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Abstract – This paper presents complex spreading 

sequences (CSS) for use in coded multiple access 

communication systems. The complex sequences such as 

Zadoff-Chu (ZC) and Oppermann & Vucetic (OV) are 

described here. These complex spreading sequences offers a 

very wide range of values for both auto-correlation (AC) and 

cross-correlation (CC) functions, allowing great flexibility in 

the selection of characteristics of sequence sets. The 

parameters such as mean-square aperiodic AC and CC 

values for various sequence sets are presented here. 
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I. INTRODUCTION 
 

The application of Binary spreading sequences in 

DS/SSMA (Direct Sequence Spread Spectrum Multiple 

Access) systems has been investigated since the 

introduction of SS (Spread Spectrum). The correlation 

properties of binary spreading sequences such as PN, 

Gold, Kasami are non optimal, because they exhibit non-

perfect AC properties and high CC sidelobes. Due to the 

availability of potentially large sets of sequences that 

exhibit comparable AC and improved CC properties when 

compared to binary sequences, interest has started to shift 

towards the use of Complex Spreading Sequences (CSSs). 

Examples include Zadoff-Chu (ZC), Generalized Chirp-

Like (GCL), Constant-Envelope Root-of-Unity (CE-RU) 

filtered complex spreading sequences, including the 

special class of Analytical Bandlimited Complex (ABC) 

spreading sequences as well as Oppermann & Vucetic 

(OV) sequences [1], [8], [9].  

The good correlation properties minimize the 

interference introduced by the simultaneous users and as a 

result the overall Bit Error Rate (BER) of the system is 

significantly improved. It is important to note that, as 

many users may be operating in the system at any time, 

CC properties of all the sequences in the set should be 

considered when determining the average performance. 

For this reason, this paper concentrates on the average 

correlation properties of the sequences in a set [5]. 

This paper is organized as follows: In Section II 

generation of complex spreading sequences has been 

given. Performance measures and correlation 

characteristics are presented in Section III and IV 

respectively. Section V presents numerical results for 

various performance parameters related to AC and CC 

properties. Finally, Section VI concludes the paper.  

 

II. GENERATION OF COMPLEX SPREADING 

SEQUENCES 
 

This section presents the mathematical equations for 

generating complex sequences. The complex spreading 

sequences considered here are Zadoff-Chu (ZC) and 

Oppermann & Vucetic (OV) sequences. 

A) Zadoff-Chu (ZC) Complex Sequences 
The Zadoff-Chu sequences are special case of 

Generalized Chirp-Like sequences having the ideal 

periodic AC function and the optimum periodic CC 

function [2]. The Zadoff-Chu sequences {𝑠𝑟(𝑘)} of length 

N is defined as 

𝑠𝑟 𝑘 =  
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where integer r is relatively prime to N (sequence length), 

and q is any integer. A pair of sequences in the set has the 

optimum periodic CC function, with the constant 

magnitude equal to  𝑁  [4], [8-9]. 

B) Oppermann & Vucetic (OV)  Complex  Sequences 
Let N be the sequence length and M is an integer 

relatively prime to N such that 1≤ M<N. The set of 

sequences is defined as U(M)={𝑢𝑀 , 1 ≤ 𝑀 < 𝑁} while 

the 𝑖𝑡ℎ  element of a given sequence 𝑢𝑀  is defined as 

𝑢𝑀 =   −1 𝑀𝑖 𝑒𝑥𝑝  
𝑗𝜋 𝑀𝑚 𝑖𝑝 + 𝑖𝑛 

𝑁
   1 ≤ 𝑖 ≤ 𝑁      (2) 

where 𝑗2 = -1 and m, p and n are any real number [5]. The 

triple {m, p, n} specifies large no. of sequence set 

depending upon their values chosen, however the choice 

of specific values determines the characteristics of the 

sequence and the correlation properties of the set. 

 

III. PERFORMANCE MEASURES FOR COMPLEX 

SPREADING SEQUENCES (CSS) 
 

Some of the performance measures used in the 

mathematical analysis of CSSs are presented in this 

section [5-7]. 

