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1. Introductlon

Future all-optical packet-based WDM networks will exploit all possible domains (time,- space, wavelength, -
polarization, code, etc) to optimize its performances in providing all critical functionality such as data rate/format
transparency, dynamic wavelength provisioning, and dynamic network re-configuration [1]. A fundamental problem '
associated with packet-based network is the contention [2], which could be resolved by a combination of optical
buffering (time domain), deflection routing (space), wavelength conversion (wavelength), and code conversion
(code). Much attentions were given to various contention resolution schemes with the exception of code-based
contention resolution, though OCDM technologies can inherently acclimate themselves to the deployment of multi-
protocol label switching (MPLS) [3] technology.

Currently, all reported code conversion could be grouped into three schemes. The first scheme [4] is based on
coherent method, but its application is limited by the fiber dispersion and polarization disturbance. The second one
[5] relies on look-up table that requires extensive, undesirable OE-EO processing. The third scheme [6] uses an all-
optical logic XOR gate to implement code converter. Nevertheless, none of these study deals with the fundamental
issue of Multi-Access Interference (MAI). Due to the intrinsic unipolar property of optical orthogonal code (OOC)
set, MAI cannot be eliminated and can degrade substantially the performances of packet switching networks. The
main contributions of this paper are the derivation of the fundamental MAI limitations of a generic multi-channel
code converter, and the means to obtain optimal conversion error rate (CER) through the code regeneration devices.

2. Code Converter Archltecture

‘Fig. 1 shows a generic code-converter architecture designed for contention resolution, showmg the four stages
in the necessary code conversion process, i.e., decoding, signal regeneration, optical space switching with add/drop,
and encoding. Though not explicitly specified in the diagram, the scheme can be greatly expanded by including
wavelength as another dimension by inserting filtering and multiplexing elements at the input and output of the code
converter.

At the input, the received signal, the sum of all v1rtua1 optical code channels (VOCC), is equally split into
multiple ports equaling to the total number of VOCCs [6]. Next, each VOCC will be decoded by its corresponding
decoder. This process can be carried out in optical domain and no OE/EO conversions are required. Results from the
decoded optical correlation process are then fed into the signal regeneration stage. This step is necessary in order to

~ suppress the -sub-peaks of the auto-correlation and the MAI from the cross-correlation through threshold devices.
The remaining autocorrelation peak pulse is then used as the source of the following encoder. Though it is not the
main focus of the paper, wavelength conversion (for example, the use of symmetrical Mach Zehnder interferometer
[7]) can also be realized at this stage to provide another dimension of flexibility. The optical space switch in the
third stage allows channel adding and dropping in addition to its routing function. The forwarded channel will
finally be encoded with new codes to become a new VOCC prior forwarding to the next router.

3. Fundamental Limitation

A fundamental limitation of the generic-code converter (Fig. 1) is originated from MAIL This happens when
MAI exceeds the threshold of the gate device at the code regeneration stage, resulting in code conversion error from
the encoder array. Our formulation assumes that there are (1) M simultaneous VOCCs; (2) all VOCC optical sources
- are generated from incoherent light sources to avoid beatings in en(de)coder array; (3) all VOCCs have identical
average input power at each decoder array element, and (4) identical bit rate and signal format for all VOCCs.
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Consider any given channel (take rn=1 for convenience), the decoder output Z of the channel at time 7' is

z'=ij0’r(t)c1 (f)dt=d"K+1,+N (1

where T and T, are the respective duration of data bit and code chip, r(¢) is the received signal, K is the code weight
of the first channel (C;), and d O is the detected data bit of the first channel, which can take.on the values of either 0
or 1 with equal probability. In this equation, d”'K is the desired signal term, I, = 22:2 If,” describes MAI, énd N is
the quantum noises with zero mean and variance oy . Note that /; is the sum of (M-1) interference channels I,(,l) , of
which each 7 ,(,') is a random variable with mean Ko and variance 0'125‘) . With the assumption that 19 are
independent and idenﬁcally distributed, the mean 4, and the variance o} of the Gaussian random variable Z are
dPK+(M -1)p and (M -1)0’ + 0y , where u =4 and o= UZ,, for 2<n<M . Thus, the probability
density function (PDF) for Z is

E(2)=

(z—uzf] o

1
exp
\/ 2702 [ 20,

We can then define the conversion error rate (CER) by
PE ., (Th) =Pr(d® = O)Pr(Z =L, +N2 Th)+Pr(d“) =)Pr(Z=K+L+N< Th)

%UPZ (Zldm=°)dz+7f%(lld“’=1)dz] 3)

where Th is the threshold.

~ To eliminate the lengthy calculation of all the cross-correlation functxons of a certain OOC set, the CER bounds
under two extreme conditions are analyzed: the chip synchronous case corresponding to an upper bound, and the
ideal chip asynchronous case corresponding to a lower bound [8]. For the chip synchronous case, the mean and

variance of the individual interference signals 1% are y = K?/2F and 0 =(K?/2F)(1-K*/2F). For the ideal
chip asynchronous case, the mean and variance are y =K?/2F ando” = (K 2/' F)(1/3—K 2/4F) , where F is the

code length. In Fig. 2, the upper and lower bound of CER is plotted against the threshold value. In comparison of 2(a)
and 2(b), the two traces show similar characteristics. First, there is an optimum threshold value to achieve the
minimum CER. This can be derived from Eqn. (3) and is given by Th,, = K/2+(M -1)K* [2F . The dash line in
fig. 2 shows the trace of They value versus the number of channel. Second, the performance of CER degrades with
the increased number of simultaneous VOCCs, because more simultaneous VOCCs will contribute more MAI. Thus,
the optimum threshold increases with the increased number of VOCCs. Third, there is a CER floor for the proposed
code/wavelength converter. It originates from thc interaction of the MAI and the quantum noise.

4. Conclusion

Code conversion can be a powerful means to resolve the contention in the packet switching network. But
performances of such scheme are bounded by a fundamental limitation originated from MAI. To enhance the routing
capability of future data-centric photonic packet switching networks, a generic all-optical multi-channel code
conversion architecture is proposed for contention resolution. The fundamental performance limitation, Conversion
Error Rate, is derived, and a close-form optimal threshold value is given to achieve the lowest CER. Furthermore,
the scheme can facilitate the deployment of MPLS in the packet-based switching networks.
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Fig. 1. Architecture of a generic multi-channel code converter. '
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Fig. 2. The upper bound (a) and the lower bound (b) of the conversion error rate is plotted against
the threshold value. In the figures, K = 10, F = 1000, o, =0.01, and M =8, 10 and 15 as shown.



