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Optical code-diﬁsion multiple ac;,cess (OCDMA) has .recentily attracted significant
interest as an alternative transmission scheme fof applicatioﬁs,that require hiéher
privacy levels, asynchronous operation, more flexible bandwidth management, and
potential for higher connectivity. Its operation relieé on assigning to each user
particular waveforms (codes), eachrc.c')de correspondiﬁg to one data symbol. The codés
are transmitted and décoded at the.iﬁtended recéiver end by matched filtering. Thus,
simultaneous transmission of several users over the same wavelength allocation is
possible. However, the problem of generating (and recognizing) appropﬁately coded
optical signals is not trivial. Synthesis of the codes using electro-optic modulation is
possible but not desirabie due to the bandwidth limitations associated with the‘:‘
modulators, v;fhich would necessarily restrict the effective transmission rate to
relativeiy low iralues§ moreover it would be expensive. All-optical solutions are thus
required and indeed several have been suggested and demonstrated. These include the
use of optical delay lines [1-3], phase encoding in the wavelength domain using
arra.yed wav_eguide gr;ltings [4], and spgt_ial modulation c;f light m a 4f _pulse shaping

system [5].

Fiber Bragg graﬁﬁgs (FBG’s) ‘constitute passive spéctral filters and can be used for the

_ "same purpose, o_fféring at the same time sigﬁiﬁcant:advantages 0\-/er"tv1"1’é,-' -



aforemeﬁtioned "alternatives, such as ready integrability with fiberized systems,

. compactness and low fabrication cost. Moifé FBG’S [6] or arrays of uniform FBG’s
[7] hgvé-been suggésted for wéw;eiengﬂl vencolding of pulses ‘(frequency-hoppiﬁg
CDMA) and the approach has béen demonst-fated experimentally. Méreover; it is also
possible to use fiber gratings for pulse eilco'ding,m the time domain as required for
‘direct-sequence CDMA [8, 9]. We have focussed our attentioﬁ on the use of
superstructured fiber Bragg gratings (SSFBG’s) for this purpoée [10]. SSFBG’s are
single grating structures having a élowly varying amplitude and/or phase pattern
(superstrﬁcture) imposed upon a uﬁiform background reﬁacﬁve index modulation. In
the weak grating limit, (reflectivity R<20%), the shai)e of the impulse response
follows directly the shape of the spatial superstructure. Thus CDMA codes can be
written directly into the SSFBG, such that short pulses rreﬂected ﬁom the structure are
shaped into tile code words. Pattem recognition can be achieved by the inversé

_process [1 1]. We have previously valida_ted the SSFBG approach in gproof-of—
-principle experiment operating using 7-chip unipolar code sequences, with a chip

duration of 235ps and a data rate of 125MHz [8].

In the work described herein, we investigate the possibility of using the SSFB‘G
teéhnique to implement code words with chips of much shorter duration, .as fequired
in high bit-rate systems. We experimentally demonstrate bipolar (phase-shift-keyed)
pulse encoding and decoding at a data rate of 10Gbit/s, using 7-chip codes, with a chip
- ldura'tionv of 6.4ps (resulting in an aggregate code-word duration of 44.8ps, and a chipl

.ra‘te of 160 Gchip/s).

. Our exberimental set-up-is shown in Fig. 1. The primary pulse source was an actively -
* and harmonically mode-Tocked*erbium fiber ring laser (EFRL) which delivered ~2ps

-



: soﬁton- pulses at #repeﬁtiOn rate of 10GHz. ﬁe pulses were modulated :.1t 1_(_)Gbit/s. |
using a 2*'-1 pseudorénd‘om bit sequence, and fed to the en'coder SSFﬁG by means qf
an optical circulator. 'fhe encoded seqﬁence was subsequenﬂ&- decoded‘ﬁéi:ié é second
SSFBG, which was matched to the encodér grating. The resulting code—coqelation
pulse was then detected using either a 10 Gbit/s feceiver or Second Haimoniq
Generation (SHG—) autocorrelator. Nofe that we performed experiments with either
back to back encoding:decoding, or after propagation of the e’nﬁéded signal dver.a

25km long standard fiber transmi‘s-sion line, incorporating a‘linearly chirped FBG

(LCFBG) to compensate for the fiber’s dispersion.

The ;peciﬁc code that we used was the 7-chip binary M-sequence 1110010. Each of
the SSFBG’s was 4.64mm long and each chip in the SSFBG structu'res:was Lehip =
0.66mm long, corresponding to a chip duration of Tchip = 2nLepip = 6.4ps (i.€. a chip
rate of 16biiUs). Note that thzs is just over three times the length of the input pulses
fhercby ensuring that the code sequences generated closely followed the form of the

idealized impulse response.

