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Abstract: - In this paper initial downlink synchronization (sync) and cell identification algorithms for the 3rd 
generation partnership project (3GPP) long term evolution (LTE) systems are presented. The frequency 
division duplex (FDD) mode is used in the downlink radio frame structure.  A user equipment digital receiver 
architecture is proposed. The orthogonality of signals in orthogonal frequency division multiplexing (OFDM) 
may be lost due to some impairments such as frequency, time, and phase offsets. Therefore, major parts of this 
research are involved in restoring the orthogonality at the user equipment (UE) by using some techniques to 
estimate the sync parameters, and to detect cell identity among candidate cells based on sync signals. A Farrow 
structure interpolator is used to compensate the fractional timing offset. Both inter site synchronous and inter 
site asynchronous networks are presented. Computer simulations are used to demonstrate the performance of 
the proposed schemes with multipath Rayleigh fading channel, frequency offsets, timing offsets, and additive 
white Gaussian noise (AWGN). Results show high probability of cell identification in a very short time 20 ms 
in both multi cell model scenarios, especially when multiple input multiple output (MIMO) technique, 
oversampling at the UE, and high order Farrow structure interpolator are used. 
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1 Introduction  
The 3GPP (3rd Generation Partnership Project) long 
term evolution (LTE) downlink transmission 
scheme was proposed based on orthogonal 
frequency division multiplexing (OFDM), where the 
major system requirements related to the physical 
layer are given in [1]. OFDM is an attractive choice 
for the downlink, especially when combined with 
spatial multiplexing, which is referred to as multiple 
input multiple output (MIMO) [2]. This is due to its 
inherent immunity to multipath interference (MPI) 
due to a low symbol rate and the use of a cyclic 
prefix (CP), and its support of different transmission 
bandwidth arrangements [3]. Multi antennas at the 
transmitter and receiver, MIMO technology, are 
used to increase the diversity gain and to enhance 
the system in frequency selective channels. OFDM 
also offers a number of potential performance 
advantages over a system using a single carrier 
frequency such as: high spectral efficiency, simple 
receiver design, efficiency in MIMO processing, 
and robustness in a multi-path environment 
especially in larger bandwidths. Orthogonality of 
OFDM might be lost at the receiver due to some 
impairments like frequency offsets, time offsets, 
phase offsets, and sampling rate changes. Therefore, 

estimation of those synchronization (sync) 
parameters is essential for performing reliable 
demodulation and detection of the data from the 
received signal. 

In order to establish communication between the 
user equipment (UE) and the base station (enhanced 
Node-B), some processes must be performed by the 
UE [3]. The first process is called cell search, during 
which the UE has to check for the strongest signal 
coming from the nearest base station to perform 
sync, and achieve cell identity (ID). The cell search 
process must be performed periodically in order to 
update the cell to be connected to and to find a 
candidate cell for handover. The sync channel 
(SCH) and broadcast channel (BCH) are necessary 
for cell search. The 3GPP agreed to employ the 
Hierarchical SCH structure because the cell search 
time performance is of outstanding priority 
especially for handover cell search, conducted under 
very low signal to interference and noise ratio 
(SINR) conditions [2], [4].  

There are many algorithms in the literature to do 
synchronization and cell search such as in [4]-[6]. In 
this paper, the effect of approximately all sync 
parameters and a combination between the accuracy 
and hardware simplicity will be taken into account. 
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We will follow the steps of [6]-[9] to distinguish 
between a fractional carrier frequency offset (FFO) 
being responsible for subcarrier misalignment and 
integer carrier frequency offset (IFO) being a 
multiple of the subcarrier spacing. The FFO can be 
estimated before the FFT demodulator (Pre-FFT) 
and the IFO can be estimated after FFT (Post-FFT). 
A non integer timing offset and /or sampling clock 
error cause(s) a drift in symbol timing and can 
further worsen the symbol synchronization 
problems. Thus, interpolators are implemented in a 
digital form using FIR filters. The main task of the 
interpolators is to calculate an intermediate values 
between known samples and then compensate the 
fractional timing offset (FTO) [10], [11]. The 
polynomial-based interpolation methods are the 
most widely used for performing the symbol timing 
adjustment in digital receivers due to the 
implementation efficiency of the hardware using the 
Farrow structure [10]. 

In this paper, we develop and investigate the 
performance of algorithms for the 3GPP LTE UE 
Digital Receiver (with free running RF oscillator) 
during call setup with the frequency division duplex 
(FDD) mode used in the downlink radio frame 
structure. The presented algorithms are discussed 
under channel impairments. These impairments 
comprise multipath Rayleigh fading channel, 
frequency offsets between eNode-Bs and UE (due to 
Doppler Effect and difference in both internal 
oscillators), time offsets, phase offsets, and additive 
white Gaussian noise (AWGN).  The initial cell 
search procedure should be completed with high 
efficiency, low processing complexity at the UE, 
and within a very short time. 

This paper is organized as follows: overview of 
some 3GPP LTE standards is given in section 2. 
MIMO-OFDM system model is presented in section 
3. The proposed cell search procedure of the 3GPP 
LTE is presented in section 4. The proposed UE 
receiver architecture is discussed in section 5. Sync 
signals and proposed sync and cell identification 
algorithms are discussed in sections 6 and 7. Finally, 
results and conclusions are discussed in sections 8 
and 9.  
 
 
2 Overview of 3GPP LTE Standards 
The following is a brief discussion of recent 3GPP 
LTE systems standards pertinent to the developed 
sync and cell search algorithms. 
 
