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(57) ABSTRACT 

A hybrid optical transmission System comprising an optical 
transmitter and receiver. The transmitter includes an input 
for receiving an encoding Signal and an encoder arranged to 
encode an optical Signal with any one of a plurality of 
encoding Signatures according to the encoding Signal. The 
optical receiver comprises a grating decoder connected to 
receive the encoded optical Signal from the input, the grating 
decoder incorporating a decoding Signature complementary 
to a matched one of the encoding Signatures So as to decode 
the encoded optical Signal when encoded with the matched 
one of the encoding Signatures. A hybrid System is thus 
provided that uses (passive) grating decoders at the receiver 
in combination with active drive-signal-based encoders at 
the transmitter. In this way, flexibility can be retained for the 
transmitter hardware, whereas the advantages of grating 
decoderS can be exploited at the receivers. 
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OPTICAL TRANSMISSION SYSTEMAND 
METHOD 

BACKGROUND OF THE INVENTION 

0001. The invention relates to optical transmission sys 
tems and methods, more especially but not exclusively to 
Systems and methods based on encoding of optical signals 
using Spread Spectrum techniques. 
0002 All optical generation and recognition of a packet 
address is a key requirement for future high capacity optical 
networkS. Recently optical code division multiple acceSS 
(OCDMA) technology was adopted for header recognition 
in optically routing data packets, and proved to be a reliable 
approach 1). An important issue related to the OCDMA 
approach is how reliably the optical Signals of the code 
Sequences can be generated and recognized at the trans 
ceiver ends. 

0003) A number of approaches for generating optical 
code Signals have been reported to date, these include; arrayS 
of optical fiber delay lines 2), planar lightwave circuits 
(PLCs) 3), arrayed waveguide gratings (AWGs) 4), and 
fiber grating based devices (FBGs) 5.6). 
0004 Recently, the use of Superstructure fiber Bragg 
gratings (SSFBGs) has been demonstrated as an alternative 
approach for encoding/decoding 6. 
0005. However, the use of OCDMA is associated with 
complexity at the transmitter, especially for multi-user Sys 
tems with large numbers of users, where a separate encoder 
grating needs to be added for each user. 

SUMMARY OF THE INVENTION 

0006 According to a first aspect of the invention there is 
provided an optical transmission System comprising: 

0007 (a) an optical transmitter including an input 
for receiving an encoding Signal and an encoder 
arranged to encode an optical Signal with any one of 
a plurality of encoding Signatures according to the 
encoding Signal; 

0008 (b) a transmission link for conveying the 
encoded optical Signal from the optical transmitter; 
and 

0009 (c) an optical receiver comprising a grating 
decoder connected to receive the encoded optical 
Signal from the input, the grating decoder incorpo 
rating a decoding Signature complementary to a 
matched one of the encoding Signatures So as to 
decode the encoded optical Signal when encoded 
with the matched one of the encoding Signatures. 

0.010 Thus, instead of the prior art approach of using 
identical technologies for implementing both the encoder 
and decoder, we propose a hybrid System that uses (passive) 
grating decoderS at the receiver in combination with drive 
Signal-based encoderS at the transmitter. In this way, recon 
figurability can be retained for the transmitter hardware, 
whereas the advantages of grating decoderS can be exploited 
at the receivers. 

0011. By matched, it is meant that the impulse response 
of the decoder in the time domain bears a strong correlation 
in terms of both its amplitude and phase to a temporally 
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inverted version of the encoded signal that we wish to 
decode. The resulting decoded Signal in the time domain 
resembles closely the autocorrelation function of the 
encoded signal. By appropriate choice of code it is possible 
to arrange for the decoded Signal to have a readily distin 
guishable feature, most commonly a short distinct Spike, that 
can be used as a code recognition Signature. 

0012. In an embodiment, we demonstrate how SSFBGs 
can be used as grating decoders to recognize code Sequences 
generated from an optical fiber delay line based encoder. 
0013 The proposed hybrid approach is applicable to 
unipolar gratings, as shown in the Specific examples, and 
also to multipolar gratings, Such as bipolar or quadrupolar 
gratings. 

0014. The transmitter may incorporate a variety of signal 
modulation approaches. Ammplitude or phase modulators 
may be used, or a combination of both. In one embodiment, 
the transmitter includes a modulator having drive electrodes 
and the encoding Signal is an electrical Signal connected to 
the drive electrodes. The modulator may comprise an elec 
tro-acoustic modulator or an electro-optic modulator, for 
example. In another embodiment, the transmitter includes an 
optical delay line encoder. In a further embodiment, the 
transmitter includes an electrically driven laser Source and 
the encoding Signal is an electrical Signal connected as a 
drive current to bias the laser Source. 

