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Abstract 

Classical code division multiple access (CDMA) principles can be translated to the optical domain, 
resulting in all-optical derivatives of electronic systems. There are a number of ways of realising an all- 
optical CDMA system, classified as incoherent, coherent and approaches based on encoding in the 
frequency spectrum. This paper will review the progress made to date in the incoherent regime, the most 
straightforward implementation based on the power summation of optical pulses. The review will cover 
the basic principles of incoherent CDMA, the nature of the codes used in this approach and the resultant 
limitations on system performance with respect to the number of stations (code cardinality), the number 
of simultaneous users (correlation characteristics of the families of codes) and hardware requirements. 
The paper will present the latest developments with respect to the integration of conventional time spread 
codes, used in the realisation of these networks to date, with wavelength division concepts, commonplace 
in optical networking. These new families of codes exhibit an unprecedented set of characteristics when 
compared to existing unipolar codes in terms of their efficiency and correlation properties, allowing the 
goal of a large, asynchronous high speed network to become more feasible 

Introduction 

Code division multiple access (CDMA) principles can be translated to the optical domain, where the 
enormous bandwidth offered by single mode optical fibre is ideal for this spectrum spreading 
transmission technique. Implementation of the encodingldecoding function directly onto the optical 
carrier through optoelectronic means results in all-optical equivalents of the classical electrical systems. 

There are a number of approaches to realising an all-optical CDMA system, the most general division 
being into incoherent [1,2] and coherent systems [3]. The simplest implementation, subject to the most 
rigorous development utilising readily available componentry and direct detection, operates in the 
incoherent regime (with coherent schemes, the phase information of the carrier is crucial in the 
despreading, and consequently due to the nature of optical fibre transmission and its phase noise 
limitations, the complexity of the receiver makes the approach more difficult to realise). Optical CDMA 
systems can be further divided into systems employing encoding into the time position of the pulses (time 
spreading) [ 1,2]; systems using PPM modulation [4]; systems with encoding into the temporal 
frequencies spectrum (pulse shaping) [5,6]; systems with encoding into the spatial frequencies spectrum 
[7,8] and systems based on two-dimensional timehpace or time/wavelength encoding [9, IO]. 
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This paper will be confined to a presentation of the principles involved in the incoherent approach and in 
particular, systems realised through time spreading sequences and their integration into two-dimensional 
time/wavelength encoding. 

Incoherent OCDMA 

In incoherent all-optical systems, the correlation procedure incorporates non-coherent direct detection 
based on the power summation of optical pulses. The general configuration for the encoderldecoder 
follows a matched filter geometry, able to generate any family of code (Fig. 1 a). Usually a single pulse is 
fed into the encoder generating a train of pulses representative of the time spread sequence. At the 
decoder, the pulses are delayed and recombined accordingly to reconstitute the original signal. Since the 
correlator relies on the summation of pulses all originating from the same source, coherent effects play an 
important role, the correlator effectively being a network of interferometres. Therefore in order to ensure 
a reproducible power addition, the coherence length of the laser should be less than the mismatch in the 
delay lines in the encodeddecoder pair. Although capable of generating any code sequence, the 
configuration in Fig. la is very hardware hungry: for a code sequence of length N, the encoder/decoder 
comprises of 2(N-1) couplers, N switches and the total length of the delay lines is N(N-1)/2. Much less 
hardware is needed when a code sequence can be generated using the tuneable delay line network, 
depicted in Fig. 1 b, as a building block. 

Fig. 1. Encodeddecoder for time-spreading codes: a) general matched-filter network; b) tuneable delay 
line network. 

To date, the penetration of incoherent optical CDMA (OCDMA), where operation is confined to the 
unipolar regime, has been hindered by the nature of the available codes. Bipolar and related codes 
developed for the electrical domain cannot be applied to incoherent systems because the optical domain is 
positive in nature; pulse subtraction cannot be realised in a straightforward manner. Additionally, zeroes 
do not carry energy. The requirement for incoherent codes with high autoccorrelation (and hence large 
number of “ones”) and low crosscorrelation (small number of “ones”) has resulted in very sparse, 
inefficient codes with low Hamming weight, containing a small number of codes in the family. An 
additional requirement on the families of codes that the out-of-phase autoccorrelation (autocorrelation 
sidelobes) be as small as possible has emerged in order to facilitate the synchronisation phase and 
therefore avoid complicated circuitry for synchronisation which would appear as an electronic bottleneck. 
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Coding 