 
2.1 SCH Transmission Bandwidth 

Scalable multiple transmission bandwidths are 
specified such as 1.25, 2.5, 5, 10, 15, and 20 MHz. 
The SCH is transmitted in the center of cell 
transmission bandwidth with the constant bandwidth 
of 1.25MHz regardless of the overall transmission 
bandwidth of the cell [3], [12]. 
 
 
2.2 Radio Frame Structure 
In LTE downlink, the OFDM subcarrier spacing has 
been chosen as 15 f kHz∆ = . The sampling time sT  
is 1/ 30720000=  sec, known as the basic time unit 
[2]. Figure (1) illustrates the downlink radio frame 
structure for 3GPP LTE transmission. There are two 
CP lengths defined for LTE, short (or normal) CP, 
and long (or extended) CP [3]. As shown in figure 
(1), each slot consists of 7 or 6 OFDM symbols in 
case of short or long CP, respectively. The useful 
symbol time 1 / 2048u sT f T= ∆ = ⋅  or 66.67 sµ . The 
overall OFDM symbol time is the sum of the useful 
symbol time, uT , and the CP length, cp T or cp-eT , as 
shown in figure (1). The basic LTE downlink 
physical resource in the time-frequency resource 
grid is called resource element which corresponds to 
one OFDM subcarrier during one OFDM symbol 
interval [2]. 
             One radio frame 10frameT ms=  
                                                                                                                         
                               
                               One subframe 1subframeT ms=  
 
        #0         #1   .. ...                                                                               #9 
 
One subframe = two slots = 1ms 

              1subframeT ms=  
                                                                             
                        
                    0.5slotT ms=      
                    Short cyclic prefix 
 
                   
                   cpT     uT 66.67 sµ≅    
                           :160 5.2  (   )CP sT T s first OFDM symbolµ⋅ ≅  
                           144 4.7  (   )CP sT T s remaining OFDM symbolsµ= ⋅ ≅  
                     Long cyclic prefix  
 
 
 

         cp-eT  uT 66.67 sµ≅  
               - : 512 16.67cp e sT T sµ⋅ ≅  (For all OFDM symbols in long CP state) 

Fig. 1 Downlink frame structure of 3GPP LTE 
systems. 

 
 
2.3 SCH Signals and Cell Identities 
In LTE, adjacent cells are synchronized. That is, the 
frame starts in the neighboring cells coincide in time 
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to get the benefits of synchronized networks such as 
multicast broadcast single frequency network 
(MBSFN) and inter-cell interference management 
[3], [13].  

3GPP LTE defines two sync signals: primary 
SCH (P-SCH), and secondary SCH (S-SCH). The 
grouping of cell identities, similar to that in W-
CDMA, is applied to cell search in 3GPP LTE. 
There are 504 unique physical-layer cell identities, 

cell
IDN . The cell identities are grouped into 168 

unique cell-identity groups, each group containing 
three unique identities. A physical-layer cell-identity 

cell (1) (2)
ID ID ID3N N N= +  is thus uniquely defined by a 

number (1)
IDN  in the range of 0 to 167 which can be 

detected from S-SCH, representing the physical-
layer cell-identity group, and a number (2)

IDN  in the 
range of 0 to 2 which can be detected from P-SCH, 
representing the physical-layer identity within the 
physical-layer cell-identity group [2]. Grouping of 
cell identities reduces the number of correlation 
detections. Therefore, after detecting (2)

IDN  through 
P-SCH signal, only the cell-specific sequences of 

(1)
IDN  belonging to the detected (2)

IDN  are searched 
using S-SCH signals. A proposed reuse pattern of 3 
for 3 P-SCH sequences is shown in figure (2). 
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Fig. 2 Pattern for reuse 3 P-SCH’s. 

                                     1ms subframe 

 
                  
         
         0.5 ms slot  0.5 ms slot                                 0.5 ms slot     0.5 ms slot 
 
                                                                                                                                                
  
                                                                                                                                                                                                                                                                                    
subcarriers   Bandwidth                                                                                                     
 
                                                                                                                                                    
                                                                                                     OFDM symbol 
                                         P-SCH                                              
 S-SCH (subframe 0)                                             S-SCH (subframe 5) 

#9 #8 #7 #6 #5 #4 #3 #2 #1 #0 

0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 

 
Fig. 3 The positions of SCH OFDM symbols in 
FDD mode radio frame structure, assume short CP 
length. 

For FDD mode (type 1) radio frame structure, 
the P-SCH shall be mapped to the last OFDM 
symbol in slots 0 and 10, and the S-SCH shall be 
mapped to the third last OFDM symbol in slots 0 
and 10 [2]. Figure (3) shows the position of P-SCH 
and S-SCH OFDM symbols in FDD mode radio 
frame structure, which is considered in our 

evaluation. Note that the P-SCH is transmitted twice 
in each frame. One reason is to simplify handover 
from other radio-access technologies such as GSM 
to LTE [14]. P-SCH symbols can only provide 
symbol timing but not frame timing due to the 
ambiguity of repetition the same P-SCH OFDM 
symbol. During detection of the S-SCH OFDM 
symbol, the terminal can obtain the frame timing 
due to the existence of two different S-SCH OFDM 
symbols in the frame.  
 
