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This paper investigates the multifarious nature of the 
long-term evolution (LTE) scheme and that of the 
modified LTE scheme for symbol timing synchronization 
(STS). This investigation allows us to propose a new 
replica correlation-based STS scheme to overcome the 
inherent weaknesses of the other two schemes. The 
proposed STS signal combines a gold sequence and a half 
sine wave in the time domain, whereas conventional STS 
signals specify either binary sequences or complex 
sequences in the time domain or in the frequency domain. 
In the proposed scheme, a sufficient correlation property 
is realized by the gold sequence, and robustness against 
the frequency offset (FO) is achieved through the sine 
wave. Compared to the existing LTE-related schemes, the 
proposed scheme can better achieve immunity to FO and 
reduction in detector complexity, as well as a low peak-to-
average power ratio and a low detection error rate. 
Performance evaluations through analysis and simulation 
are provided in the paper to demonstrate these attributes. 
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I. Introduction 

Due to high spectral efficiency and robustness against 
multipath fading, orthogonal frequency division multiplexing 
(OFDM) has been widely adopted as the modulation 
technology in wireless communication standards. These 
standards include IEEE802.16m [1] and IEEE802.11n [2], as 
well as the 3rd Generation Partnership Project (3GPP) long-
term evolution (LTE) [3], to which the chunk-based resource 
allocations [4], [5] are effectively applied. The LTE standard 
has been in the limelight as one of the 4th generation mobile 
communications. Just like in any other digital communication 
system, the specification of the synchronization signals is one 
of the pivotal standardization issues in OFDM systems. Any 
mobile station (MS) intending to access such OFDM systems 
must acquire symbol timing synchronization (STS) in the 
absence of knowledge about the initial carrier frequency offset 
(FO) and STS in the received signal [1]-[3], [6]-[9]. A poorer 
STS performance resulting from a higher initial FO leads to a 
longer latency in initial system access [6]-[9]. Generally, two 
types of detectors for STS are employed: aperiodic replica 
correlation (RC) [1], [3], [6], [9] and periodic differential 
correlation (DC) [2], [10]. Unlike IEEE802.11n, LTE has 
adopted RC because it provides a lower detection error rate 
(DER) (that is, higher STS accuracy) than DC, especially when 
there is a negligible FO. However, for a high FO, RC may 
suffer a higher detector complexity and experience higher DER 
performance when compared to DC, which leads to excessive 
battery drain at the MS [7]-[9]. On the other hand, since the 
peak-to-average power ratio (PAPR) may have a deleterious 
effect on the battery lifetime of the transmitter side in low-cost 
mobile applications due to nonlinear amplification, especially 
in OFDM, the drawback of high PAPR may outweigh all the 
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potential benefits of OFDM-based systems [11]. 
Contribution and relation to previous work. Progressive 

studies related to the LTE-compliant STS signal were 
conducted in [12]-[14], which means that they focused on 
proposing the effective detecting schemes to acquire the STS at 
an MS. In [12], an optimized RC-based detection scheme for 
computing frequency-domain (FD) Zadoff-Chu (ZC) sequence 
elements was proposed. In [13], a robust time and frequency 
synchronization detection scheme based on a hybrid of DC and 
RC was proposed to realize both low detector complexity and 
high accuracy. In [14], the STS detection scheme based on RC 
and central self-correlation using the central-symmetric 
property (CSP) in ZC sequences was studied to reduce the 
detector complexity. The authors in [6] specified a modified  
LTE (MLTE) STS signal that lowers the DER under a high FO 
in an RC-based scheme. However, they made no reduction of 
computational detector complexity over LTE. On the other 
hand, there was no attention to the PAPR reduction in [6] and 
[12]-[14]. To resolve the shortcomings in [6], to reduce the 
inherent PAPR, and to offer immunity against the FO, this 
paper concentrates on proposing an STS signal that aligns with 
the work presented in [12] through [14] for the pursuit of 
further complexity reduction and accuracy through effective 
detection. Specifically, we propose a time-domain (TD) STS 
signal that is the product of a gold sequence and a half sine 
wave with an RC-based detector1). In this paper, we will 
compare our proposed scheme with LTE [3] and MLTE [6] 
through PAPR analysis, performance metrics (that is, 
complexity reduction, robustness against the FO, and 
correlation property), and DER evaluation. 

