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Abstract—In this paper we investigate the time and frequency
synchronization as well as the sector and cell search for the 3GPP
Long Term Evolution (LTE) downlink. The proposed algorithms
rely on the synchronization and cell-specific reference signals
and are hence compliant to most recent 3GPP specifications.
Time and (fractional) frequency offset coarse synchronization
are performed in the time domain with the cyclic prefix based
autocorrelation, while the sector and cell as well as the integer
frequency offset are estimated in the frequency domain by using
the primary and secondary synchronization signals. To improve
the cell detection reliability, the estimated cell is afterwards con-
firmed through the cell-specific reference signal. All algorithms
are evaluated under multipath channel conditions and an initial
carrier frequency mismatch. Compromising high performance
with reasonable implementation complexity, we draw a practical
solution for an LTE receiver.

Index Terms—3GPP LTE, synchronization, cell search, OFDM

I. INTRODUCTION

The Long Term Evolution (LTE) is a new oder mobile
communication standard being specified by the 3GPP within
Release 8 [1]. This air interface is based on OFDMA in down-
link and SC-FDMA in uplink. It offers favorable features such
as high spectral efficiency, robust performance in frequency
selective channel conditions, simple receiver architecture, etc.

However, it is well known that OFDM systems are sensitive
to time and frequency synchronization errors, hence require
accurate synchronization for interference-free data reception.
Furthermore, when a user equipment (UE) operates in a
cellular system, it needs to establish connection as fast as
possible with the best serving base station, i.e. to identify the
operating sector and cell.

Time and frequency synchronization for 3GPP LTE has been
investigated in [2], where a method for generating repetitive
synchronization signals and a detection algorithm are de-
scribed. Cell search based on these proposed synchronization
signals is considered in [3]. In [4], dedicated sequences for
synchronization and cell search are proposed and evaluated
for an LTE system.

In the meantime, synchronization and reference sequences
were specified by the 3GPP (see [5]) and the studies mentioned
above are not LTE compliant any more. Some of the authors
of this paper have published a study on synchronization and
sector identification [6] under consideration of the recent

specifications, as in [5]. In the current paper we improve
sector search and furthermore study the cell search and cell
identification resulting finally in a closed concept for a 3GPP
compliant receiver.

In the following Section, the 3GPP LTE synchronization
and cell-specific reference signals are briefly described, while
Section III presents the system model. In Section IV, time
and frequency synchronization are considered and in Section
V sector and cell search are discussed. The cell confirmation
and the complete procedure are presented in Section VI while
the individual blocks and overall performance are evaluated in
Section VII, before conclusions are drawn in Section VIII.

II. LTE SYNCHRONIZATION AND
REFERENCE SIGNALS

According to 3GPP LTE specification [5], downlink trans-
mission is organized into radio frames with a duration of
10ms. Each radio frame consists of 10 sub-frames, each with
two consecutive 0.5ms slots. Data are mapped on a time-
frequency resource grid consisting of elementary units called
resource elements. They are uniquely identified by the transmit
antenna, the sub-carrier position and the OFDM symbol index
within a radio frame.

A. Synchronization signals

A dedicated synchronization channel (SCH) is specified
in LTE [5] for transmitting two synchronization signals, the
primary (P-SCH) and the secondary (S-SCH). Within the
SCH, both synchronization sequences are mapped on 62 sub-
carriers located symmetrically around the DC-carrier. They are
transmitted within the last two OFDM symbols of the first and
sixth sub-frame (sub-frame index 0 and 5), i.e. every 5ms.

The P-SCH signal consists of three length-62 Zadoff-Chu
sequences in frequency domain which are orthogonal to each
other. Each sequence corresponds to a sector identity Ny = 0,1
or 2 within a group of three sectors (physical cell).