 
3 MIMO-OFDM System Model 
Figure (4) shows a typical MIMO-OFDM system 
model. The samples of the transmitted baseband 
MIMO-OFDM signal can be expressed as 

1
2 /

0

( ) 1 /
uN

p p j kn N
k

k
x n N a e π

−

=

= ∑ ; 1cpN n N− ≤ ≤ −    (1) 

where { }1,0∈p denotes the antenna port of eNode-B, 
p
ka  is the subcarrier symbol mapped to antenna port 

p , N is the order of IFFT, uN N≤  is the number of 
useful subcarriers where the other subcarriers are 
padded by zeros in case of uN < N , and cpN  is the 
number of CP symbols copied to the beginning of 
OFDM symbol to avoid inter-symbol interference 
(ISI) caused by multipath fading. 

We consider a frequency selective multipath 
fading channel with path gains 
{ }, : 0,1,...., 1p q

l pathh l L= − , including possible paths 

with a zero gain, where ,p q
lh denotes the channel 

coefficient of path l  between antenna port p  in the 
eNode-B and antenna q  in the UE based on 
Rayleigh distribution and the corresponding path 
delays{ }lτ .  

                                  p = {0, 1}                      q = {0, 1} 
                               0                0,0h                           0 
                                                           0,1h   AWGN              
                                                         1,0h                
                                     1                      1,1h                           1    
                                                                   AWGN       
       
           
              Base station                                                                User Equipment                                                                                                                                                                                                                                                                                                                                                                                                                                     

OFDM 
modulator 0 

OFDM 
demodulator 0 

OFDM 
demodulator 1 

OFDM 
modulator 1 

Fig. 4 MIMO-OFDM system, 2 antennas at the base 
station and the UE. 

At the receiver, there exist carrier frequency 
offsets, sampling clock offset, and symbol timing 
offset, which have to be estimated and compensated. 
By assuming a perfect sampling clock, the received 
samples on UE antenna {0,1}q∈ become  
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1 12 / ,
0 0

( ) ( ) ( )pathLq j j n N p q p q
l lp l

r n e e h x n w nθ πγ τ−

= =
= − +∑ ∑

       (2) 
where θ is an arbitrary carrier phase factor, γ  is the 
carrier frequency offset normalized by a subcarrier 
spacing f∆ , and ( )qw n  is a sample of a zero-mean 
complex Gaussian noise process with variance 2σ . 
It should be noted that the above equation considers 
integer timing offsets.  
 
 
4 Cell Search Procedure 
The objective of frequency sync is to establish 
subcarrier orthogonality as fast and accurate as 
possible (acquisition) and then maintain 
orthogonality as much as possible at all times during 
online reception (tracking). The following procedure 
presents the proposed cell search process.  
 
 
(1) Stage 1 (Pre-FFT) 
• Since phase information has not been obtained, 

non-coherent cross correlation detection is 
performed in the TD with 3 hypotheses of the P-
SCH sequences to detect the OFDM symbol 
timing (FFT window timing) and (2)

IDN . 
• FFO is simultaneously detected. 
• FFO using frequency de-rotator is corrected. 

After stage 1, the UE would have identified (2)
IDN . 

However, (1)
IDN  remains unknown to the terminal. 

The proposed algorithms use P-SCH in the TD to do 
non-coherent cross correlation which is also used in 
the FD to obtain channel gains for S-SCH. 
 
 
(2) Stage 2 (Post-FFT) 
• IFO is estimated in the FD. 
• Coherent cross correlation detection in the FD 

with 168 hypotheses of the S-SCH sequences 
using a bank of correlators to detect (1)

IDN . 
• Detection of radio frame timing, based on the S-

SCH which is transmitted twice every radio 
frame, within subframe 0 and 5, as shown in 
figure (3). 

• FTO estimation using S-SCH and then fine 
timing synchronization. 

After stage 2 the UE would have identified the 
physical-layer cell identity cell

IDN , based on (2)
IDN  

from P-SCH and (1)
IDN  from S-SCH. From the cell-

identity cell
IDN , the UE also obtains knowledge about 

which pseudo-random sequence is used for 
generating the reference signals in the cell [2]. 

Once the cell-search procedure is complete, the 
UE receives the broadcast system information to 
obtain the remaining parameters such as the 
transmission bandwidth used in the cell, the number 
of transmitting antennas and the type of CP based 
on BCH and reference signals. More details of the 
proposed synchronization and cell identification 
algorithms are given in section 7.  
 
 
5 UE Receiver Architecture  
Figure (5) shows a block diagram of the proposed 
UE digital receiver architecture involved in sync 
and cell search algorithms with two branch antenna 
diversity reception. It consists of the following 
units: Interpolator, sync signals generator, a set of 
hierarchical matched filters (HMFs) to do non-
coherent cross correlation in the TD with the 3 P-
SCH signals, a Pre-FFT detector to detect symbol 
timing and index of the received P-SCH, a carrier 
frequency estimator which consists of two units: 
FFO (useful in the TD), and IFO (useful in the FD), 
a carrier frequency correction unit with a frequency 
de-rotator, a removing CP and FFT window 
adjustment, FFT demodulator, a simple channel 
estimator for S-SCH referenced to P-SCH, a 
coherent cross correlators bank to do coherent cross 
correlation with the 168 S-SCH signals, a maximal 
ratio combining (MRC) over two received antennas 
[15], and a Post-FFT detector to detect index of S-
SCH and frame timing. All units and their tasks are 
discussed in section 7. 