The SSFBG’s were written using the continuous grating writing technique {12]. This
technique allows flexible tailoring of the FBG amplitude and phase characteristics, as
the grating;v. are written plane by pIane, hence there is no need for specially patterned
phase masks. The technigue is not. limited by tﬁe inherent imperfection associated
‘» with the fabrication of long phase mgsks and allo@sfor excellent control along
. considerably longer grating structures than described here. The bii)olar code was
"implemented by'introduéing-distinct 7 phase shifts into the refractive index = -
r"inodul‘ation profile of theSSFBG;s, distributed as{d:eﬁhed.by our choice of.M—‘ '

) §equeﬁce code (see inset Fig.2). The measured spéétrz;{" response of the SSFBG’s is



shown in Fig.2 along with the design response. The decode SSFBG was identical to
the encoder other than that the modulation proﬁle was spatially reversed re'lativ-e: to the

encoder to provide the temporally inverted impulse response.

A trace of the encoded waveform is shown in Fig.3b, obtained usi_ﬁg,a fast photodiode
and a sampling oscilloscope (aggregate baﬁd_width: ~420GHz). Obﬁously, the phase
cha:ractferistics of the encoded wavef(_)i'm cannot be detected un_der square-law
detection, however reshaping of the initial pulses (Fig.3a) to a pattern of a similar
duration to that of the design code is clearly observed. Unfortunately the restricted
bandwidth of our meaﬁurement system means that we cannot directly resolve the
individual chips within the code. However the fact that the encoded pattern appears
flat topped is an indication thqt the whole SSFBG structure contributes eqlially to the
re;ﬂection of the incoming pulse as reqqired from our weak-grating design hmlt A
comparison between the obtained SHG-autocorrelation signal and that theofetically
calculated, gives a further insight on the quality of the encoded waveférm (Fig.4a).
Note that the reflectivity of the gratings was ~50%, greater than the normally accepted
weak grating design limit, and almost an order of magnitude stronger than the gratings

used 1n earlier experiments [8, 9].

The encoded pattern was decoded using the matched SSFBG. Both SSFBG’s were
strain-tuned in order to finely match their operating wavelengths. The corresponding
oscilloscope trace for the decoded pulses is presented in Fig.3c, which clearly shows
that short, distinct pulses ére reformed. We examined the decoded pulses using the-
SHG intensity autocorrelator, in order to assess the duration' of the resultant
_gorrelation signal. The trace we obtained is shown in Fig.4b, and is compared to the '

' “theoretical intensity autocorrelation function of the decoder résponse to the iticident



N

code pattern for an initial 2ps soliton pulse input. The agreement between the two
traces is seen to be excellent. Note the slight background fhat extends.up to ~ +40ps
away from the main peak is'actually part of the decoded signal, the total duration of

which is nominally twice that of the code, i.e. 89.6ps.

We transmitted the cbdes o&er the _25krn long dispersioﬁ-cbmpensated transmis'sion__:
line. An intensity autoéorrela_tion trace of the decoded éignal in this instance is also
shown in Fig.4b. Thérér is evidence of some signal degradation m terms of the
background suppression, however the effect is very small. Nevertheless, one should
appreciate the stringent requirements imposed on the di‘spersion compensation in this

case, since the aggregate transmission rate is 160Gbit/s as dictated by the chip rate.

We performed Bit-Error-Rate (BER) measurements on the decoded signal, both with
and without transmission. The results are summarized in Fig.5. Clear eye diagrams-
were obtained and there was virtually no power penalty associated with the

transmission.

In conclusion, we have demonstrated pulse encoding and decoding at a data rate of
10Gbit/s using SSFBG’s. The code we used was a 7-chip long phase-shiﬁ keyed
pseudorandom sequence with a chip rate of 160Gchip/s. We believe this technique
offers tremendous possibilities for practical passive pattern generation/recognition, as
required in OCDMA systems and packet switched networks [13]. Any practical -

system will of course, require longer codes, in order to accommodate more users and

‘we are currently actively invéstigating this issue.

The authors wish to thank Mr. A. Fu, Dr. H. Geiger and Dr. R.I. Laming for useful

discussions.
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Figure captions

Fig. 1 Experimental set-up (MOD: LiNbO; electro-optic modulator, EDFA: Erbium

doped fiber ampliﬁer, SMF: single-mode fiber)

Fig.2 Spectral response of the 7-chip 160Gchip/s bipolar encoding SSFBG (solid
line: measured response, dashed line: designed response); the bipolar' code is shown

inset in the figure.

Fig. 3 Oscilloscope traces of (a) the incoming 2ps pulse stream (b) the encoded

pulses, and (c) the decoded pulses (detection bandwidth: ~20GHz — 30ps/div).

Fig. 4 Intensity autocorrelation functions of (a) the encoded waveforms, and (b) the
decoded signals before (dashed line) and after transmission (solid line); the theoretical

intensity autocorrelation traces are also shown (dash-dot lines).

Fig. 5 BER measurements of the decoded signal before and after transmission. An

eye diagram of the decoded signal after transmission is shown inset.
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