The S-SCH signal consists of a frequency-domain sequence
d(n) with the same length as the P-SCH, which is an inter-
leaved concatenation of the two length-31 binary sequences
so(n) and s1(n). In order to distinguish between different
sector groups (physical cells), so(n) and s1(n) depend on
a pair of integers mg and mj, which are unique for each
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group-ID N, (from O to 167). The concatenated sequences are
scrambled with one of the sequences co(n) and c¢;(n), which
are cyclic shifted versions of the length-31 binary sequence
¢(n). The shift value is depending on the sector-ID N, while
a constant shift of 3 samples holds between cq(n) and ¢ (n).
Further, a pair of scrambling sequences 2" (n) and z{"*(n)
(cyclic shifted versions of sequence Z(n)), which also depend
on N, is multiplied with the odd entries of the S-SCH. In
order to enable the detection of beginning of radio frame, the
S-SCH signal is different for each sub-frame index (0 or 5),
thus the final S-SCH sequence d(n) is given by

sy = ot

s1" (n)co(n)
d2n+1) = {

in sub-frame O
in sub-frame 5

in sub-frame 0
in sub-frame 5

s1 ' (n)er(n)21™ (n)
50 (n)ei(n)21" (n)

As d(n) is real valued, time domain symmetry always holds
for the S-SCH signal.
The overall cell-ID N, (from 0 to 503) is equal to

N.= 3Ny + N, , (1)
is thus defined by the sector and group identities N, and N.

B. Cell-specific reference signals

Cell-specific reference sequences P(n) (defined in [5])
consist of complex-valued entries defined by

1 1
P,mn=—7101-2-¢2n)+j—=(1—-2-c(2n+1) (2
() = 512 c2m) 475 (12 €20 +1) @)
for n = 0,..,2Ng5" — 1, where Ng5” is the maximum

number of resource blocks, ns is the slot index within the
radio frame and [ is the OFDM symbol index within the slot.
The pseudo random sequence c(n) is generated by a length-
31 Gold sequence, the state of which is initialized by c;,;; at
the beginning of each OFDM symbol. The initializing value
is given by

Cinit = 2'0-(7-(ns+1)+1+1)-(2-N.+1)+2-Ne+Nep (3)

where
1 for normal cp

Nop = { 0 for extended cp

Equation 3 indicates that c(n) and consequently the reference
sequence P(n) are unique for each slot, OFDM symbol and
cell index, and as well depend on the cyclic prefix type
(short/long).

The sequence elements are mapped on the time-frequency
resource grid on every sixth sub-carrier within two OFDM
symbols in every slot. In case of multiple transmit antennas,
resource elements used for the reference signal transmission
shall not be used for transmission on any other antenna in
the same slot and are thus set to zero. An example for the
allocation of the reference sequences within the resource grid
is illustrated in Figure 1.

Transmit Antenna 1 Transmit Antenna 2

[ ]
X X X X
|| X WX X X
MNEN | X | X X
WX | RS X X
Slot 1 Slot 2 Slot 1 Slot 2
Fig. 1. Cell-specific reference signals for two transmit antennas. Sequences

are mapped on colored resource elements, X-sub-carriers are set to zero.
The grid shall be shifted in frequency direction according to the cell-ID
(horizontally: time, vertically: frequency).

III. SYSTEM MODEL

We consider the transmission of a serial discrete baseband

OFDM stream s(n) given by
p N=1

= — X el kn/N- 1 <p < N 4

Vi ,2 K 1<n< )
where X, denotes the modulated data on the k" sub-carrier
and N the FFT size. Transmitting over a multipath propagation
channel under consideration of a frequency misalignment
between transmitter and receiver oscillators as well as additive
white Gaussian noise (AWGN), the received signal will be

r(n) = [s(n) ® h(n) +w(n)]e =™, )

s(n)

where h(n) is the channel impulse response (CIR), & denotes
the frequency mismatch with respect to the sub-carrier spacing,
w(n) is the noise term and ® stands for the linear convolution.
The CIR is modeled as

Ng—1

h(n) =Y had(n—d) (6)
d=0

where Ny is the number of channel taps and hy the complex
value of the d-th Rayleigh-distributed tap. The mean power of
hq follows an exponential decay and is given by

o3 ~e T %

where T is the power decay constant.
After applying the N-point FFT at the receiver and assum-
ing perfect timing, the OFDM symbol is given by

1 N—-1
Y, = 7n(n)efj%rln/N _
e

1 Nl N-1
-+ Z H. X, Z 2mn(k=l+e) /N |y (8)
k=0 n=0
with
H, = NIiI hye 72 RN and W), = 1 Nz_lw(n)e_ﬂ”"k/]v
=0 \/N n=0

&)

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on November 7, 2009 at 16:47 from IEEE Xplore. Restrictions apply.