                                                Ant 0                         Ant 1     
 
 
 
                                                 
 
 
                                      
 
 
                                                                                         
 
 
 
 
 
 
 
                                                                                                                            
                                                                       Ant 1   
  
   

3 HMFs  

Remove cyclic prefix + 
FFT window adjustment 

Pre-FFT detector 

Sync signals Generator 

FFT 

Carrier frequency estimator 
    [FFO]               [IFO] 

Channel estimator 

Coherent cross 
correlators 

MRC 

Post-FFT detector 

Carrier frequency 
correction 

Discard null carriers 

LPF/ADC 
Interpolator  

  

sf  

Fig. 5 The proposed UE receiver architecture.  
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6 Synchronization Signals 
In wireless communication systems, the sync 
sequences are used to obtain initial estimation of 
sync parameters, and cell ID detection.  They are 
designed to have the following desirable properties: 
large peak to side-lobe ratio (PSR) to simplify the 
detection process, low peak to average power ratio 
(PAPR) to limit the maximum transmit power of the 
cell [16], and the sync sequence should have 
constant amplitude zero autocorrelation (CAZAC) 
property which ensures efficient power amplifier 
utilization [8].  
 
 
6.1 Primary Synchronization Signals 
The P-SCH sequences, )(nd , are generated from a 
FD Zadoff-Chu sequence [17] which is a special 
case of generalized chirp like (GCL) sequence [18]. 

Based on the algorithm of P-SCH sequences 
generation in the 3GPP LTE evolved standard [2], 
each P-SCH sequence has one parameter: 

(2)
IDN =0 or 

1 or 2. For each sequence the magnitude is unity and 
the PAPR is 0 dB. For example, the autocorrelation 
of typical P-SCH sequence, (2)

IDN =1, in the FD and 
the TD are shown in figure (6 - a, b), respectively.  
From figure (6), the PSR in the FD and TD are 
5.293 and 10.632, respectively. 

 

Fig. 6 The autocorrelation of typical P-SCH, (2)
IDN = 

1 in (a) the FD (b) the TD.  
 
 
6.2 Secondary Synchronization Signals 
The design of the S-SCH sequences needs to 
support a sufficient number of hypotheses to carry 
504 cell IDs jointly with the P-SCH sequences. The 
S-SCH sequence is an interleaved concatenation of 
two binary sequences of length-31. The combination 
of two length-31 sequences defining the secondary 
sync signal differs between subframe 0 and 
subframe 5. The concatenated sequence is 

scrambled with a scrambling sequence given by the 
P-SCH. Based on the algorithm of S-SCH sequences 
generation in the 3GPP LTE evolved standard [2], 
each S-SCH sequence has three parameters: (1)

IDN  = 0 
or 1 or…167; (2)

IDN  = 0 or 1 or 2; and its position in 
subframe 0 or 5. For each S-SCH sequence the 
magnitude is unity and the PAPR is 0 dB. For 
example, the autocorrelation of typical S-SCH 
sequence ( (1)

IDN = 19, (2)
IDN  = 0, and subframe 0) in 

the FD is shown in figure (7) where its PSR is 
5.458. 

In general, the considered SCH signals in the FD 
satisfy CAZAC property (approximately ZAC), i.e. 
PAPR = 0 dB. The 3 P-SCH sequences have PSR 
ranges from 6.44 to 12.858 in the TD and from 
3.677 to 5.293 in the FD, and the 1008 (of subframe 
0 and subframe 5) S-SCH sequences have PSR 
ranges from 4.170 to 12.392 in the TD and from 
1.943 to 7.163 in the FD. The mean previous results 
of SCH sequences are summarized in table (1). It 
should be noted that the PAPR and PSR of the 
considered SCH signals substantially exceed the 
corresponding parameters of the GCL sequence 
which is more useful than other sequences such as 
Gold, and Golay sequences [16]. 

 
Fig. 7 The autocorrelation of typical S-SCH 
sequence (NID

(1)= 19,   NID
(2)= 0, and subframe 0) in 

the FD. 

Table 1 PAPR and PSR properties for SCH 
sequences.  

Sequence  FD or 
TD  

length  PAPR 
(dB)  

PSR  

P-SCH  
(3 
sequences)  

FD  62  0  4.617 
TD*  128  4.393  5.227 

S-SCH  
(1008 
sequences)  

FD  62  0  3.967 
TD*  128  6.532  6.748 

GCL (62) FD 62 0 2.473 
*eq. (1) is used ( 62uN = , 0 1n N≤ ≤ − ) with minimum 
IFFT points of LTE ( 128N = ). 
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Based on the 3GPP LTE evolved standard [2], 
each sync sequence has a length of 62SCHL = , and 
there are 5 subcarriers reserved and not used for 
transmission (set to zero) on each side of the sync 
sequence to generate the sync OFDM symbol [2], as 
shown in figure (8).  
 
 Synchronization Signal (FD) representation 
                                                                           5 zeros                             Sync. Signal 
                                                                                          (TD)          
                                                                           63   
         36 Subcarriers      36 Subcarriers                                                     representation      

                                                                                    5 zeros 
                                          DC                                                                                   
            

 
 
 
IFFT 

Fig. 8 Mapping the sync signal in the FD.  
 
 
7 Proposed Synchronization and Cell 

Identification Algorithms   
Both states of non-perfect sampling and perfect 
sampling will be discussed. For non-perfect 
sampling, a Farrow structure of order 3 and 4 will 
be used under oversampling by 4. Their coefficients 
can be found in [10]. The proposed algorithms in 
section 4 execute a complete synchronization and 
cell search procedure in two stages as follows 
 
 
7.1 Stage1 (Pre-FFT) 
The initial cell search algorithm performance will 
focus on a specific carrier frequency although 
international roaming and carrier frequency search 
is usually performed among more than 600 carrier 
frequencies [12]. 
 
