o Coceneet) Bt

- :‘Redu‘c‘ﬁon'('l)f )i.[itér(:haﬂne'l interfef_ence noise in
_ a two-channel, grating based OCDMA system using
a ndnlin_ear optical loop mirror

Ju Han Lee, Peh Chiong Teh, Periklis Petropoulos;
‘Morten Ibsen, and David J ..Richardson
Optoelectronics Research Centre, University of Sorithafnpton
Highfield, Southampton, SO17 1BJ, United Kingdom

Tel: +44 2380 593138 Fax: +44 2380 593142 Email: jhl@orc.soton.ac.uk

Index terms: Optical signal processing, Optical switching, Gratings, Optical fiber

communication, Optical fiber devices. .

Abstract

We show that a nonlinear optical switc-:h can bé used t;) suppress the interchannel
noise generated under multi-user dperétlioﬁ within a coherent, direct-sequencev OCDMA
system. By incorporating a simple Nonlinear Optical Loop Mirror (NOLM) within the
receiver we demonstrate a 3.6dB power penalty reduction in a two channel, 1.25 Gbit/s,
64-chip, 160 Gchip/s grating based direct sequence OCDMA system. Even greater
improvements in system performance were obtained at a data rate of 2.5 Gbit/s, where
~ the noise due to the overlap of adjacent decoded data bits also needs to be suppressed.
In both instancesl the systém. perfo_rmaﬁc‘eunder‘ two-éhanne] operat:ion with rnonlinear
ﬁlger_ing was Shom to be qomparable to‘filét achievgd under si'nglé; chaqnei‘ Qp'gration

using the conventional matched-filter approach.



I. Introduction

Ob&ca] ﬁéttem genératibn and redog11ition are likely to prove important functions m
future high-capacity optical networks. Thésé ﬁ.mctipns- are required for example for
header Ar‘ecogxylition in ultra-fast OTDM packet swit(;hed networks, aﬁd for use within
Optical Code Division Multiple Access (OCDMA) systems [1,2]. OCDMA is the
optical analogue of the CDMA technique, applied with such success to t'he field of
mobile communications. OCDMA is still in thé very‘ earliest stages éf technological
development but is attractive for a number of reasons including the scope it offers fér:
networks_ with high bonnecti_vity; more flexible bandwidth usage; asynchronous access;
and improved system security.

Superstructu?ed Fibre Bragg Gating (SSFBG) technology represenfs an attractive
means to produce compact, and potentially low-cost ,\Somponents for a wide range of
pulse procéssing applications, including pulse pattern géﬂeration and recognition [3,4].
. Recently we demonstrated the suitability of SSFBGs for generating, recognising and

recoding 64;bit long, 160 Gchip/s, phase-encoded optical pulse sequences [5]. In all of

our SSFBG based optical pattern recognition experiments to date we have relied upon
the principle of simple matched filtering. Whilst good error free performance has been
-demonst_rated one can envisage incorporating additional nonlinear components within

SSFBG based processing schemes to either improve the performance, or to extend the

functionality of this technical approach. We recently achieved the first results in this

direction by incc;rporating, a fiber b.‘ased nonlinear optical loop mirror (NOLM) in a

siﬁglé—channel difect sequénce-OCDMA receiver, échjeving error-free, perfalt.y-f'ree.

operation [4].



In this ;saper_v‘ve (epo& forh tl';é ‘ﬁr_st ttlimeA: 'th.e' ‘use; (;f..a ﬁonlinear dptical switch t-o.
reduce :‘th‘e intérchénnei "iﬁterferencé hﬂ;)ise 4ger.1ef_‘éted u_nd'ef multi-uée;r-bperation of ‘ar
| SSFBG Sased OCDMA syétem. We demorllstn;te code recognition quality improvement
-in a two-channel 64-chip, bipolar OCDMA code:decodé system using a NOLM within
the receiver.. The nonlinear switc:hring respgﬁse of the NOLM is shown to significantly
reject interference noise in regions of temporail overlﬁp of the cross-correlation
signature§ of thé individual coded bits, and enhances-the pattern fecognition contrast

achievable using matched filtering alone.



