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Combinatorial Constructions of Optical Orthogonal
Codes for OCDMA Systems

Ivan B. Djordjevic and Bane Vasic, Senior Member, IEEE

Abstract—Two novel classes of optical orthogonal code (OOC)
based on balanced incomplete block designs are proposed: OOC
based on mutual orthogonal Latin squares/rectangles and the
codes based on finite geometries. Both OOC families can be
applied to synchronous and asynchronous incoherent optical
CDMA, and are compatible with spectral-amplitude-coding
(SAC), time-spreading encoding and fast frequency hoping
schemes. Large flexibility in cross-correlation control makes those
OOC families interesting candidates for applications that require a
large number of users. Novel fiber Bragg grating decoding scheme
for canceling the multi-user interference from SAC-signals with
nonfixed in-phase cross-correlation is proposed as well.

Index Terms—Balanced incomplete block designs, finite geome-
tries (FG), mutually orthogonal Latin squares/rectangles, optical
CDMA (OCDMA), optical orthogonal codes (OOCs).

I. INTRODUCTION

RECENTLY, several optical orthogonal codes (OOCs)
families have been proposed [1]–[4], [6]–[9] for various

optical CDMA (OCDMA) technologies: spectral-ampli-
tude-coding (SAC) [2], [4]; time-spreading encoding [1], [3];
and fast frequency hopping [8].

The existing balanced detection schemes for SAC systems,
[4], require unipolar sequences having fixed in-phase cross cor-
relation. Hadamard code, -sequence, modified quadratic con-
gruence code (MQC) and modified frequency hopping (MFH)
codes have been proposed for such applications [4], [7]. We pro-
pose a balanced detection fiber Bragg grating scheme (FBG),
capable of canceling the multiuser interference (MUI) for SAC
system employing unipolar codes with nonfixed in-phase cross
correlations. The motivation for using such a detector is that the
cardinality of the OOC, and therefore the number of simulta-
neous users, can be increased while maintaining the same per-
formance.

We present two novel OOC classes based on mutually orthog-
onal Latin squares (MOLS) or mutually orthogonal Latin rect-
angles (MOLR) and finite geometries (FG), all the special cases
of balanced incomplete block designs (BIBD). Three major ad-
vantages of proposed OOC families are: 1) large flexibility in
choosing number of users (code size); 2) simplicity of construc-
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tion; and 3) suitability to all important transmission technolo-
gies: spectral-amplitude-coding, time-spreading encoding and
fast frequency hopping schemes. Spreading sequences of both
MOLS and FG OOC families can be partitioned into “parallel”
classes in such a way that the sequences from different parallel
classes have zero cross correlation, which makes this class at-
tractive for optical CDMA applications. For example, in fibber
Bragg grating implementations the adjacent frequency bands
are not ideally decoupled, and two sequences that involve ad-
jacent bands should have zero cross correlation.

II. OOC BASED ON MUTUALY ORTHOGONAL LATIN

RECTANGLES (MOLR)

An alternative and convenient way of representing OOCs is
using combinatorial 2-designs [also referred to as balanced in-
complete block designs (BIBDs)] [5]. A 2-design, denoted as
2- , is a collection of -subsets of a -set such that
every 2-subset of is contained in exactly blocks (with cor-
responding to the correlation constraint). In our constructions,
MOLR and FG, every -subset of is contained in no more
than blocks and is denoted by - , referred to
as -configuration [5]. Latin squares/rectangles can be used to
construct -configurations.

A integer array with elements in is
referred to as Latin rectangle (LR) if each of the elements occurs
once in each row and once in each column. For two rectangles

and , we define the join, an array whose th
entry is the pair . Two Latin rectangles
are orthogonal if all entries in the join are distinct. The set of
rectangles forms mutually orthogonal
set if every two rectangles and are orthogonal.

To keep the exposition simple we restrict our attention to the
MOLR construction of equal sizes (i.e., mutually orthogonal
Latin squares, MOLS). Let be a prime power (
is a prime, ; and are dimensions of a MOLS), is a
primitive element of a finite field , and let

be the elements of .
The Latin square (LS) is designed
by filling th position by

. For example, the following two mutually orthogonal LS are
obtained for :

and

The elements in LSs are denoted by integers rather than Ga-
lois filed elements ( corresponds to 1, to 2, and to 3).
By denoting the positions in LS from 1 to , by reading off
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the positions of integers in and , the following matrix
is created:

Each row represents a codeword, with integers denoting the po-
sitions of ones in a codeword. Latin rectangle with different
horizontal and vertical dimensions can be defined in a similar
fashion.

The application of MOLR based OOCs to time-spreading
systems and in spectral-amplitude-coding systems is straight-
forward, while the fast frequency hopping CDMA systems need
the brief explanation. The labels in matrix should be consid-
ered as different frequencies from a finite set of frequencies,
and the integers assigned to a particular user define (ordered)
set of frequencies assigned to him/her in the consecutive chip
time slots. In the example above, there are 6 users, with max-
imum possible number of hits being 1.

III. OOC BASED ON FINITE GEOMETRIES

The constructions proposed here are based on finite ge-
ometries [5] with projective geometries, affine geometries
(AG), oval and unital designs all being special classes of a
2- -design, where is the design set cardinality,

the size of the block in a design, and the overlapping be-
tween the blocks being 0 or 1. A one-to-one correspondence
may be established between 2- -design and a
OOC ; now representing the codeword length,

the codeword weight and maximum cross-correlation being
1; by assigning a point-block matrix of dimensions

, with elements determined by
if ith point is contained in jth block
otherwise

and the columns in the matrix representing different
OOC codewords. The OOC cardinality is determined by

.
Example: The codewords of an OOC based on AG(2,3) are:

{1,2,3}, {4,5,6}, {7,8,9}, {1,4,7}, {2,5,8}, {3,6,9}, {1,5,9},
{2,6,7}, {3,4,8}, {1,6,8}, {2,4,9}, {3,5,7}, where the labels
denote the positions of ones within the codewords.