Step a: Coarse Timing Synchronization and 
Physical-layer Cell-identity in Group Detection 
The received samples are fed to HMFs which have 
three correlators per antenna, as shown in figure (5). 
A non-coherent cross correlation is performed 
between the received samples on both antennas with 
the known three types of P-SCHs in the TD over a 
length-N FFT window. 

Square-law detection (SLD) is selected to 
measure the responses of the HMFs. Thus, the cross 
correlation between the received samples and P-
SCH replicas, , ( )P SCH ic u−  where {0,1,2}i∈

corresponds to (2)
IDN , in the TD at the UE receiver 

antenna q  is represented as 
21, *

1 ,0
( ) 1 / ( ) ( )  Ni q q

SCH P SCH iu
D n L r u n c u−

−=
= + ⋅∑

    
(3) 

where we divided by SCHL for normalization. The 
cross correlation value in eq.  (3) can be computed 

every oversampN N× samples when oversampling is 
performed by oversampN . 

After taking the maximum value from the three 
output correlators and its corresponding

0 1 2i or orP SCH =− , the computed correlation values of 
the two received antennas can be averaged over one 
radio frame in order to reduce the effect of noise and 
interference as much as possible. Also, the average 
correlation values of the two received antennas are 
further combined every correlation window. The 
base station with the highest peak correlation is 
selected as a candidate for further investigation. 
Thus, the symbol timing of the P-SCH OFDM 
symbol of the target cell from surrounding cells is 
detected as 

1max{ ( )}i

n
n D n=                                                   (4) 

where n  is the estimated symbol timing parameter 
of the P-SCH OFDM symbol of the target cell over 
the repetition of 5ms, and the decision 1 ( )iD n  is the 
average decision for the two antennas. In addition to 
maximizing 1 ( )iD n , it should exceed a certain 
experimentally selected threshold to reduce the 
probability of error.  
 
Step b: Fractional Frequency Offset Estimation 
(Pre-FFT Carrier Frequency Acquisition) 
A normalized FFO estimate can be obtained based 
on the phase of the non-coherent cross correlation 
function results from the Coarse Timing 
Synchronization (step a above), using the coarse 
timing acquisition sample instant n . The maximum 
likelihood (ML) frequency estimate based on the 
phase of autocorrelation of the received samples that 
are at a distance of N from each other over a length 

cpN  window becomes [7], [9], and [19] 

 { }1 *
0

1 / 2 arg ( ) ( )cpNq
ML u

r u n r u n Nγ π −

=
= + ⋅ + +∑       (5) 

However, the ML frequency estimate based on the 
phase of cross correlation over N samples is 

{ }1 *
,0

1 / arg ( ) ( )Nq q
ML P SCH iu

r u n c uγ π −

−=
= + ⋅∑            (6) 

If oversampling is done by oversampN  , eq. (6) becomes 

{ }1 *
,0

1 arg ( ) ' ( )oversampN Nq q
ML P SCH iu

oversamp

r u n c u
N

γ
π

× −

−=
= + ⋅∑ 

      (7) 
where *

,' ( )P SCH ic u−  is a rectangular pulse shaped 

version of *
, ( )P SCH ic u−  with oversampN  samples per 

symbol. Averaging is done between two antennas to 
get MLγ . The frequency offset can then be corrected 
using frequency de-rotator from the received OFDM 
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symbol excluding CP by multiplying it with 
2 /MLj n Ne πγ− 

; 0 1n N≤ ≤ − . 
 
 
7.2 Stage 2 (Post-FFT) 
Once coarse timing and FFO estimates are obtained, 
the received signal is corrected by the estimated 
values. Then, OFDM reception requires guard 
interval removal and FFT window adjustment, and 
converted into the FD as follows (see eq. (2)): 

2
1 1' ,

0 0

2 /

( ) { ( ) ( )}

                                 

path

ML

j n
Lq j p q p qN

l lp l

j n N

r n e e h x n w n

e

πγ
θ

πγ

τ−

= =

−

= − +

×

∑ ∑


       (8) 
The FFT output of an effective OFDM symbol 
(excluding CP) is given by 

1 ' 2 /
0

1( ) ( )    ; 0 10Nq q j nm N
SCHn

Y m r n e m L
N

π− −
=
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(9)                     
Let in eq. (9) 

1 2 ( ) /
0

( ) 1 / ( ) ML
N j m n Nq q
n

W m N w n e π γ− − +
=

= ×∑
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      (10)
  

Then, using eq. (10) & (1) in eq. (9) yields 
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(11)  
If the sync signals are considered, the two antennas 
in the eNode-B transmit the same SCH at the same 
time, thus, from eq. (11) 

1
1 2 ( ) /
0

0

1( ) .

                   + ( )

u
ML

N
N j k m n Nq j q

k k n
k

q

Y m e H a e
N
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π γ γθ
−

− − + −
=

=

= ∑ ∑
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 (12) 

where q
kH  is 
1 1 2 /,

0 0
path l

L j k Nq p q
k lp l

H h e π τ− −
= =

= ∑ ∑             (13)  
                                      
Step a: Integral Frequency Offset Estimation  
The residual frequency offset, that is an integer 
multiple (±2 or more) of the subcarrier spacing, can 
be estimated by computing a cross correlation of 

{ },

1*

0
( )

SCH

P SCH i

L

k
C k

−

−

=
with its corresponding received 

sequence, where i  is the index of received P-SCH. 
From eq. (12) the demodulated sync OFDM symbol 
is represented by eq. (14) 

2 /( ) { ( ) } ; 0 10MLj n Nq q
N SCHY m FFT r n e m Lπγ−= ≤ < +



                (14) 
The scanning cross correlation is performed using 
eq. (15). 