~~ ~ 

ooc 
block 

Although not the first codes to be developed for incoherent OCDMA systems, optical orthogonal 
codes(ooc) feature the ultimate characteristics of codes for use in the unipolar optical domain with regard 
to their correlation properties; their cross-correlation is at most one as are their autocorrelation sidelobes 
[2]. There is no specific algorithm for their generation as long as their orthogonality relations are 
preserved. Thus there is no general rule to the size of the code family and bounds (based on the Johnson's 
bound) on the code cardinality were established. Different ways of code generation have been discussed, 
all relying on complicated procedures [ 1 11. 

ooc N=96 1 w=8 
prime pL=961 p=3 1 

Besides the optimal correlation properties of the codes, other properties have to be considered when 
designing a system. Further investigation reveals that there are very few codes in the family of ooc codes 
e.g. for a code length of 341 and weight 5, there are at most 17 codes in the family [ll]. Larger 
cardinality can be achieved by either increasing the length of the codes or decreasing the number of ones 
(Hamming weight). Another major drawback in using ooc codes is that they can only be generated using 
the hardware hungry architecture depicted in Fig. 1. 

block 
2" 

Prime codes have been central to many time spreading incoherent OCDMA developments [ 1,121. Similar 
to the approaches used in frequency hopping applications in the electronic domain, the code algorithm 
relies on a block design where a code consists of many blocks each containing a single pulse. For any 
prime number p a code comprises p blocks of length p ,  the position of a pulse within the block being 
determined using the linear congruent operator. Hence, p codes of length p2 and weight p are generated. 
The crosscorrelation of the prime codes is at most 2 [12] but their auto-correlation is much worse and in 
certain time shifts the sidelobes can be as high asp-1 [13]. 

eqc p(2p- 1)=103 5 p=23 
m o h r  N=961 (t3=31) w=8 

The prime codes feature more codes in the family in comparison to ooc. Additionally they can be 
generated more economically using a parallel-serial network of delay lines and switches [ 141. The basic 
building block is a tuneable delay line, able to address any possible delay in a block of length p (Fig. lb). 
It comprises k+l switches in k stages where k=log2p, significantly reducing the switch requirements. 

2 0  
2 0  

I familv 1 code I length I weight 

prhop pL=961 p=3 1 
eqc/pr p(2p-1)=1035 p=23 

I I \I I I 2" I bmcooc I N=960 I w=8 

cardinality 
(N- 1 )/w(w- 1 )=17 
p=3 1 
p- 1 =22 

p-2=27 
(N-w)/w(w- 1 )+1=18 
pCp- 1)=930 
p(~-1)~=11132 

A I C 1  
1 I 1  I 

I I 

p - 1 ~ 3 0  2 rtz-l 
-El W -  1=7 
0 I 1  I 
0 1 2  I 

Table 1 : Characteristics of several code families: A- maximum autocorrelation sidelobes; C-maximum 
crosscorrelation; p- prime number. 

The architecture for code generation employs 2(p- 1) couplers and (p-1)logG switches and the total length 
of the delay lines is p(p-1) + p2@-1)/2, the first part associated with the tuneable delay lines, the second 
being due to the fixed delays at every branch of the network. In this geometry the switching rate of the 
switches is low, only reconfiguring whenever a new user is to be addressed. It can be simplified even 
further by utilising mode locked lasers with a higher repitition rate in tandem with one tuneable delay 
line; the pulses from the laser are generated at a ratepR, R being the information rate and the switches in 
the tuneable delay line should be readjusted at the same rate. This architecture needs log9 switches, no 
couplers and delay lines of total length p-  1. 
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Given the code comprises many blocks, different congruent operators can be employed to position a 
single pulse within that block resulting in varieties of different codes[l3,15]. Here, the same hit-array 
used in designing frequency-hopping codes proves helpful, the most noteworthy based on the quadratic 
congruence operator. Increasing the block length, extended quadiatic congvuence codes (eqc) were 
developed featuring crosscorrelation of at most 2 and autocorrelation sidelobes of at most 1 [ 151; using 
the Welch-Csstas array a new family of o m  codes were developed featuring similar properties (and 
limitations) as the ooc codes but which can be generated much more efficiently using tuneable delay lines 
[161. 