IV. ENCODER/DECODER STRUCTURE FOR SAC SYSTEMS

If and are two
different code sequences, then their in-phase cross correlation
is defined as

(1)

Sequences with nonfixed in-phase cross correlation do not
satisfy the condition , and the balanced detection

Fig. 1. Balanced MUI cancellation decoder scheme.

scheme in [4] cannot be applied. Those sequences satisfy the
following relationship:

(2)

with being the codeword weight.
We propose a novel fiber-Bragg grating (FBG) based bal-

anced detection scheme that allows MUI cancellation when
in-phase cross-correlation takes a value of 0 or 1. Such a
detector allows us to relax the in-phase cross correlation
constraint imposed on OOCs, and this leads to the construction
of a new family of OOCs with larger cardinality. The proposed
scheme therefore supports a larger number of simultaneous
users, as it will be quantitatively shown in Section V. The
transmitter and receiver structures based on FBGs are shown
in Fig. 1.

When a bit “1” is sent, an optical pulse from a broadband
source is launched into the encoder, while no optical pulse is
launched for a data bit “0”. The optical pulse passes through
the linear FBG array in encoder and spectral components with
the spectral distribution are reflected. At the receiver, each
grating is fixed according to the receiver’s address. For proper
decoding, the peak wavelengths are arranged in opposite order
so that round-trip delays of different spectral components are
compensated. The upper decoder branch, i.e. the balanced de-
tection branch, is used to estimate the MUI, and its output is
proportional to , while the lower branch is the signal-de-
tection brunch whose output is proportional to . The
signal values at all other points are indicated in Fig. 1. There-
fore, the detector scheme shown in Fig. 1, completely cancels
MUI.

V. PERFORMANCE ANALYSIS

The minimum signal-to-noise ratio (SNR) of the spec-
tral-amplitude-coding system employing any of the BIBD
class of OOCs is calculated by using the method described in
[4], [7], [9], and is given by the formula shown at bottom of
the page, where is the photodiode responsivity, is the
effective power of a broadband source at the receiver, e is an
electron charge, is the electrical equivalent noise bandwidth
of the receiver, is Boltzmann’s constant, is the absolute
temperature of receiver noise, is the load resistance,
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Fig. 2. AGs against MFH and MQC at: (a) 2.5 Gb/s and (b) 10 Gb/s (P =
�6 dBm).

Fig. 3. BER versus number of active users for: (a) AG and (b) MOLR at 2.5
Gb/s and P = 0 dBm.

is the optical source bandwidth, is the number of simulta-
neously active users, and , and are the parameters of the
BIBD. The phase induced intensity noise, the photodiode shot
noise and the thermal noise are taken into account. The scheme
capable of suppressing the MUI shown in Fig. 1 is considered.
The bit-error rate (BER) can be calculated using the Gaussian
approximation [2], [4] .

The results of calculations are shown in Figs. 2 and 3, where
the performance of MOLR and AG OOC families are compared
against Hadamard codes [9], MQC [4], and MFH [2], in the
presence of the phase induced intensity noise, the photodiode
shot noise and the thermal noise. The system parameters are:

, central wavelength 1550 nm, ,
, and photodiode quantum efficiency 0.6. The

bit rate per channel in Fig. 2(a) and Fig. 3 is 2.5 Gb/s

GHz , while that for Fig. 2(b) is 10 Gb/s. The effective
power of a broadband source at the receiver is set to 6 dBm
for Fig. 2, and 0 dBm for Fig. 3 (reader is referred to [10] for
the broadband light sources suitable for SAC applications). It
is not difficult to see that the codes proposed here outperform
MQC and MFH in terms of BER performance and cardinality.
For example, the AG with , and (the
codeword weights are 17) supports 288 users, while MFH with

(codeword weights are 17) supports 256 users. For BER
of , the system employing AG codes supports 21 2.5-Gb/s
channels resulting in the total capacity of 52.5 Gb/s. Moreover,
our code families have much larger flexibility in choosing the
number of users, which is due to the fact that in our construction
two or three parameters ( and in MOLS, and in MOLR,
and , and in AG) can be varied, as opposed to just one
free parameter ( or ), in MQC or MFH. Finally, our OOC
construction algorithms are very simple.

VI. CONCLUSION

Two novel OOC classes based on mutually orthogonal Latin
square/rectangles and finite geometries applicable to both syn-
chronous and asynchronous incoherent optical CDMA for the
following classes of systems: spectral-amplitude-coding, time-
spreading encoding, and fast frequency hopping schemes are
proposed. The proposed constructions offer a larger flexibility
in choosing the number of users than previously reported OOC,
and the construction algorithm is very simple. Novel balanced
SAC decoder/receiver for MUI cancellation dealing with un-
equal in-phase cross correlation of optical orthogonal codes is
also proposed.

Spreading sequences of both MOLS and FG OOC families
can be partitioned into parallel classes, and the sequences from
different parallel classes can be assigned to the adjacent fre-
quency bands in the fiber Bragg grating implementations. In
such a way sequences corresponding to adjacent (not ideally de-
coupled) frequency bands will have zero cross correlation.
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