 1 *
,0

1 (5 ) ( )SCHLq q
j P SCH ik

SCH

Y j k C k
L

β −

−=
= + + ⋅∑

     
(15)                                       

where  5,....,5j = − . The maximum absolute value of 
eq. (15) yields the IFO as follows 
 { }arg max       ;  5,....,5q q

j jβΓ = = −


                 (16) 
Averaging is also done between the two antennas of 
UE to get Γ


. It should be an integer number. The 

IFO can then be corrected using frequency de-
rotator from the received OFDM symbol excluding 
CP by multiplying it with 2 /  ;   0 -1j n Ne n Nπ− Γ ≤ ≤



. 
 
Step b: Initial Channel Estimation for S-SCH 
The received P-SCH signal is used as a reference to 
compensate the channel variation for S-SCH signal. 
The 10 surrounding subcarriers are removed by 
discarding null carriers unit, see figure (5), to get 

{ },

1

' 0
( ') SCH

P SCH i

Lq

m
Y m−

−

=
. The channel gain is computed by 

averaging the neighboring three P-SCH signals with 
the subcarrier of S-SCH is in the center. The 
channel gains are computed as follows: 

{ } { } { },

1 1 1'
, ' 0' 0 ' 0

( ') ( ') / ( ')SCH SCH SCH
P SCH i

L L Lq q
P SCH i mm m

m Y m C m−

− − −

− == =
Η =

               (17) 
Let '

'( ') mj
mm e φα −ϒ =  be the channel parameter and 

( ')mϒ


 be the estimate of ( ')mϒ . Thus, the average 
channel gains are 

{ }' ' '( ') ( ' 1) ( ') ( ' 1) / 3 q q q qm m m mϒ = Η − + Η + Η +


(18) 
The output of each correlator is multiplied by the 
corresponding complex-valued (conjugate) channel 
gain{ }* ( ')q mϒ


. The effect of this multiplication is to 

compensate for the phase shift in the channel and to 
weight the signal by a factor that is proportional to 
the signal strength. Thus, a strong signal carries a 
larger weight than a weak signal [20].  
 
Step c: Physical-layer Cell-identity Group and 
Frame Timing Detection 
Let { } 1

' 0
( ') SCHLq

S SCH m
Y m

−

− =
, corrected from frequency 

offset based on the estimation from P-SCH, be the 
FD received sequence at the FFT timing 

  2 2  cp or cp en N N −− − , taking into consideration that 
this has been calculated from P-SCH timing ( n ), 
see figures (1, 3). The complexity of the UE will be 
increased; as the cell ID identification process must 
be performed for each CP length, short and long. 
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Therefore, the CP length of the S-SCH at the third 
last OFDM symbol is estimated using blind 
detection. 

Coherent detection is used in computing the 
decision variables using the estimated channel 
parameters [20]. The UE receiver correlates the SCHL  
received samples with a replica of each S-SCH 
samples, 1

, 0{ ( )} SCHL
S SCH i kC k −
− = where {0,..,167}i∈  is the

(1)
IDN , multiplies each of the correlator outputs by the 

corresponding estimates { } 1*

' 0
( ') SCHLq

m
m

−

=
ϒ


, and 

normalizes the resulting sum by SCHL  as follows 
1, * *

2 ,' 0

1Re ( ') ( ') ( ')SCHLi q q q
S SCH S SCH im

SCH

D Y m m C m
L

−

− −=

 
= ⋅ϒ ⋅ 

 
∑



                (19) 
Averaging over one radio frame or more by 
coherent summation to reduce the influence of the 
background noise and interference can be done. 
Furthermore, the correlation values of two receiver 
antennas are coherently combined by MRC. From 
the averaged decision 2

iD over the two antennas of 
UE, the S-SCH index, (1)

IDN , of the target cell is 
identified as 
 2max( )i

i
i D=


                                                     (20) 

Then the cell ID can directly be determined as 
follows: 

(2)
ID

(1)
ID

cell
ID 3 NNN +=                                               (21) 

Due to the existence of two different S-SCH 
sequences in the frame as shown in figure (3), the 
terminal can resolve the 5 ms timing ambiguity 
resulting from the first stage in the cell search 
procedure and determines the frame timing. 
 
Step d: Fractional Timing Offset Estimation 
Fine timing will be the last task in the acquisition 
process. Once the frequency offset is corrected, fine 
timing can be done by cross correlating the 
frequency corrected samples with the known SCH 
sequences. If the positive symbol timing offset (

/unT Nτ = ∆ ) exists in the received signal, the Post-
FFT signal is then represented as follows [21] 

2 /( ) ( ) ( ) ( )j k n NY k e n X k W kπ
τα− ∆= ∆ +             (22) 

where the ISI and ICI are modelled as additional 
noise ( )W kτ , and ( )nα ∆ is the attenuation factor.  