II. Experiment setup and results

Ou_r'--exl.)erix;l_enta_l setup for assessing the perfonnanee_ of a muitiple user access
system is Vshown in Fig. 1. Pulses of '2.5ps duration generated using a mode-locked
soliton ﬁber ring laser operating at 10 GHz, were first gated down to a lower repetltlon '
frequency, and encoded with pseudorandom data at either 1.25, or 2. 5 Gbit/s. The data
pulses were then split using a 3dB coupler and fed onto two separate encoder gratings,
denoted CI and C2 respectively, before being recombined into a single fiber using a
3dB coupler. The individual encoding SSFBGs contain phase-coding information
within their refracti\'/e index profiles as defined by two separate, ‘orthogonal’, 64-bit
Gold codes, such that the impulse responses of the SSFBGs correspond to 64-chip,
phase-encoded pulse sequences. Once the data pulses are reﬂected from gratings C1 and
C2 they generate two distinct data streams encoded with.eii-:her one of the two distinct
codes. Note that there was a significant difference in passage time through the system
for each of the individuaﬂy coded data streams so as to remove any possible correlation
between the data arriving at the receiver from the two channels. Moreover the relative
passage time of the two channels could be fine-tuned to allow anywhere between no and
full temporal overlap of the codes at the receiver. Fig. 2(a) shows the spectral
reflectivity profile of the two 64-chip, bipolar, phase-shifi-keyed Gold sequence
SSfBGs C1 and C2. These particular gratings are more fully described in Ref. [5]. The

corresponding chip duration is 6.4ps. (chip rate = 160 Gchip/s). The eeded data pulses
thus had a total duration of ~400ps. Intefchanﬁel intefference noise oﬁginates from
intex;ference between t};e essentially singly-peaked and intense pattern recognition

signature and the temporally extended, low level.cross correlation signatures associated



\%}it}i ;Jthef c;)dés‘.prése.ntv\;it};in thé incid'én; éignal beam, Whlch cén I‘Je‘ conﬁrméd
through a coﬁﬁ%aﬁso_n of th.e'"t.héore_':tic‘al auto-: and cross-correlation traces: between the." |
two codes as showﬁ in Fig. 2(b).’

, | The two distinct data channels were then fed to a single dec‘ode grating (C1%)
»designed to pfovide matched ﬁiter opefatio:n to grating C1. The reﬂectioﬁ of data pulses
encoded with Cl, from C1*, thus results i‘n.therﬂl)nnation of a short chip-length long
autocorrelation pulse on a broad ~800p§ long, low level pedestal. This _éhort pulse can
théf; be used'tq detect a code recognitiqn signéture. No- such short pulse is generated
when pulses encoded using C2 are reflected from the grating due to the particular
propertieé of Gold code sequences. The output froni decoder grating C1* could either be
detectéd and characterized directly, or passed through a NOLM before characterization.
The NOLM was made from .a 70:30 _cbu;iler and 6.6km of dispersion shifted fiber
(DSF), and was designed to prévide both a high switching efficiency and pulse
compression. The NOLM serves to remove both the-low-level pedestal asspciated with
the presence of the second channe:i, and the finite background on the decoded pulses,
that are obtained by simple matchéd ﬁ]tér’iﬁg, resultir.;g in improved system
performance. The soliton order inside the NOLM is N=~3 and the soliton period is 6km
(assuming a pulse of the chip duratiqn) [6]. Erbium doped fiber ampliﬁers (EDF;/\)
optimized for low—noise operation at 1558nm (the operating wavelength) were
incorporated within system at appropriate positions to compensate for the loss of
various elements such as the transmission line, optical circulators, and couplers. Note
that in order to obtain op_tirﬁ-al perfdnnance of the Nb_LM_ peak power of the signal

needs to be maintained. Therefore in any practical system, if the total number of