The remainder of this paper is organized as follows. In 
section II, we provide a description of the system and signal 
models adopted in this work. In section III, the STS signals 
used in the existing and proposed schemes are described and 
their PAPRs are analyzed. A detailed description of the output 
of the detector and an analysis of the performance metrics are 
provided in section IV. The DER performances are provided in 
section V. Finally, conclusions are drawn in section VI. 

Notation. M–1, MT, and MH are the inverse, transpose, and 
complex conjugate transpose of matrix M, respectively. 
Expression Ξa,b{⋅} denotes the expectation with the random 
variables a and b within the brackets. A circularly symmetric 
complex Gaussian random variable is Z=X+jY~CN(0, σ2), 
where X and Y are independent and identically distributed. The 
(m, n)-th element of M is denoted by (M)m,n. The m-th element 
of vector v is denoted by (v)m. The n×1 zero vector is denoted  
                                                               

1) While existing standards [1]-[3], [9], [15], [16] adopted solely either binary or complex 
sequences as STS signals in the TD or in the FD, we employ a non-flat signal with CSP to 
realize the FO immunity, as well as a binary gold sequence to achieve the sufficient correlation 
property. 

by 0n. Lastly, the largest integral smaller than x is denoted by 
⎣x⎦. 

II. System Signal Models 

Figure 1 shows the frame structure of the LTE system, in 
which the time duration of a radio frame is 10 ms [3]. A frame 
consists of 10 subframes and each subframe is further 
organized into two time slots. The 20 time slots in each frame 
are indexed from 0 to 19, and the primary synchronization 
(identical to the STS named in this paper) and secondary 
synchronization (SS) signals are deployed at the last and 
second last OFDM symbols, respectively, in slots 0 and 10. 
The STS signals can be those of either the proposed scheme or 
all reference schemes [3], [6] described in this paper. As shown 
in this figure, the LTE frame structure contains two pairs of 
synchronization symbols spaced 5 ms apart. The STS signals 
assigned to slots 0 and 10 are identical so that the accumulation 
between these two STS signals can be performed for further 
STS performance improvement. On the other hand, the SS 
signals in these slots are different for cell identification.2) 
Regardless of the system bandwidth adopted (between 
1.25 MHz and 20 MHz), these synchronization signals occupy 
the 1.25-MHz center frequency band and spread over 64 
subcarriers (the first and direct current subcarriers are null 
carriers) [3], [8]. Other subcarriers are used for control 
signaling and data transmission. 

Let s(k) be the FD STS signal, as shown in Fig. 1, with k 
being the subcarrier index. Ignoring the cyclic prefix (CP) 
duration of Nc samples, the N×1 transmitted TD signal vector x 
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2) The detailed description of cell identification is omitted so as to concentrate on the STS. 
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corresponding to the FD STS signal with N sample times (that 
is, 0≤n<N) is expressed as  

[ ]
[ ]
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where Ξx{x(n)x*(m)}=Esδ(n–m) with the average transmitted 
power Es and the Kronecker delta δ(⋅) and where Ξx{x(n)}=0. 
In (1), the N×N inverse discrete Fourier transform (IDFT) 
matrix FN is given by  
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where N is the IDFT size corresponding to the system 
bandwidth [3], [8] (for example, N=1,024 for 10 MHz). In 
addition, the vector s in (1) is the N×1 FD STS signal vector, 
and it can be obtained from x in (1) and FN in (2) as  

1 .N
−=s F x                  (3) 