A. Length and Family Size  
The length of a CSS, denoted by N, is the no. of chips in 

a single CSS. The sequence length influences the 

correlation characteristics of a CSS, which in turn is the 

factor determining a CDMA system’s capacity. By 

increasing the length of a sequence, randomness will 

increase which results in less interference between 

simultaneous users in a CDMA system and family size 

will also increase. Large family size of a sequence 
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supports large number of users that results to increase in 

system’s capacity. 

B. Aperiodic Cross-Correlation 
Consider a pair of sequences, 𝑢𝑋  and 𝑢𝑌, the aperiodic  

cross-correlation between them  is defined as  

𝐶𝑋𝑌 =
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where {*} represents complex conjugate and N is the 

sequence length [5]. The AC properties of a set of 

sequences come at the expense of CC properties and vice-

versa. Thus, the sequences in the sets that have very good 

CC properties will have poorer AC properties and hence, 

their ACF will not be an impulsive function in time 

domain [7]. 

C. Aperiodic Auto-Correlation 
In aperiodic cross-correlation when sequence 𝑢𝑌 is 

taken as same as  𝑢𝑋 , then the correlation between them is 

known as aperiodic auto-correlation which may be defined 

as 

𝐶𝑋𝑋 =
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where {*} represents complex conjugate and N is the 

sequence length [5]. Ideally, the ACF of a sequence should 

approximate an impulsive function in time domain. This 

indicates that the sequences should have a wide and flat 

frequency spectrum [7]. 
D. Average Mean Square Cross-Correlation (MS-

CC) 
To evaluate the performance of a set of (S) sequences as 

a whole, the average MS value of the CC for every 

sequence in the set, denoted by 𝑅𝐶𝐶 , may be calculated and 

used as a performance measure for a set of sequences 

𝑅𝐶𝐶 =  
1

𝑆(𝑆 − 1)

1

𝑁2
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where 𝐶𝑋𝑌  denotes the aperiodic cross correlation, N is 

sequence length and S is number of sequences in the set 

[5-7]. Mean square (MS) value of the aperiodic CC are 

used to analyze a CDMA system performance, instead of 

the maximum value of side lobes of periodic correlations. 

Because, the most important parameter i.e. BER of a 

system is dependent on MSCC [6]. 

E. Average Mean Square Auto-Correlation (MS-AC) 
The average MS value of the AC for every sequence in 

the set, denoted by 𝑅𝐴𝐶  may be calculated similarly as 

 𝑅𝐶𝐶 . 

𝑅𝐴𝐶 =  
1

𝑆

1
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                  (6) 

where 𝐶𝑋  = 𝐶𝑋𝑋  denotes aperiodic auto-correaltion, N and 

S represents sequence length and set of sequence 

respectively [5-7]. It is used to calculate the side lobes of 

AC function. MSCC and MSAC, both of these parameters 

are used to compare the complex sequences [6]. 

F. Figure of Merit (FOM) 
If Mean Square Auto-Correlation (MSAC) value of a 

sequence is high, it means its ACF function is not 

impulsive in nature because of large values of side lobes. 

Figure of Merit is used to determine this degradation for a 

complex sequence. Sequences with a low FOM have 

narrow or irregular frequency spectrum. The FOM for a 

sequence 𝑢𝑋  is defined as 

𝐹𝑋 =  
𝐶𝑋

2 0 

  𝐶𝑋 𝑙  
2

𝑙≠0

=
𝑁2

2   𝐶𝑋 𝑙  
2𝑁−1

𝑙=1

      (7) 

where 𝐶𝑋  represents aperiodic auto-correlation [5]. 

 

IV. CORRELATION CHARACTERISTICS OF 

COMPLEX SEQUENCES 
 

The complex sequences discussed above were generated 

through MATLAB simulation and their correlation 

characteristics were obtained. The aperiodic AC and CC 

properties of Zadoff-Chu and OV complex sequences are 

shown graphically from fig 1-4 [1]. 