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the WCNC 2009 proceedings.

As it can be observed from Equation 8, the received OFDM
symbol will be affected not only by the channel and noise
distortions Hj and Wj, but also by a term due to the CFO
(¢). According to [7], the within the received OFDM symbol
Y; constellation will be rotated by an equal phase known as
the common phase error (CPE), which is independent of the
particular sub-carrier. Furthermore, the loss of orthogonality
between sub-carriers has a noise-like effect called inter-carrier
interference (ICI) (see [7]).

IV. TIME AND FREQUENCY SYNCHRONIZATION

The objective of synchronization is to retrieve OFDM
symbol timing and to estimate the carrier frequency offset
(CFO). The CFO can be separated into an "integer” part, which
is a multiple of the sub-carrier spacing, and a “fractional” part,
which is responsible for the CPE and ICI. The CFO regarding
the sub-carrier spacing can be thus given as

e=ny+eF, (10

where n is the integer number of sub-carrier spacings and €
the fractional part with —1 < er < 1. In [6] we investigated
several approaches on time and frequency synchronization for
LTE. According to conclusions of this study, we decide to use
the cyclic prefix based method for acquisition of the OFDM
symbol timing and the fractional CFO, as it is originally
proposed in [8]. The log-likelihood function for the OFDM
symbol start () and the frequency mismatch () can be
written as

AO,er) = 2|7(0)|cos{2mepr + £Lv(0)} — pEB) . (11)

In Equation 11, Z denotes the argument of a complex number,

n+L—1
v(n) = Z r(k)r*(k+ N) (12)
k=n
is the correlation term and
n+L—1
Em)= > Ir(k))>+[r(k+ N)J? (13)
k=n

the energy term, while L denotes the CP length, measured

in time samples. The magnitude of the correlati20n coefficient
. . _ [

between r(k) and r(k+ N) is given by p = T

and o2 denote the signal and noise power respectively. The

maximum likelihood (ML) estimate of # and ¢ maximizes

the function A(6,er), and is given by

where o2

Oars, = argmax{2y(0)| - p€(6)} (14)
_ 1,
EpML = _%47(9ML) . (15)

The computation of v(n) is a low complexity operation as it
can be implemented by following recursive formula

yn+1)=~vn)+r(n+L)r'(n+ L+ N)—

—r(n)r*(n+ N) , (16)

while £(n) can be computed in the same way.

The cyclic prefix based method remains unaffected by
the presence of high CFO, but estimates only the fractional
part €p. Furthermore, it indicates only the OFDM symbol
timing, but not the beginning of the radio frame (BOF). The
performance of this method can be significantly improved by
averaging A(6,ep) over several OFDM symbols [8].

V. SECTOR AND CELL SEARCH

A. Sector search

In order to identify the sector with the highest signal level
we perform a cross-correlation of the received symbols on
the 62 centered sub-carriers with replicas of the three P-SCH
signals in the frequency domain according to

31

2

k=—31,k#£0

Qi(n) = df(E)R(n + k) , (17)

where d;(n) denotes the replica of the i'" P-SCH sequence
and R(n) the received symbols. The magnitude of the cross-
correlator output |Q;(n)| corresponding to the sector with
the highest signal shows a large peak compared to the other
correlation terms due to orthogonality between sequences.
Thus, the estimated sector-ID is given by
N, = argmlaxﬂQi(n)D . (18)
Simultaneously, the sector identification indicates the radio
frame start as the P-SCH position within the radio frame is
already known, however with an uncertainty between first and
sixth sub-frame. This information is retrieved by decoding the
S-SCH signal, as explained in following Section V-B.

