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IV. CODE DESIGN USING BIBD SEQUENCES 

A. Approach of Code Design 

The BIBD sequence is one of powerful techniques for 
algebraic design of the strict OOCs. The BIBD sequence can 
provide strict OOCs perfectly not only for equal weight OOCs 
but also for variable weight OOCs. However, it is difficult to 
directly use the BIBD for the VC-OOCs. Therefore, we 
consider two approaches as shown in Figure 5. 

Figure 5(a) shows the first approach. Mother codes, ܥଵ and 
  .ଶ, are perfectly designed by the BIBD sequence, individuallyܥ
Here, the number of code levels, ܮ, is set to 2. The chip rates 
of ܥଵ and ܥଶ,	1/ cܶଵ and 1/ cܶଶ, are different. After that, select 
codewords from ܥଵ and ܥଶ and construct two sub-sets, ܥଵ′ and 
 ଶ′, to satisfy the strict OOC property. Such a code consistingܥ
of ܥଵ′ and ܥଶ′ is a VC-OOC. This approach has a disadvantage 
of high computational complexity in the selection procedure. 

Figure 5(b) shows the second approach. First, the slowest 
code, ܥଵ  is designed by the BIBD sequence. Next, discard 
some codewords in ܥଵ  to permit to design faster chip rate 
codes. After discarding, unused intervals appear in the 
expanded distribution of pulse intervals of ܥଶ . This makes 
possible to insert codewords in ܥଶ into the codeword list of the 
VC-OOC. We call this second approach as multi-layered 
BIBD approach. There are optimum selections for discarding. 
It should be evaluated by computer simulations. In the next 
subsection, the optimum selections are used for evaluations 
and discussions. 

B. Code Design Based on BIBD Sequences 

The BIBD sequence is based on extension fields [15]. It can 
provide algebraic design of optimum strict OOCs [10]. Since 
there is no need for code search, the design can be quickly 
completed. 

In this section, we overview the design of the strict OOC 
based on the BIBD sequence. Let ߙ be a primitive root, ݊ be 
code length, ݎ be the required number of codewords. The code 
length must satisfy ݊ ൒ ݓሺݓ െ 1ሻݎ ൅ 1 . For the optimum 
strict OOC,  ݊ ൌ ݓሺݓ െ 1ሻݎ ൅ 1. Note the BIBD sequence 
requires a prime number of ݊ . The following description 
consists of two parts in cases of odd and even weights of ݓ. 

For odd weight of ݓ ൌ 2݉ ൅ 1 , let ܿ ൌ ݎݓ  be a design 
parameter. Here, ݉  is natural number. Put the ሺ݆ ൅ 1ሻ th 
optical pulse to the position of ߙ௜௠ା௝௖	mod	݊  where ݆ ∈
ሼ0,1, … ݓ, െ 2ሽ . In addition, put an optical pulse to the 
position 0 of each codeword. Here, ݅ ∈ ሼ0,1, … , ݎ െ 1ሽ denotes 
the codeword’s index number. 

For even weight of ݓ ൌ 2݉, let ܿ′ ൌ ሺݓ െ 1ሻݎ be a design 
parameter. Put the ሺ݆ ൅ 1ሻth optical pulse to the position of 
݆ ݊ where	mod	௜௠ା௝௖ᇱߙ ∈ ሼ0,1, … ݓ, െ 1ሽ. 

In the above mentioned construction, arbitrary parameters 
are not acceptable for strict OOCs. Computer search is needed 
to find suitable combinations of the BIBD parameters. This 
parameter search is not so heavy compared to random code 
search. 
 

C. Optimum Parameters of BIBD Sequences Suitable for 
VC-OOCs 

Optimum parameters of the BIBD sequences are searched 
by computer simulations. The parameter search was made in 
various code weights and primitive roots, where ݉ was set to 
2 to 8 and ߙ was set to 2 to 30. The results are listed in Tables 
1 and 2. Tables 1 and 2 include the result in the case of even 
and odd code weights, respectively. Although there is some 
restrictions, such as prime numbers of code length, for the 
optimum strict OOCs, various combinations of code lengths 
and code weights are obtained. These BIBD sequence can be 
candidates of the VC-OOCs. 
 

TABLE 1. BIBD PARAMETERS FOR OPTIMUM OOCS AND MIMIMUM 
REDUCTION RATIO (EVEN WEIGHT). 