A. ACF of  Zadoff-Chu Complex Sequence 
The Normalized aperiodic AC graph for a Zadoff-Chu 

sequence of length, N = 31 and r =1 is as shown in fig 1. 

 
Fig.1. Normalized Aperiodic AC of ZC (N=31, r=1) 

Sequence 

 

The AC function of ZC contains a maximum peak at 

centre, the magnitude of which is equal to sequence length 

[1]. 

B.  CCF of Zadoff-Chu Complex Sequence 
The Normalized aperiodic CC graph for a Zadoff-Chu 

sequence of length, N = 31 and r =1 & 2 is as shown in 

fig. 2. The cross correlation values for ZC with N=31 lies 

in between 0-0.25, and this value goes on  decreasing by 

increase in sequence length These CC values is 

normalized by dividing them with the sequence length (N). 



 
 
 

Copyright © 2013 IJECCE, All right reserved 

1295 

International Journal of Electronics Communication and Computer Engineering 

Volume 4, Issue 4, ISSN (Online): 2249–071X, ISSN (Print): 2278–4209 

 

 
Fig.2. Normalized Aperiodic CC of ZC (N=31, r=1 & 2) 

Sequence 

 

C. ACF of Oppermann & Vucetic (OV) Complex 

Sequences 

The Normalized aperiodic AC graph for a OV sequence 

of length, N = 31 and r =1 is  shown in fig 3. 

 
Fig.3. Normalized Aperiodic AC of OV (N=31, r=1) 

Sequence 

 

The AC function for OV sequence with N=31 is same as 

for ZC sequence for {m=1.075, p=1.00, n=2.00} variables 

as seen from fig 1 and 3. However, different values of {m, 

p, n} variables result into different AC properties for OV 

sequences. 

D.  CCF of Oppermann & Vucetic (OV) Complex 

Sequence 
The Normalized aperiodic CC graph for a OV sequence 

of length, N = 31 and r =1 & 2 is as shown below 

 
Fig.4. Normalized Aperiodic CC of (N=31, r=1 & 2) 

Sequence 

Fig 2 and 4 indicate that OV spreading sequences 

contain very high CC peaks, the magnitude being of the 

order of one half of the AC main peak in comparison to 

the Zadoff-Chu complex sequences. This leads to the 

conclusion that employing OV sequences in multiuser 

CDMA system will produce undesirable high multi user 

interference (MUI). Since the OV sequences are generated 

by choosing the m, n, p parameters, it is difficult to choose 

their values in such a way that the high CC peaks is 

effectively reduced [1]. 

 

V. NUMERICAL RESULTS 
 

This section presents numerical results of MATLAB 

simulation regarding the mean square correlation measures 

for complex sequences considered in this paper. Some of 

the relevant parameters like 𝑅𝐴𝐶 , 𝑅𝐶𝐶 , AC Pk, CC Pk, 

FOM for sets of sequences are given in Tables I-III below. 

The “CC Pk”, column gives the amplitude of the 

maximum peak in the CC as a proportion of the of the 

main peak in the AC. The “AC Pk”, column gives the 

maximum peak value of the AC function side-lobes. 

Higher value of the AC Pk indicate that the there are large 

peaks in the AC function apart from the central lobe [5-7]. 