( )nα ∆  is close to one for large N and can be 
neglected [9], [22]. 
The fine timing in FD is estimated from (19) as  



1 * *
, ,' 0

( ) arg

            { ( ') ( ') ( ')}

fine

SCH

q

u

L q q
S SCH i S SCH im

n N N

Y m m C m

π
−

− −=

∆ = − ×

⋅ϒ ⋅∑


                
(23) 

Finally the net timing offset for the entire UE 
receiver over the two reception antennas {0,1}q =  is 
selected to be 

1
, 0

1 / 2
fine

q
opt fine q

n n
=

∆ = ∆∑                (24) 
From (24), fine timing is estimated from S-SCH 
sequence of detected cell in the FD. Then, 

,opt finen∆  
is used to control Farrow structure interpolator to 
compensate timing offset as [11] 

/ / 4 4s s fine fineT T n nµ τ τ   = − = ∆ − ∆  
               (25) 

where µ  is a fraction which discretizes the 
sampling time sT   to certain discrete levels. It is a 
directly method to control the interpolator rather 
than a numerically controlled oscillator (NCO). 

                                   Ant. 0                            Ant. 1                          
         
             
 
 
                                                
 
       
           
               FIR LPF 
       

De-rotator                                                  *                          *                *     
 
 
 
 

 
                                                                                                                          
 

   
                 
 
 
 
 
 
 

   
 

                               
 

* 
                                                            

                            
                         *                                                                        *  

 
 
 
 
 
 
 
 
 
 
 
 
To interpolator 
                                      Indicates to signal of Ant. 1         

Hierarchical Matched Filter 
(Noncoherent Detection 
based On Square-law 
Detection) 

  

sf  

Max Peak Detection 

Ant. 0 

Remove cyclic prefix  
FFT window adjustment 

Controller 
- Symbol window 

control 
- Index of P-SCH 

FFT 

Discard null carriers 

Channel Estimate based on 
averaging over 3 subcarriers. 
 

Ant. 1 

MRC 

Controller 

Fractional Frequency Offset Estimator 
Averaging over q = {0, 1}, MLγ  

 
 

LPF/ADC 
Interpolator 

Carrier Freq. 
Correction 

Integral Frequency Offset Estimator 
Averaging over q = {0,1}, Γ

  
 

cell (1) (2)
ID ID ID3N N N= +  

Frame Timing, Type CP 

Ant 1 

SSCH 167 

Accumulator (over 
one sequence length) 

Coherent averaging 

SSCH 0 

P-SCH sequences (i=0, 1, 2) 
Generator in the Frequency and Time 

Domains. 

Max Peak Detection, Averaging over q = {0, 1}  

Moving sum and 
Averaging 

 2 ( )Abs   

Moving sum and 
Averaging 

 2 ( )Abs   

Moving sum and 
Averaging 

 2 ( )Abs   

Accumulator (over 
one sequence length) 

Coherent averaging 

Fig. 9  A detailed proposed UE receiver.  

Figure (9) shows a detailed functional block 
diagram of the proposed UE receiver involved in 
sync and cell search using the considered SCH 
structures. It should be noted that the proposed 
structure is free of any feedback loops to the analog 
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part of the UE receiver. This allows the design and 
verification of the digital and analog components 
independently. 
 
 
8 Simulations and Discussions 
Simulations were carried out to evaluate the 
proposed sync and cell search algorithms in 3GPP 
LTE systems. The simulation parameters are 
summarized in table (2). One and two transmit 
antennas of eNode-B are considered. If there are 
two antennas in eNode-B, the same SCH sequence 
is transmitted from both antennas at the same time, 
which is advantageous when performing 
synchronization. If continuous matched filtering is 
not performed, then oversampling can be used. 
Oversampling is also performed to measure its 
effect on the probability of correct cell identification 
in single cell and multi cell scenarios. SCH 
sequence is carried over 62 subcarriers and the 
length of null subcarriers is 5 in each side of SCH 
subcarriers, see figure (8). Therefore, the total 
number of useful subcarriers is 72 subcarriers 
occupying the central 1.25 MHz. It should be noted 
that the corresponding bandwidth for 72 subcarriers 
is 1.08 MHz. Thus, the unused subcarriers are 
placed at the edges of the useful spectrum. This 
lowers constrains on the analog filters at the eNode-
B and UE. To modulate data in the physical 
downlink shared data channel, we used 16 QAM 
modulation based on [2]. 

The channel model adopted in [12], Extended 
Vehicular A model (EVA), is used with the 
vehicular speed 37.8 Km/hr and a maximum 
Doppler frequency 70Df Hz= . The 3rd state of multi 
antenna channel models (SIMO=1×2, and 
MIMO=2×2) is used (low correlation between 
correlation matrices). In a frequency selective 
multipath fading channel model, each discrete path 
is considered as an independent Rayleigh fading 
channel with normalized multipath according to the 
Jake’s spectrum [23]. A uniformly distributed 
frequency offset within 6 kHz± is used which 
corresponds to 3 ppm (3 part per million) at the 2 
GHz carrier frequency. In multi cell scenario, the 
value of the frequency offset per cell is selected 
randomly, with uniform distribution, within 6 kHz± . 
The position of UE in the multi cell scenario is 
selected randomly between cells and the 
corresponding far effect from the eNode-B’s is 
taken into account. The timing in multiple cells is 
divided into two types: Inter-site synchronous, such 
that the frame starts in neighboring cells coincides 
in time, and Inter-site asynchronous such that the 

frame starts in neighboring cells don’t coincide in 
time. The two types are considered in simulation.  

