with the School of Electronic and Optical Engineering,
Nanjing University of Science and Technology, where he is
the director of the Wireless Networking and Mobile Com-
munications Group. He holds more than 70 U.S. patents
and has over 30 IEEE journal publications. His current
research interests are in the areas of communication theory
and wireless networking.

BINGYIN REN is working toward her Ph.D. degree at Nanjing
University of Science and Technology. She is with the Wire-
less Networking and Mobile Communications Group,
School of Electronic and Optical Engineering. Her current
research interests are in the areas of wireless communica-
tions and signal processing.

JASON JINSONG HU (jinsong_hu@njust.edu.cn) is working
toward his Ph.D. degree at Nanjing University of Science
and Technology. He is with the Wireless Networking and
Mobile Communications Group, School of Electronic and
Optical Engineering. His current research interests are in
the areas of wireless communications and signal process-
ing.

JINGJING ZHANG (jingjing_zhang@njust.edu.cn) is currently
working toward her Ph.D. degree with the Wireless Net-
working and Mobile Communications Group, School of
Electronic and Optical Engineering, Nanjing University of
Science and Technology. Her research interests are in the
areas of wireless communications and signal processing.

MIN HUA (min_hua@njust.edu.cn) is working toward her
Ph.D. degree at Nanjing University of Science and Technol-
ogy. She is with the Wireless Networking and Mobile Com-
munications Group, School of Electronic and Optical
Engineering. Her current research interests are in the areas
of wireless communications and signal processing.

XAOHU YOU [F] (xhyu@seu.edu.cn) received his Ph.D. degree
from Southeast University, Nanjing, China, in electrical
engineering in 1988. Since 1990, he has been working
with the National Mobile Communications Research Labo-
ratory at Southeast University, where he is now the direc-
tor and a Cheung Kong Scholarship Professor. His research
interests include mobile communication systems, and sig-
nal processing and its applications.

Figure 6. Illustration of the synchronization error due to large differences in propagation delay, where
macrocell M and small cell Q are both synchronized to GPS.
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