Table I: Performance Parameters for ZC Sequence with 

Different Sequence Length (N) and Family Size (S). 
N S 𝑅𝐶𝐶  𝑅𝐴𝐶  AC 

Pk 

FOM CC 

Pk 

31 30 1.01 0.34 0.22 2.91 0.23 

41 40 1.01 0.34 0.22 2.93 0.20 

61 60 1.01 0.34 0.23 2.95 0.17 

71  70 1.00 0.34 0.22 2.96 0.16 

121 120 1.04 0.84 0.27 1.20 0.14 
 

Table II: Performance Parameters of OV Sequence for 

Selected Sequence Sets with different m, p, n variables 

and N=31, S=30 
m p n 𝑅𝐶𝐶  𝑅𝐴𝐶  AC 

Pk 

FO

M 

CC 

Pk 

1.075 1.00 2.000 1.00   0.12 0.09 8.60 0.68 

1.000 1.00 1.000 0.34 19.68 0.97 0.05 0.08 

1.000 1.00 1.275 0.39 18.42 0.97 0.05 0.09 

0.950 1.00 1.000 0.50 19.68 0.97 0.05 0.08 

0.925 1.00 1.000 0.61 19.68 0.97 0.05 0.09 

0.925 1.00 1.350 0.70 16.55 0.96 0.06 0.12 

0.900 1.00 1.325 0.78 17.32 0.97 0.06 0.13 

1.000 1.00 3.650 0.95   1.36 0.35 0.74 0.30 

1.000 1.00 8.825 0.98   0.74 0.25 1.34 0.29 
 

 

Table III: Performance Parameters of OV Sequence for 

Selected Sequence Sets with different m, p, n variables 

and  N=61, S=60 
m p n 𝑅𝐶𝐶  𝑅𝐴𝐶  AC 

Pk 

FOM CC 

Pk 

0.925 1.00 2.00 1.00   0.08 0.06 12.48 0.68 

1.000 1.00 1.00 0.34 39.67 0.98 0.03 0.04 

1.000 1.00 1.15 0.35 39.24 0.98 0.03 0.05 
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1.000 1.00 1.30 0.43 34.50 0.98 0.03 0.06 

1.000 1.00 1.35 0.50 30.15 0.98 0.03 0.07 

1.000 1.00 1.40 0.60 23.98 0.98 0.04 0.08 

1.000 1.00 1.45 0.71 17.15 0.98 0.06 0.09 

1.000 1.00 1.50 0.80 11.99 0.97 0.08 0.11 

0.950 1.00 1.45 0.90 17.15 0.98 0.06 0.10 

0.925 1.00 4.93 0.99   0.65 0.17 1.53 0.25 

 

Table I provides the performance parameters for ZC 

sequences with varying sequence length. This table shows 

that as length of sequence is increased, parameters such as 

𝑅𝐴𝐶 , 𝑅𝐶𝐶 , FOM etc. are changed by small amount (due to 

the presence of small side lobes in ACF) except CC Pk 

which goes on decreasing by increase in N. For N=121, 

value of 𝑅𝐴𝐶  increases due to presence of large side lobes, 

thereby lowering down the value of FOM. Table II gives 

parameters for OV sequence sets with same sequence 

length (N=31) and Family Size (S=30) with different 

values of {m, p, n} variables. In this table, best results are 

obtained with {m=1.075, p=1.00, n=2.00} for all 

parameters except CC Pk. If  ZC and OV sequences are 

compared in terms of CC Pk, for N=31, value of CC Pk 

for ZC sequence is 0.23 while for OV sequence its value is 

0.68 indicating that OV sequences have poorer CC 

properties in comparison to ZC sequences. However, CC 

Pk of OV sequences decreases for different values of {m, 

p, n} variables as shown in Table II but no good results are 

obtained for other parameters. Therefore, to reduce CC Pk 

of OV sequences effectively various values of {m, p, n} 

are chosen in such a way that other parameters are not 

affected. Similarly, Table III gives parameters for OV 

sequences for N=61, S=60 with different {m, p, n} 

variables. From above tables, it can be concluded that by 

choosing appropriate values of {m, p, n} variables, the 

characteristics of OV sequences can be made equal to ZC 

sequences or somewhat better than them.  

 

VI. CONCLUSION 
 

The numerical calculations for various performance 

parameters of ZC and OV sequence has been carried out 

by performing simulation in MATLAB. These sequences 

allows for the selection of sets with a greater range of 

correlation values as shown in Tables I-III. The correlation 

characteristics of ZC and OV sequences indicate that the 

OV sequence have larger cross correlation values in 

comparison to ZC sequence. By employing OV sequence 

in a multi-user CDMA system may lead to unacceptably 

high multi-user interference (MUI). The CC values of OV 

sequence can be reduced by choosing appropriate values 

for {m, p, n} variables.  
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