m w α n r 
minimum 

reduction ratio 
2 4 5 73 6 4 / 6 (66.7%) 
2 4 5 97 8 4 / 8 (50.0%) 
2 4 3 109 9 4 / 9 (44.4%) 
2 4 2 181 15 4 / 15 (26.7%) 
2 4 3 229 19 4 / 19 (21.1%) 
2 4 7 241 20 4 / 20 (20.0%) 
2 4 3 277 23 4 / 23 (17.4%) 
2 4 10 337 28 4 / 28 (14.3%) 
2 4 2 421 35 4 / 35 (11.4%) 
2 4 13 457 38 4 / 38 (10.5%) 
2 4 2 541 45 4 / 45 (8.9%) 
2 4 2 709 59 4 / 59 (6.8%) 
2 4 3 733 61 4 / 61 (6.6%) 
2 4 2 757 63 4 / 63 (6.3%) 
2 4 2 829 69 4 / 69 (5.8%) 
2 4 11 1009 84 4 / 84 (4.8%) 
2 4 5 1033 86 4 / 86 (4.7%) 
2 4 5 1093 91 4 / 91 (4.4%) 
2 4 2 1117 93 4 / 93 (4.3%) 
2 4 11 1129 94 4 / 94 (4.3%) 
2 4 5 1153 96 4 / 96 (4.2%) 
3 6 2 181 6 6 / 6 (100.0%) 
3 6 2 211 7 7 / 7 (100.0%) 
3 6 7 241 8 8 / 8 (100.0%) 
3 6 3 631 21 10 / 21 (47.6%) 
3 6 2 691 23 12 / 23 (52.2%) 
3 6 2 1531 51 12 / 51 (23.5%) 
3 6 2 1831 61 12 / 61 (19.7%) 
3 6 2 1861 62 12 / 62 (19.4%) 
3 6 6 2791 93 12 / 93 (12.9%) 
3 6 2 2851 95 12 / 95 (12.6%) 
4 8 11 1009 18 15 / 18 (83.3%) 
4 8 3 3137 56 22 / 56 (39.3%) 
4 8 5 3697 66 23 / 66 (34.8%) 
7 14 5 1093 6 6 / 6 (100.0%) 
7 14 2 16381 90 60 / 90 (66.7%) 
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D. Evaluation of Proposed Design 

In this paper, the second approach is discussed shown in 
Figure 5(b). We refer it as multi-layered BIBD. In this 
approach, some partial codewords of ܥଵ  is discarded and 
unused region in the distribution of pulse intervals is created 
for adding codewords of ܥଶ. The discarding codewords of ܥଵ 
must be carefully selected, because inefficient discarding 
causes narrow unused pulse intervals in the distribution. To 
obtain wide regions of unused pulse intervals, all codewords 
whose pulse intervals are contiguous to a primary discarding 
codeword should be discarded together. The number of these 
codewords should be reduced for high efficiency. So, the 
minimum reduction ratio to original code size of ܥଵ  is 
evaluated for various BIBD parameters. 
 

TABLE 2. BIBD PARAMETERS FOR OPTIMUM OOCS AND MIMIMUM 
REDUCTION RATIO (ODD WEIGHT). 

m w α n r
minimum 

reduction ratio 
2 5 2 61 3 3 / 3 (100.0%) 
2 5 7 241 12 11 / 12 (91.7%) 
2 5 3 281 14 10 / 14 (71.4%) 
2 5 2 421 21 11 / 21 (52.4%) 
2 5 7 601 30 12 / 30 (40.0%) 
2 5 3 641 32 12 / 32 (37.5%) 
2 5 2 661 33 11 / 33 (33.3%) 
2 5 2 701 35 12 / 35 (34.3%) 
2 5 2 821 41 12 / 41 (29.3%) 
2 5 3 881 44 12 / 44 (27.3%) 
2 5 5 1181 59 12 / 59 (20.3%) 
2 5 11 1201 60 12 / 60 (20.0%) 
2 5 2 1301 65 12 / 65 (18.5%) 
2 5 13 1321 66 12 / 66 (18.2%) 
2 5 2 1381 69 12 / 69 (17.4%) 
2 5 3 1481 74 12 / 74 (16.2%) 
2 5 11 1801 90 12 / 90 (13.3%) 
2 5 2 1901 95 12 / 95 (12.6%) 
2 7 5 337 8 8 / 8 (100.0%) 
2 7 2 421 10 10 / 10 (100.0%)
2 7 2 463 11 11 / 11 (100.0%)
3 7 2 883 21 16 / 21 (76.2%) 
3 7 2 1723 41 21 / 41 (51.2%) 
3 7 2 3067 73 23 / 73 (31.5%) 
3 7 2 3319 79 23 / 79 (29.1%) 
3 7 17 3529 84 22 / 84 (26.2%) 
3 7 2 3823 91 22 / 91 (24.2%) 
3 7 2 3907 93 23 / 93 (24.7%) 
4 9 5 1153 16 16 / 16 (100.0%)
4 9 10 1873 26 23 / 26 (88.5%) 
4 9 5 2017 28 22 / 28 (78.6%) 
4 9 7 6481 90 32 / 90 (35.6%) 

 
We assumed a primary codeword is the first codeword of 

݅) ଵ, with the codeword’s index-1ܥ ൌ 1). This was the best 
selection in our consideration by computer search. The 
minimum reduction ratios are also shown in Tables 1 and 2. 

For an example, when ݉ ൌ 2 ݓ , ൌ 4 ߙ , ൌ 5 , ݊ ൌ 73  and 
ݎ ൌ 6 , 4 codewords of ܥଵ  including the primary codeword 
should be discarded. Thus, pulse intervals of 3 codewords of 
 ଵ are located at contiguous positions of that of the primaryܥ
codeword. We call these codewords neighbouring codewords. 
When ݉ ൌ ݓ ,3 ൌ 6 and ߙ ൌ 2, it was a bad case because all 
codewords of ܥଵ should be discarded in order to discard the 
prime codeword with its neighbouring codewords. We found 
some other bad cases, however, overall, ܥଶ can be designed 
when 10-60% of ܥଵ  is discarded. Even weight codes with 
ݓ ൌ 4,6,8,14 are efficient compared to odd weight codes. 

V.  CONCLUSIONS 

In this paper, the design of optical orthogonal codes with 
variable chip rates was discussed. Two approaches are 
described. In the multi-layered BIBD approach, the minimum 
reduction ratios for various BIBD parameters were obtained. 
We could discover the possibility of the design of the VC-
OOCs by the multi-layered BIBD approach. 
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