The (N+Nc)×1 received baseband signal vector r 
corresponding to x in (1) at the beginning of the CP located just 
before the exact STS symbol timing can be represented as 
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where [q]N returns the modulo-N value of the integer q, with 
[q]N=N+q for q<0 and [q]N=q for q≥0. Also, z is the (N+Nc)×1 
additive white Gaussian noise (AWGN) vector whose 
elements are complex Gaussian CN(0, N0) random variables 
with zero mean and N0 variance. Moreover, in (4), E is the 
(N+Nc)×(N+Nc) FO-related diagonal matrix, given by 

{ }
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where Ê is the N×N diagonal matrix and E(n)=exp{j2πεn/N} 
with ε representing the actual carrier FO between the 
transmitter and the receiver that is normalized to a subcarrier 
spacing of the effective OFDM symbol. Furthermore, 
assuming a frequency selective fading channel with multiple 
time-invariant paths at an MS, y in (4) before being influenced 
by the carrier FO mismatch between the transmitter and the 
receiver is expressed as follows, from (1), (2), [6]-[8], and [17]:  

,N=y F Hs                   (6) 

where H is the N×N channel-related diagonal matrix and given 
by  

{ }diag (0) ( ) ( 1) .H H k H N= −H      (7) 

In (7), H(k) is expressed as [8], [17] 
21
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with L, α(l), and τl representing the maximum multipath, the 
discrete-time impulse response where ∑l(Ξα{|α(l)|2})=1, and 
the path delay of the l-th path component expressed in terms of 
the sampling time, respectively.  

III. STS Signal Description and Analysis 

1. Reference STS Signals 

The reference STS signals used for performance comparison 
are those of the LTE [3] and the MLTE [6]. In the LTE scheme, 
the FD STS signal s(k) as shown in (1) and Fig. 1 is given by 
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where N=64, s(0)=s(32)=0, and u is the length-(N–1) sequence 
root index. Of the N−2 possible ZC sequence indices, it is 
elucidated that the three sequences associated with the indices 
25, 29, and 34 provide the best performances for STS. For 
comparison, u=25 is selected in this paper since the STS 
performances for these three indices are almost identical [8], 
[18]. As for the MLTE scheme, the FD STS signal is based on 
a distribution of a base sequence and its minus as follows, at 
odd k, 

1 1 1
2 2

1
2 (̂ ) for 1 ,( ) 2

ˆ( ) for +1 ,
2

k kj v

N

s
NE e s k ks k

Ns k k N

π − −⎛ ⎞⎢ ⎥ ⎢ ⎥− +⎜ ⎟⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦⎝ ⎠

−

⎧
⎪
⎪⎪ = ≤ <=⎨
⎪
⎪− ≤ <
⎪⎩

 

(10) 

where N=64, s(0)=s(32)=0 that are the same as those in the 
LTE scheme, and v is the length-(N/2–1) ZC sequence root 
index with v=1 [6]. At even k, s(k)=−ŝ(k) for 1≤k<N/2 and 
s(k)=ŝ(k) for N/2+1≤k<N. 

2. Proposed STS Signal 

We propose an STS signal based on a TD multiplication of a 
half sine wave by a gold sequence W(n), The half sine wave 
(that is, the normalized frequency of the sine wave is set to 1/2) 
and gold sequence are introduced to realize FO immunity and a 
desirable correlation property during synchronization, 
respectively. In our indication, in the time domain, rather than 
the STS signals having flat amplitude patterns, the non-flat 
convex (for example, half sine wave) or concave signals should 
realize the FO immunity. Concretely, to clearly observe the 
immunity, it is assumed that the normalized carrier FO ε is set 
to be 1. This assumption implies that the received signal 
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multiplied with the conjugated STS signal at the receiver side 
(see (4) and (14)) is multiplied by each of the full cosine   
(real component) and cosine (imaginary component) waves 
caused by the carrier FO, as shown in Fig. 2. If the ideally 
multiplied received signal from the starting point of zero STO 
is flat, as in Fig. 2, the resultant value of (14) is zero (real 
component: summation after the multiplication of “1” by 
“cos(2π(n–1)/64)”; imaginary component: summation after the 
multiplication of “1” by “sin(2π(n–1)/64)”) in the case of no 
fading and no noise being zero, which leads to the weakness 
against the FO. In contrast, if the ideally multiplied received 
signal has the pattern of the half sine wave, the resultant value 
is not zero (real component: non-zero; imaginary component: 
zero), as shown in Fig. 2, which leads to the significant degree 
of power against the FO. We will return to this FO immunity 
topic regarding the current LTE STS signal in part B of 
subsection IV.2. 