Table 2 Simulation Parameters  

Carrier frequency cf  2 GHz 
Frame structure FDD mode (Type1) 
SCH Bandwidth 1.25 MHz 
Sampling frequency 1.92 MHz 
IFFT/FFT size 128/128 
Subcarrier spacing f∆  15 kHz 
Cellular Layout Single cell site / Multi cell 

sites (Hexagonal grid) 
ISD (inter-site 
distance) of Multi 
cell model 

1732 m (1 km radius) 

Doppler frequency df  70 Hz (speed 37.8 Km/hr) 
Frequency offset offsetf  Uniformly distributed 

within ±6 kHz (3 ppm ) 
Number of antennas 
in eNode-B/ UE 

1 or 2 / 2 

Cyclic prefix Short (normal) 
Maximum time 
allowed for detection 

2 frames (20 ms) 

Order of 
oversampling 

oversampN = 2 or 4 or 8 

Type of channel Rayleigh fading channel 
(EVA [12]) 

Thermal noise 
density 

-174 dBm 

Type of filter in 
eNode-B/UE 

Rectangular Pulse Shaping 
/ Low pass symmetric FIR 

Digital low pass FIR filter is used in the UE to 
filter the received signal. The appropriate thresholds 
for two types of figures were selected 
experimentally; namely the probability of correct 
cell identification, cP , in single cell and multi cell 
scenarios, and the probability of error detection IFO.  

The 'cP s  in single cell scenario are plotted in 
figure (10). The effect of one or two antennas in the 
eNode-B, and oversampling by oversampN in the UE 
are shown. It should be noted that, when oversampN  
increases, the cP  increases. For example at 0 dB, the 

cP  increases from 0.83 to 0.93, when oversampN  
increases from 2 to 8. There is a huge improvement 
shown in figure (10) in the cP  when the number of 
antennas in the eNode-B increases from 1 
(SIMO=1×2) to 2 (MIMO=2×2) especially at low 
SNR’s. For example, at -6 dB cP increases from 
0.718 to 0.923 when oversampN  equals 4.  
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Fig. 10 The probability of correct cell identification 
in single cell model. 

 
Fig. 11 The probability of correct cell identification 
in multi cell model (inter site synchronous). 

The same effect of oversampling and MIMO 
(2×2) in the cP  of single cell scenarios occurred in 
multi cell scenarios, with inter site synchronous or 
inter site asynchronous, as shown in figures (11, 
12), respectively. The 'cP s of inter site asynchronous 
networks are better than inter site synchronous 
networks due to coinciding frames in the inter site 
synchronous networks. The probability of error 
detection IFO ( 30kHz ) is shown in figure (13), with 
single cell scenario. From figure (13), if the SNR is 
0 dB and above, the probability of error detection 
IFO would be very small. 

Finally, if there is a FTO (non-perfect sampling 
clock), an interpolator can be used to compensate it. 
For single cell scenario, the correct probability of 
cell identification is plotted in figure (14). Figure 
(14) has some different parameters comparing to the 
previous figures. Those are the range of frequency 
offset ±7.5 kHz (±1/2 f∆ ) rather than ±6 kHz and 
fractional timing offset between zero and worst 
point, both with uniform  distribution.  Figure (14)  

 
Fig. 12 The probability of correct cell identification 
in multi cell model (inter site asynchronous). 

 
Fig. 13 The probability of error detection IFO 
(30KHz).  

 
Fig. 14 The correct probabilities of cell 
identification in single cell model, non perfect 
sampling clock (fractional timing offset). 

shows some degradation at low SNR’s comparing to 
the previous plots due to fractional timing offset 
when the cubic order is used, and it shows fine high 
probability as the previous plots at high SNR’s. It 
shows also that the 4th order can do compensation 
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better than 3rd order Farrow structure interpolator in 
UE especially at low SNR’s. For example at 0 dB, 
SIMO (1×2) and oversampN equals 4, the cP  increases 
from 0.824 to 0.897, when the order of Farrow 
structure increases from 3 to 4. Figure 15 shows the 
correct probabilities of cell identification in multi 
cell model scenarios with non perfect sampling 
clock (fractional timing offset). It shows some 
degradation compared with the previous results due 
to the fractional timing offset. 

 
Fig. 15 The correct probabilities of cell 
identification in multi cell model, non perfect 
sampling clock (fractional timing offset). 
 
 
9 Conclusions  
This paper proposed user equipment (UE) receiver 
algorithms involved in cell search and 
synchronization (sync) with two branch antenna 
diversity reception for 3GPP LTE systems. 
Properties of primary and secondary sync signals 
such as peak to side-lobe ratio (PSR), peak to 
average power ratio (PAPR), and constant 
amplitude zero autocorrelation (CAZAC) are 
considered and seen to be better than those obtained 
using other sequences such as Gold, Golay, and 
generalized chirp like (GCL) sequences. 

A robust symbol timing and carrier frequency 
sync methods in Rayleigh multipath fading 
environments have been presented. The acquisition 
of carrier frequency offsets both fractional 
frequency offset (FFO), and integral frequency 
offset (IFO) is presented. A Farrow structure 
interpolator is used to compensate the fractional 
timing offset (FTO) due to a non integer timing 
offset and /or sampling clock offset. The efficiency 
of the UE increases when the order of Farrow 
structure increases from 3 to 4 under oversampling 
by 4. The proposed cell search process can obtain 

fast (20ms) and robust synchronization in multipath 
fading channels with large frequency offsets. The 
probability of correct cell identification in single 
cell and multi cell scenarios both inter site 
synchronous and inter site asynchronous networks 
can be improved using MIMO (2×2) technique, 
and/or over sampling at the UE. 
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