B. Group and cell search and integer CFO estimation

The cell-ID needs to be estimated correctly, in order to es-
tablish connection with the best possible serving base station.
At the same time, the cell-ID is required for extracting the
reference sequence entries from proper sub-carrier positions,
and perform afterwards a channel estimation via interpolation
in frequency domain.

The group-ID N, can be jointly estimated with the integer
CFO n; and the sub-frame index within the radio frame (0
or 5). The basic concept is to exploit the cyclic shifts of the
two length-31 binary sequences so(n) and s1(n) according to
the pair of integers mg and m;, which identify the group-ID.
The quantity of integer CFO n; can be estimated by the sub-
carrier shift of the sequence d(n). The method proposed here
consists of following steps (with same notations as [5]):

o Extract the S-SCH signal according to the estimated
OFDM symbol timing and apply an N-point FFT

o Separate 62-length sequence d(n) into sequences d(2n)
and d(2n + 1), consisting of even and odd sub-carrier
symbols
In the following we use the notation for sub-frame 0:
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o Divide d(2n)/co(n) in order to obtain the sequence
s(()m")(n). Sequence cp(n) is known at the receiver as
it depends only on the already estimated sector-ID N,.!

o Build a reference sequence s,.f(n), which is a duplicated
version of sémo:o) (n) with the length of 62.

o Apply a cross-correlation between s(()mo) (n) and the refer-
ence sequence syes(n). The magnitude of the correlation
term shows a significant maximum between sample 32
and 62, which indicates mg = 31 — index,,qz, as
illustrated in Figure 2.

o After estimating the integer mg, we are able to
compute z%mo)(n) and afterwards divide d(2n +
1)/(c1(n)z{"(n)) in order to obtain the sequence
s ().

o Apply a cross-correlation between sgml)(n) and sy¢r(n).
The magnitude of the correlation term shows a significant
maximum between the 32-th and 62-th sample, which
indicates m; = 31 — index,qz, as illustrated in Figure
2.

o The pair of estimated mg and m; identifies the group-ID
Ny.

o Compute the overall cell-ID: N, = 3N, + N;.

The described procedure is performed for several cyclic shifts
of d(n) (for instance a shift of —2 to +2 sub-carriers), in
order to detect the integer CFO part ny. Significant peaks will
only be generated if the received sequence d(n) is positioned
on the correct frequency grid. Figure 2 shows an example
of correlation magnitudes for estimating integers mg and
mq. Side peaks located outside the detection interval are not
considered as main peaks.

Fig. 2. S-SCH sequence decoding for retrieving group-ID Ng, sub-frame
index and integer CFO nj. Left: Significant peaks clearly indicate the case
of correct Ng, sub-frame index and n. Right: Correlation magnitude in case
of inappropriate cyclic shift.

In our concept the cell search algorithm has to cope with
the distortion through channel, non-perfect timing as well as a
possible integer CFO, which is not yet detected. The fractional
CFO can usually be estimated by the CP based method and
can be compensated by a multiplication of the signal with a
conjugate oscillation in the time-domain.

VI. CELL CONFIRMATION

After having estimated the cell through the P-SCH and
S-SCH signals, we verify this estimate by the cell-specific

'An incorrect sector estimation automatically causes an error in group
estimation, due to inappropriate co(n) and c;(n) sequences.

reference signals with a cross-correlation based procedure in
the frequency domain. As the channel equalization is not
feasible yet, the received reference sequences will be affected
by the channel frequency response which may corrupt the
cross-correlation. In order to overcome this obstacle, we intend
to eliminate the channel effect on the received sequences by
applying a method as described in [4]. If the spacing between
two reference symbols is smaller than the channel coherence
bandwidth, the channel responses on these sub-carriers can
be considered as correlated. By applying a differential mod-
ulation on the received reference sequences, we practically
eliminate the channel phase effect, which mainly degrades the
correlation performance (reference sequence elements have a
magnitude of 1). Afterwards, we perform the same operation
to the actual sequences which correspond to the estimated cell
and apply a cross-correlation according to

Nsym Nreg—1

S5O Yt k+1,0Y (n+k )P (k+1,0)P(k,1)

k=1

C(n) = 1=1

<

\g/

>

1 k

Y (k,D)I?