The tuneable delay line network in Fig lb assumes the form of ladder network, capable of generating 2" 
pulses in n stages when the couplers are replaced with reconfigurable switches. Given that the ladder 
network is the most efficient way of generating optical codes, attempts were made at modifying the prime 
codes so as to make them amenable to generation in this manner. An n stage ladder network can only 
generate codes of weight 2" with a symmetric distribution of ones; thus it is necessary to modify the 
original prime codes [ 171. The most successful approach replaces entire blocks with zeroes, thereby 
breaking the symmetry whilst maintaining the correlation properties of the original codes ( m w r  codes 
in Table 1). The procedure does result in sparser codes leading to a family with fewer members, a price 
to be paid for more efficient generation. At the same time, using the block multiplexing approach, a 
family of codes for ladder networks having crosscorrelation of at most 1 were developed (bmcooc codes 
in Table 1) [ 18 1. The codes have similar cardinality as the ooc codes. 

Finally, attempts were made to modify the existing bipolar codes for implementation in the incoherent 
regime: by using Manchester coding, energy was assigned to the zeroes, making it possible to recognise 
zeroes also. Use was made of balanced detection to achieve an agreements minus disagreements 
recognition scheme [ 19, 201. 

Some properties of several code families are summarised in Table 1 in terms of code length, Hamming 
weigth, code cardinality, maximum crosscorrelation peak C and maximum autocorrelation sidelobes A 
for a general case and for a specific numeric example. 

Hybrid Codes 

In order to circumvent the limitations of these classical time spread sequences, a new family of 
incoherent codes based on the integration of time spreading and wavelength hopping have been recently 
reported. Now every pulse (one) in the time spread pattern is transmitted at a different wavelength. 
Assuming a time spread pattern with Nt codes and wavelength hopping pattern giving Nh different 
sequences, the total number of codes in the family is N&, a large increase over existing codes. The effect 
of this proves advantageous on a number of levels. Now in addition to pulse coincidence, the pulses must 
also match in wavelength. Thus straightforward optical filtering limits interference from other users. 
There are a variety of algorithms that can be applied to the spreading and hopping patterns. The routines 
chosen and the interplay between them allows flexibility in code realisation, the type of code constructed 
being driven by system performance. 

Using the prime algorithm [12] for the hopping and spreading patterns yields a family of codes 
designated as prime-hop [9, 211. The number of hopping patterns is p-1 (the first hopping pattern is 
discarded as trivial), the number of spreading patterns is p, giving p@-1) distinctive codes of length p2.  
The auto-correlation function features a peak p units high and no sidelobes and the maximum cross- 
correlation peak is 1. In addition to the basic structure of the codes, there is an extra layer of design 
flexibility viz. symmetry. The symmetric design uses the same algorithm for spreading and hopping; the 
asymmetric design makes use of different prime numbers for the spreading and hopping pattern i.e. ps 
andph. For ph >ps  there are more wavelengths available in the prime hopping pattern than pulses in the 
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spreading one, each pulse being assigned a different wavelength without wavelength re-use, causing a 
specific wavelength to appear only once in the code sequence. For p h  < ps there are fewer wavelengths 
available than there are pulses to be coloured; therefore a wavelength re-use strategy needs to be 
employed. Having a single wavelength appear only once in a code sequence guarantees that the 
autocorrelation sidelobes are non-existant, not so in the case of wavelength re-use. Some characteristics 
of theprime-hop codes are listed 
in Table 1 (pr/hop codes). 

Under certain circumstances the correlation properties of prime-hop sequences are governed by the 
original limitations of the spreading pattern. Therefore the flexibility in code design is compromised. To 
overcome this limitation a different base for the spreading pattern may be used. Using the eqc codes for 
the spreading pattern [ 151 and due to the superior autocorrelation characteristics of eqc codes, the number 
of suitable hopping patterns can increase substantially without deterioration of the correlation properties. 
Furthermore the code structure allows the utilisation of not only the prime codes but also their cyclic 
shifts for the hopping process. Thus p-1 shifts of the original wavelengths are possible giving p@-1) 
hopping sequences and hencepe-1)2 member in the family, a large increase over the number obtained 
with other code formulations. These new sequences are called eqchrime [22] and their characteristics are 
summarised in Table 1 under eqchr. It is worth mentioning that eqchrime can also assume the form of 
assymetric sequences in which case the code cardinality is ph(ph-I)(ps-l) and could be further increased 
dependent on the number of available wavelenghts. 