In addition, as generally known, the autocorrelation property 
of the half sine wave form itself is much worse than those of 
other orthogonal or quasi-orthogonal sequences, such as the 
Hadamard code, the m-sequence, and the ZC sequence. So as 
to overcome the weakness of the autocorrelation property, we 
apply W(n) to the half sine wave.  

In the following, we will refer to this scheme that combines 
the half sine wave with W(n) as the GSW scheme. The GSW 
signal x(n) in (1) is expressed as 

2 ( 2)
( ) ( )sin , 0sE N nx n W n n N

N N
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⎝ ⎠
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where N is set to 64 as in subsection III.1. In (11), W(n) is 
defined as 

1 2( 1) ([ 1 ] ) for 1 ,
2( )

( ) 1 for 1,
2 2

N
NG n G n w n

W n
N NW n W n n N

⎧ − ⊕ − + ≤ <⎪⎪=⎨ ⎛ ⎞⎪ = + − ≤ < −⎜ ⎟⎪ ⎝ ⎠⎩

  (12) 

where W(0)=W(N–1)=1, ⊕ denotes the exclusive-OR 
operation, and w is the GSW sequence index (w=5), chosen 
based on the preliminary evaluation results obtained by using 
the correlation-property performance metric 3, which will be 
shown in part C of subsection IV.2. In addition, G1(n–1) and 
G2([n–1+w]N) in (12) are binary pseudo-noise sequences [19] 
corresponding to the generator polynomials x5+1 and 
x5+x4+x+1, respectively.3) Moreover, the factor 2(N–2)/N in 
(11) is applied to maintain the same average power maintained  
                                                               

3) This well-known binary gold sequence is employed as an example in this paper for the 
proposed STS signal design. On that account, any binary sequence may be applied if it 
demonstrates a sufficient correlation property. In addition, how come we prefer to binary 
sequences to complex ones is because of reducing the detector complexity as exposed in Table 
2. 

 

Fig. 2. STS signal patterns. 
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in the reference schemes. We note that through the operation in 
(3), the GSW signal can be converted and embedded into the 
LTE-like frame in the FD. 

3. PAPR Analysis 

A main disadvantage of OFDM on the transmitter side is the 
high PAPR of the transmitted signal that includes a 
synchronization signal. In the worst example, when the signals 
are added constructively, the peak power may be the 
multiplication of the total number of subcarriers by the average 
power. The power consumption of a power amplifier is swayed 
much more so by the peak power than the average power. 
Since the spectral growth of the OFDM signal in the form of 
intermodulation among subcarriers and out-of-band radiation 
due to high peaks should be prevented, the power amplifier 
shall be operated in its linear region, which leads to the 
aggravation of the power efficiency. These may have a 
detrimental effect on battery lifetime [11], [20]. For this reason, 
as part of simply appraising a comparative advantage, we 
compare the PAPRs of the GSW, LTE, and MLTE schemes, as 
shown in Table 1, where the PAPR is defined as 
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Table 1 shows that the PAPR of the proposed GSW scheme is 
lower than that of LTE by 0.8 dB and that of MLTE by 2.3 dB4).  
                                                               

4) It is noted that the LTE, MLTE, and GSW signals for STS may sufficiently display lower 
PAPR properties than the data signal in LTE-like systems. However, when the transmission 
power of an STS signal is higher than that of a data signal for the robust initial system-access 
setup as well as the peak power of the STS signal is between the linear and nonlinear regions of 
a transmission amplifier, the PAPR advantage of the GSW signal is able to be meaningful. 
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Table 1. PAPR value for each STS scheme. 

STS scheme LTE MLTE GSW 

PAPR (dB) 3.8 5.3 3.0 
 

 
Thus, the GSW scheme fulfills the lowest PAPR among them. 