Nsym Nyey—1
=1

l

19)
In Equation 19 P(k,l) and Y (k,l) denote the k*" entry of
transmitted and received reference sequences in the [ OFDM
symbol of a slot. IV,..; is the length of the reference sequences
(depends on the transmission bandwidth) and Ny, = 2 is
the number of OFDM symbols containing reference sequences
within a slot (see [5]).

The magnitude |C(n)| is expected to show a centrally
located high peak when the cell-ID was correctly estimated. In
the opposite case, a correlation will be performed between two
unequal reference sequences or between a reference sequence
and received data. Thus, |C(n)| will not show a significant
peak and the estimated cell-ID shall be considered as false.
Both cases are illustrated in Figure 3 for the AWGN case.

[
1cml

Mm-.wwww’A‘MF‘WWW‘w.z,wwa

10 150 20 250 a0 350 400 0 50 100 150 200 250 300 30 400
index () index (n)

Fig. 3. Cell-ID confirmation through cross-correlation with reference
sequences. Magnitude peak indicates whether cell-ID was correctly estimated
(left) or not (right). Results for the AWGN channel, SNR=10 dB.

Finally, we construct a procedure including time and fre-
quency synchronization, sector and cell search, and cell iden-
tification, as illustrated in Figure 4. Blocks are adjusted to
each other and feedback control signals guarantee the stability
of this receiver sub-system. If the S-SCH signal decoder
fails several times, the synchronization will be refreshed,
as a wrong sector-ID or large synchronization errors occur.
Similarly when the estimated cell is not confirmed after several
iterations, which means that sector or group were estimated
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falsely, the complete process is performed from the beginning.

!

Synchro- |
nization

Symbol timing,
CFO (fractional)
\ 4 No cell-ID after
Primary several iterations =>
signal repeat
No cell-ID confirmation dec. synchronization
after several sub-
frames => repeat
coarse synchronization \ 4
Seconda-
ry signal
dec.

sector-1D

cell-ID, CFO (integer), BOF

4
Cell
confir-
mation

Successful synchronization
and cell search

Fig. 4. The procedure including time/frequency synchronization, sector/cell
search and identification. Adjustments between blocks and feedback control
signals guarantee stable operation.

VII. PERFORMANCE EVALUATION

We carried out link level simulations for evaluating the
performance of the presented algorithms. The 20/ Hz LTE
system (see [9]) was considered, with a sampling frequency of
30.72M H z, 2048-point FFT/IFFT, 144-sample (=~ 4.9us) CP
and a 15k H z sub-carrier spacing. We considered one antenna
at transmitter and receiver. The maximum channel delay
spread was 1.3us, which corresponds to an impulse response
of N; = 40 taps by considering the system sampling fre-
quency. Simulations were performed over a sufficient number
of sub-frame based transmissions over independent channel
realizations for SNR = —5 to 15 dB. We also considered
a frequency misalignment of 750H z, which corresponds to
e = 0.05.

In Figure 5 the root mean square error (RMSE) of the
OFDM symbol timing estimation measured in samples is
plotted against the SNR. As for the low SNR case the estimate
is not accurate, it should be further improved by averaging the
function A(6,er) (see Section IV). Further it can be observed
from Figure 5 that for high SNR the curve runs into a floor of
a few samples, stemming from the fact that correlation based
procedures are triggered by the mean delay of the channel.
In fact, such an uncertainty exists in the time synchronization
even in a noise-free case.

In Figure 6 the RMSE of frequency estimation for the CP
based method is illustrated against the SNR. Coarse estimate
shall be further refined by employing tracking algorithms
based on the cell-specific reference signals, according to
principles as in [7]. As shown in [6], after fine synchronization
the residual frequency offset can be reduced to a few H=z.