Systems Considerations 

The hardware demands are central to the successful implementation of networks based on these codes, 
the crucial functions being that of code generation and recognition. The least hardware hungry 
architecture for code generation makes use of the tuneable delay line encoder in tandem with a tuneable 
laser source (for hybrid codes). The tuneable delay line needs to be configured in order to place the pulse 
in the proper time slot of a code block. The switching rate of the switches and the tuning rate of the laser 
source should be (ps(2p,-1)R)/(2p,-1) =p& where R is the information bit rate. Hence by feeding pulses 
from a tuneable source every p& seconds and by reconfiguring the delay line network, each pulse can be 
properly delayed and the code sequence generated. Thus at very high bit rates and/or large spreading the 
tuning requirement of the laser becomes a limiting factor. 

Alternatively, a parallel network of filters can be situated before the tuneable delay line to select the 
proper wavelength, the switches operating at the same rate (pa), less of a limitation since optical 
crosspoints with sub nanosecond switching times are available. In order to incorporate low rate switches, 
a series of tuneable delay lines can be grouped in parallel so that the generator needs to be updated only 
when a new user is to be addressed. The number of switches for the optimum, geometry is log,(Np)+l 
where Np is the first power of two number greater than (2ps-1); the second optiqp employs ps+10g2(Np)+1 
switches and ps  filters (for hybrid codes) and the last configuration comprises 01,- I)(10g2(Np)+l) switches 
and ps  filters. There is therefore an obvious trade-off between component count, performance and cost. 

Recognition of the sequences can be executed, most simply, in an architecture comprising directional 
couplers, fixed or tuneable filters and fixed delays in a parallel configuration. As a general principle, 
however, any of the architectures used in the generation of the sequences can be used in their recognition 
(in reverse). It must be noted that this type of componentry is available presently due to the worldwide 
activity in the area of WDM networking and will improve in performance and reduce in cost with 
increased penetration of these systems. 
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The added advantage of employing different wavelengths for every pulse in ihe code sequence is that it 
removes the restriction of using very low coherence laser sources in order to obviate coherent effects. 
Since the auto-correlation is constructed by adding together pulses at different wavelengths, the 
separation of which is around 2R (R being the data rate and hence the biandwidth of the detector), 
coherent beating will not occur and incoherent addition of pulses will be obtaiined. Hence advanced laser 
sources can be employed increasing the system bandwidth.distance product, a substantial improvement 
over existing CDMA approaches. 

11 P 
17 
23 
31 

Table 2 summarises some important parameters of eqcbrime symmetric systems for various prime 
numbers p .  N is the code length, K the number of codes, U the number of simultaneous users with a BER 
< Sa, sb, and S, designate the number of switches required in the architectures corresponding to the 
three geometries described previously which can be used to generate the sequences, R,, Rb, and R, their 
corresponding switching rate, Fb, F, the corresponding number of filters. 

sb Fb Rb sc Fe Re N 
s a  6 Ra 11R 6 ’ 11 11R 60 11 KHz 231 ~~1 7 17R 7 17 17R 112 17 KHz 561 80 
7 23R 7 23 23R 154 23 KHz 1035 190 11132 
7 31R 7 31 31R 210 31 KHZ 1891 450 27900 

Table 2. Properties of eqcbrime symmetric sequences for different p numbers. R is the information data 
rate. 

Conclusions 

The integration of classical time spread sequences with wavelength hopping concepts results in the 
formation of new families of codes with excellent characteristics, circumventing the limitation of 
classical time spread incoherent approaches. Exhibiting needle-shaped auto-correlation functions and low 
cross-correlation properties, systems utiiising these codes can support a large number of simultaneous 
users in a truly asynchronous manner. There are a number of degrees of freedom in code design; the 
algorithms used for spreading and hopping; symmetry considerations where different algorithms may be 
used each operation; and under- or overcoloured shemes where a subset of wavelengths may be used out 
of a larger set. Indeed the type of code constructed will be driven by the application. 
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