IV. Detector Description and Analysis 

1. Detector Description 

The detector of STS requires an MS to perform a 
noncoherent detection5) that finds the starting sample time of 
the synchronization signal (that is, sample timing offset [STO], 
θ). The noncoherent detection can be optimally performed by 
maximizing a decision variable (DV) over all possible 
hypothesis STOs, where the DV is actually a cross-correlation 
between the transmitted STS signal and the received signal [8]. 
For the optimality of the detection, we assume perfect 
automatic gain control (AGC) in this paper on the basis that the 
optimal maximum likelihood of time synchronization is the 
same as the maximization of the cross-correlation under the 
AGC employed in practice [7], [13], [21]. The starting sample 
time of the STS signal can be identified by the MS as 

{ } ( ){ }
2

ˆ arg max , ( ),

argmax , 0 ,
H

s

D l

Nc
E

θθ

θ

θ

θ ε α

θ

=

⎧ ⎫⎪ ⎪= ≤ ≤⎨ ⎬
⎪ ⎪⎩ ⎭

z

x r         
(14)

 

where Dθ (ε, α(l), z) is the DV for STS that is a function of the 
FO ε in (5), the multipath profile α(l) in (8), and the noise 
vector z in (4). Also, xH in (14) is the local replica for cross-
correlation, which is identical to the complex conjugate 
transpose of vector x in (1). Moreover, rθ in (14) is the N×1 
vector comprising the elements starting from sample (Nc–θ) to 
sample (N–1+Nc–θ) extracted from the vector r in (4). 

2. Performance Metrics and Analysis 

In addition to higher PAPR, fundamentally, the higher the 
complexity of the detector employed in a certain STS scheme 
is, the more the battery lifetime is shortened. It is also much 
more likely that the frequent sample timing misdetection 
(strongly related with the detector’s weaknesses against the 
FO) leads to a longer latency in the initial system access and 
results in excessive battery draining at the MS [7]-[9]. Thus, it 
is greatly informative in this subsection to analyze these factors 
                                                               

5) The coherent detection requires the knowledge of channel attenuation, which is 
unavailable at the STS phase. 

Table 2. Detector complexity of each STS scheme at every STO in 
terms of number of real-value multiplications. 

STS scheme LTE MLTE GSW 

Complexity 4N 4N 2N 
 

 
with the three performance metrics presented below. 

A. Metric 1: Complexity Reduction 

Let us analyze the detector complexity required to generate 
the DV xHrθ in (14) for each STS scheme at every STO in 
terms of the number of real-value multiplications, which is the 
main computational burden [17], [22], [23]. Since the FD ZC-
based signals of the LTE and MLTE schemes as specified in 
(9) and (10), respectively, are complex, their signals are easily 
identified to be complex in the time domain. This brings us to 
the salient point about the GSW signal in (11): the time-domain 
version of this signal is real.  

As shown in Table 2, while both the LTE scheme and the 
MLTE scheme require 4N real multiplications to compute the 
DV in (14), the proposed GSW scheme needs 2N. As such, the 
computational complexity of the GSW scheme is only half that 
of each of the other schemes.6)  

B. Metric 2: Robustness against FO in Simple FO Condition 

In general, if there is no FO, then the DV in (14), as a 
function of STO, will peak when the offset is zero (that is, θ=0). 
However, in the presence of the FO, the DV may have 
comparable values at other STOs, which will result in a 
sample-level timing error and a higher DER performance. 
Accordingly, we herein analyze the robustness against the FO 
of the proposed GSW signal and of the reference STS signals. 