channe.l‘s into the power amplifier wﬁs to be changed it would be necessary to change‘ .
| thje ;ve‘r'agé o(xtput pbwer of the :amp‘liﬁ‘er in order to maintain the optimal peék power.
We berformea system tests at the data repeﬁtion rates of 1.25Gbit/s and 2.5Gbit/s.
The pulses in each channel were set to fully overlap temporally at the detector so as to
maﬁmize the impact of interchannel interference. As can be seen comparing the eyé
diégrams, in Fig. 3'(a) and (b) the ten]poral overlap of the two orthogonal codes results in
sevére inteffereﬁce noise at the receiver without the NOLM in place. Ho'v-vever, as can
be seen in'Fig. 3(c) the quality of the eye opening is drasﬁcally improved -by nonlinear
filtering of the matched filtered signal, resulting in a substantial improvement in the
BER performance of the coding:decoding process. The measured BER plots are
summarized in Fig. 4. For a data rate of 1.25 Gbit/s errér-ﬁee operation with a 3.6dB
‘power p.em;lt;rleduction relativé to simple matched filtering alone was obtained through
the use of the NOLM. The residual power penalty of ~1.6dB is comparable to that
achieved for single channel operation without the NOLM [4]. We believe the penalty in
the two channel experiments to be due primarily to the contribution to the received
average power made by imperfect suppression of the second (‘orthogonal’) channel.
The benefits of using the NOLM at the higher data rate of 2.5 Gbit/s are even more
manifest. In this instance it was not possible to get error free operation without the use
of the NOLM. The power penalty relative to the back to back in this instance was
2.8dB, and which again was similar to that obtained for conventional single channel
6peration at this data.rate. Note that at a data rate of 2.5 Gbit/s th; individual pattern
- recognition signatures whicf; .each have a length of l~800ps overlap, providing an

additional element of intereference noise, hence the slightly increased power penalty

relative to the 1.25 Gbit/s case i'n_,_which no such overlap occurs.



Fmally, ’l;n Flg 5 we plot the <results éf SHG autocoﬁelatlon .me‘:asurements' of the
pattem recogmtlon pulse both before and aﬁer self-swntchmg by the NOLM The
ped‘estal. rejection and pulse reshapmg effects are seen to be significant. The pulse width
after fhe NOLM is about the ‘same' as that of the input pulses derived from the laser

which is signiﬁcaﬁt if additional reprocessing of the bit, e.g. recoding [5], is required.

-



III. Conclusion

| .We have expériﬁleﬁtally _yd‘emonstrated that thf‘b‘ perfonnancé of multi-user OCDMA
systém's can be sighi.ﬁcantly enhanced through the addition of a simple nqn]inear optical
switch at the receiver to réjeﬁt both inter-channel énd intra-channel cohereﬁce noise.
Error ffee performance can be more. reliably obtained with a considerable power penalty
redUctioﬁ, moreover cleaner, shorter pattern recognition signatures are obtained. This
latter fact is important if ﬁu‘ther optical processing of the data should be required. In our
experiments to date we used a fiber based NOLM however semiconductor based

nonlinear devices should offer similar system benefits.
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Figure captions

F igure 1. Experimental setup for a two-channel 64-.chip,‘ 160Gchip/s grating based'
QCDMA code:decode systém. /

Figure 2. (a) Spectfal profile 9f_ SSFBGs for a 64-chip bipolar phase shift kéyed Gold

| sequence corresponding tc; two codes {C1 and C2) used in our experiment, (b)

theoretical waveforms qf auto- (Cl:Cl*). and cross-cofre]ation (C2:Cl"“)
between the two codes prtor to fhe NOLM.

Figure 3. Eye diagrams at 2.5Gbit/s. (a) Back-to-back (b) After matched filtering only
(c) After self-switching by the NOLM.

Figure 4. BER versus received-optical power for 2-channel operation at 1.25Gbit/s and
2.5Gbit/s.

Figure 5. SHG autocorrelation traces of the central auto-correlation spike of the decoded

signal; solid line: after matched filtering (C1:C1* + C2:C1*), dashed line: after

subsequent nonlinear switching by the NOLM. The data rate is 2.5Gbit/s.
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