—— Cyclic prefix
—¥*— Cyclic prefix, averaging 8 symbols

o
T

o
T

RMSE of OFDM symbol timing (samples)

0 L L 1 L 1

5
SNR (dB)

Fig. 5. Coarse time synchronization in terms of the RMSE vs. the SNR,
measured in samples. Estimation accuracy is limited by the channel delay
spread.

™

CFO Root Mean Square Error (Hz)
=

10" L ; : ; ;
SNR (dB)

Fig. 6. Coarse frequency synchronization in terms of the RMSE vs. the
SNR, measured in Hz.

After having retrieved the OFDM symbol timing, the cyclic
prefix is removed accordingly and the /N-point FFT is applied.
For the P-SCH cross-correlation (see Section V-A), when
using an energy depending threshold to exclude incorrect low
correlation peaks, there is a certain miss rate. The higher the
threshold, the higher the probability that the correct peak does
not reach this threshold level. This miss rate is almost equal to
the sector fail rate, when an isolated sector/cell environment is
considered, as the possibility that one of the other correlation
terms generates a peak higher than the peak corresponding
to the actual sector is very small. For the sector fail rate we
employed an empirical threshold equal to 0.023 of the 62-
length received P-SCH sequence energy.

The fail rate in cell estimation is depending on the sector
and the group fail rate (Section V-A and V-B respectively).
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When the sector is false, the group is automatically estimated
wrongly, according to the S-SCH signal decoding algorithm
in Section V-B. Further, it might be possible that the group-ID
is estimated wrongly, even when the sector-ID was correctly
estimated. Hence, the fail rate of the overall cell-ID should
be at least as high as the sector miss rate. Figure 7 illustrates
all three rates, where the group fail rate appears to be very
small. This means that the S-SCH decoding process is success-
ful, even under conditions of multipath channel and realistic
time and frequency synchronization. If sector information is
correctly acquired by the P-SCH signal, the cell is estimated
correctly in most cases.

——— Sector
90+ Group

—— Cell

80

60

50

fail rates (%)

301

201

ol I t
-5 0 5 10 15

SNR (dB)

Fig. 7. Fail rate (%) of P-SCH signal when threshold equal to to 0.023 of the
received P-SCH sequence energy, fail rate of S-SCH signal decoding (group
miss rate) and resulting cell fail rate. When sector information is correctly
acquired, the cell is estimated correctly in most cases.

The performance of the cell identification process is eval-
uated in Figure 8 in terms of the fail rate (%), i.e. the
percentage of not sucessful cell confirmations when the cell
was correctly estimated by the S-SCH signal. It can be
observed that as a consequence of channel distortion, the
fail rate curve runs into a floor of about 4% when not
using differential modulation before cross-correlation, even by
assuming perfect synchronization. When performing the cross-
correlation combined with differential modulation according
to Equation 19, the miss rate almost reaches zero, even under
realistic synchronization conditions. We can thus conclude that
the described approach provides a reliable check of the cell
estimate.

15 T T T
—6— no diff. demodulation, perfect synch.
—%¥— differential modulation

101 1

fail rate (%)

-5 0 5
SNR (dB)

Fig. 8. Fail rate of the cell confirmation process in case of initial correct
cell estimation. Cross-correlation a) without differential modulation and by
assuming perfect synchronization and b) with differential modulation under
realistic synchronization conditions.

VIII. CONCLUSION

For a 3GPP LTE receiver, cross-correlation needs to be
performed to estimate the sector-ID and enable cell identi-
fication. It also provides a reliable estimate of the beginning
of frame. However, for timing acquisition the low-complexity
cyclic prefix based autocorrelation should be preferred, as it
is not influenced by frequency errors. In this work, estimation
of large frequency offset and cell search are jointly performed
with the secondary synchronization signal, while the cell-ID
estimates are confirmed through the cell-specific reference
signals. The complete procedure enables a robust connection
to the base station at a reasonable implementation complexity.
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