Firstly, consider the following simple FO conditions: no 
fading, that is, L=1 and α(0)=1 in (8); high FO, that is, ε=1 in 
(5); no noise, that is, z(n)=0 in (4); and normalized transmit 
power, that is, Es=1 in (1). Setting ε  to be 1 is initially 
introduced to schematically and mathematically observe the 
effect of the FO on the DV performance. The DV in (14) at a 
perfect STO (that is, θ=0) is redefined as follows, from (1), (5), 
and (6):  
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6) It is noted that the central symmetric property can be commonly applied to all of GSW, 

LTE, and MLTE schemes to further reduce their complexity by a factor of 1/2 in [14]. 
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Fig. 3. Waveforms vs. sample time index n in terms of DR(n) and
DI(n) in simple FO condition with ε=1 and without fading
and noise. 
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where Real{g} and Imag{g} denote the real and imaginary 
components of g, respectively.  

Figure 3 shows the waveforms of DR(n) and DI(n) for both 
the LTE scheme and the proposed GSW scheme as a function 
of sample time index n, where both DR(n) and DI(n) are 
obtained from (16). The curves labeled “GSW” are for the 
proposed scheme, while those labeled “LTE” are for the LTE 
scheme. For the LTE signals, the sum of all the imaginary 
components, that is, ∑n{DI(n)}, is almost zero. The same is true 
for the sum of all the real components, that is, ∑n{DR(n)}. This 
means the detector output, that is, D0(1, 1, 0N) with ε=1 in (15), 
is zero for the LTE scheme for this particular channel condition. 
In contrast, for the proposed GSW scheme, while ∑n{DI(n)} is 
zero, ∑n{DR(n)} is not, which results from the non-flat property 
of the half sine waveform with CSP. Accordingly, the net result 
is that the detector output for GSW is larger than that for LTE, 
so the GSW scheme may offer a higher detection probability 
than the LTE scheme. 

Secondly, so as to evaluate the robustness of each STS 
scheme according to the FO, we consider the following simple 
FO conditions: no fading, that is, L=1 and α(0)=1 in (8); no 
noise, that is, z(n)=0 in (4); and normalized transmit power, that 
is, Es=1 in (1). The DV from (14) under this condition, that is, 
D0(ε, 1, 0N) in (15) at a perfect STO in the range of 0≤ε≤1, is 
used for evaluation. Figure 4 shows the DV result of each STS 
scheme as a function of ε. From the results in Fig. 4, it can be 

 

Fig. 4. D0(ε, 1, 0N) vs. FO ε in simple FO condition without
fading and noise. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000
LTE
MLTE
GSW

ε 

D
0(ε

, 1
, 0

N)
 

 
 
seen that the GSW scheme outperforms the LTE scheme. Also, 
the GSW scheme attains a comparable performance to that of 
the MLTE scheme. However, this similarity may be muted if 
we take into account that the complexity and PAPR of the 
MLTE scheme are higher than those of the GSW scheme. 

C. Metric 3: Correlation Property in Multipath Channel 

Lastly, by using the DV in the range of 0≤θ≤5 in (14), let us 
examine the correlation property of each STS scheme under 
the typical urban channel with six paths (TU-6) [24], AWGN in 
(4), and Es/N0=0 dB. The cases of a zero FO (that is, ε=0) and a 
higher FO (that is, ε=2/3) [6], [8] are considered in this 
evaluation. Since the fading channel α(l) and the noise vector z 
are random variables, we obtain the average DV (that is, 
Ξα,z{Dθ(ε, α(l), z)}, the average of Dθ(ε, α(l), z) (14) over α(l) 
and z) so as to statistically observe the DV performance for 
each of the STS schemes. Concretely, we employ the Monte 
Carlo simulation with 10,000 trials to get the average DV level 
for each of the STS schemes. Therefore, 10,000 instant DV 
levels are obtained for each combination of the STO and the 
STS scheme, and the sum of those values is divided by 10,000 
to obtain the average DVs. 

Figure 5 shows the average DV as a function of θ for each 
STS scheme, wherein a certain STS scheme exhibiting the 
property of the highest peak at a perfect STO (that is, θ=0) is 
beneficial even though a correct STS detection is declared if 
the detected STO is within half the CP duration [25]. From the 
results illustrated in Fig. 5, it can be concluded that in the case 
of the zero FO and the higher FO, all of the STS schemes 
exhibit this property, and every STS scheme provides an 
almost identical performance. On the other hand, in the case of 
the higher FO, the average DV of the LTE scheme is much 
worse than those of the MLTE and GSW schemes that are 
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Fig. 5. Ξα,z{Dθ(ε, α(l), z)} vs. STO θ with each of ε=0 and ε=2/3
in TU-6 channel at Es/N0=0 dB. 
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comparable to one another, as in the performance metric 2 of 
part B of subsection IV.2. Interestingly, the GSW signal 
employs the non-flat sine wave, which may lead to significant 
average DVs at imperfect STOs (that is, θ≠0). Nevertheless, as 
shown in Fig. 5, the average DVs at these STOs in the GSW 
scheme are almost the same as those of the LTE and MLTE 
schemes, which implies that the sufficient correlation property 
of the binary gold sequence is exhibited in the GSW scheme. 

V. DER Evaluation 

The DER performance of each STS scheme is evaluated 
with the LTE physical layer specification [3] and the following 
detailed parameter settings: a system bandwidth of 1.25 MHz 
(that is, N=64), a common carrier frequency of 2 GHz, a single 
cell model, no transmit diversity, and two-branch equal-gain 
combining diversity. The channel model is the TU-6 [24] with 
mobile velocities of 1 km/h and 100 km/h. Also, any 
accumulation between adjacent STS signals (for example, 
contiguous STS signals within more than one frame are 
combined for synchronization) is not performed to evaluate the 
DER performance under the condition of the numerical study 
of subsection IV.2. Moreover, throughout the evaluation, the 
MS-specific data signals are always loaded so as to realize the 
real scenario. Furthermore, the transmitted power for the STS 
signals is the same as that of the data signals, and, lastly, in 
evaluating the DER of STS, a correct detection is declared if 
the detected timing θ̂  in (14) is within half the CP duration 
(Nc=5 corresponding to N=64). 

Figures 6 and 7 show the DER performances of each STS 
scheme as a function of Es/N0 with the mobile velocities of   
1 km/h and 100 km/h, respectively. It is elucidated that the 

 

Fig. 6. DER vs. Es/N0 per received antenna with ε=0 and ε=2/3 in
TU-6 channel with mobile velocity of 1 km/h. 
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Fig. 7. DER vs. Es/N0 per received antenna with ε=0 and ε=2/3 in
TU-6 channel with mobile velocity of 100 km/h. 
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results shown in Fig. 6 are consistent with the analyses 
presented in subsection IV.2 from the following observations: 
there is no DER difference at ε=0; at ε=2/3, the LTE scheme 
provides the worst DER performance and the GSW and MLTE 
schemes demonstrate comparable performances. In addition, it 
is revealed that there is no performance trend difference 
between the case of 1 km/h (Fig. 6) and that of 100 km/h 
(Fig. 7) in terms of DER. Moreover, it is observed that for both 
the MLTE scheme and the GSW scheme, a better DER 
performance results from a lower velocity.7) If the drawbacks of 
the MLTE scheme are not overlooked, as mentioned at the end 
                                                               

7) This observation results from an absence of time diversity [7], [8], which means that if 
one of the accumulation techniques is employed, the observation may be reversed from the fact 
that the higher the mobile velocity, the larger the time diversity gain. 



746   Kapseok Chang et al. ETRI Journal, Volume 35, Number 5, October 2013 

of part B of subsection IV.2, employing the proposed GSW 
scheme can be recommended. 

VI. Conclusion 

In this paper, we observed the weak points in the LTE and 
modified LTE schemes for STS. This observation enabled us to 
propose an STS scheme. In the proposed scheme, the proposed 
signal is the product of a binary sequence and a half sine wave. 
It was found through analysis and evaluation that the proposed 
scheme offers a lower PAPR, a lower detector complexity, and 
more robustness against the frequency offset than any other 
STS scheme. Since higher STS accuracy in conjunction with 
lower detector complexity and higher power efficiency is 
indispensable, the multifarious convincing aspects reported in 
this paper provide beneficial information on designing an STS 
signal. 
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