0015 The grating decoder may additionally incorporate a 
filtering function to compensate for distortions that result 
from the application of the encoding Signal to the optical 
Signal, typically as a result of electrical-to-optical conver 
sion distortion characteristics. By “distortions we include all 
effects that distort either, or both, the amplitude and phase of 
the optical Signal relative to the encoding Signal, and which 
includes both nonlinear amplitude responses and chirping 
effects, for example. 
0016. In a preferred embodiment, the grating decoder 
comprises a refractive indeX modulation induced grating. 
The refractive indeX modulation induced grating may be 
formed in an optical fiber or other waveguide. 
0017. The grating decoder may be configured to decode 
a spread-spectrum encoded optical Signal, e.g. an OCDMA 
encoded optical Signal. 

0018. According to a second aspect of the invention there 
is provided an optical transmission method comprising: 

0019 (a) encoding an optical signal with any one of 
a plurality of encoding Signatures according to an 
encoding Signal; 

0020 (b) transmitting the encoded optical signal 
over a transmission link, and 

0021 (c) decoding the encoded optical signal using 
a grating decoder incorporating a decoding Signature 
complementary to a matched one of the encoding 
Signatures. 

0022. According to a third aspect of the invention there is 
provided an optical transmitter comprising: 

0023 an optical Source for generating an optical 
Signal modulated with a content-bearing Signal and 
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having a predictable distortion characteristic induced 
during modulation of the optical Signal, and 

0024 a grating decoder incorporating a filtering 
function configured to compensate for the distortion 
characteristic and arranged to process the optical 
Signal to compensate for the distortion characteristic. 

0025. With the invention it is possible to correlate (pro 
vide matched filtering) directly with the output from a 
modulated optical Source. For example the Source can be a 
directly modulated gain-Switch diode, and externally modu 
lated DFB laser, or a mode-locked fiber ring laser with 
external modulation. 

0026. The system and method can also include one or 
more of the following features: 

0027 1. Incorporation of both dispersion-compen 
Sating and decoding gratings into a single SuperStruc 
ture grating. 

0028 2. Addition of multiple codes within a single 
grating-for example two codes at different central 
wavelengths. 

0029. 3. Further extension of either the grating 
length or reduction in chip size to increase the code 
length to codes of greater than 5000 chips, or more, 
allowing rapid increases in Simultaneous users. 

0030 4. More complex Superstructure profiles 
including amplitude and phase features to shape 
controllably the individual chip shapes. 

0031 5. Incorporation of simultaneous additional, 
multiple functionality with a single grating (decod 
ing or coding) structures e.g. loss compensation and 
dispersion compensation (2" and 3' order). 

0032) 6. The apparatus may be reconfigured such 
that the SuperStructure grating as above is used in 
transmission mode rather than reflective mode. 

0033 7. To use higher reflectivity versions of the 
decoder gratings designed using more advanced 
design algorithms (e.g. inverse Scattering tech 
niques) other than by the Fourier approach. 

0034 8. To use cascades of one or more decode 
gratings. 

0035 9. Use advanced codes such as those devel 
oped by the mobile-communications community for 
optimized correlation function definition e.g. M-Se 
quences, Gold Sequences or Kasami codes. 

0036) 10. Use a combination of a decoder grating 
and nonlinear element Such as a Semiconductor opti 
cal amplifier or fiber-based nonlinear Switch to 
enhance the correlation contrast and effect further 
enhanced processing functions Such as optical rout 
ing, header removal and rewrite, data packet loading. 

0037 11. Use parallel arrays of coder-decoder grat 
ings to enhance multi-user operation. 

0038 12. Use of coder/decoder approach to allow 
reduction of nonlinear optical effects by extending 
the bit duration in the time domain, thereby reducing 
optical intensities. 
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0039) 13. Use Superstructure gratings to shape opti 
cal pulses (that may be of non-optimal form) for a 
given transmission technique or optical processing 
function to a more-desirable functional form for 
onward transmission or processing, e.g. chirped 
pulse to transform limited pulse conversion, Soliton 
to Super-Gaussian pulses, Soliton to dispersion Soli 
tons, Gaussian pulses to Square pulses. 

0040 14. Extend the grating bandwidths of decode 9. 9. 
grating to up to 200 nm or further. 

0041) 15. Extend technique to other wavelength 
regimes in the range 700 nm to 2000 nm or further. 

0042) 16. Addition of wavelength division multi 
plexers and demultiplexerS Such as arrayed 
waveguide gratings to facilitate multi-wavelength 
operation, with one or more wavelengths being oper 
ated under the code-division multiplexing technique 
described previously. 

0043. 17. Operation of the system with synchronous 
transmitters and receivers. 

0044) 18. Operation of the system with asynchro 
nous transmitters and receivers. 

0045. 19. Operation of the system with a combina 
tion of Synchronous and asynchronous transmitters 
and receivers. 

0046 Aspects of this invention include code division 
multiplexing (CDM) system architectures, a CDM architec 
ture for optical communications, or a combined CDM and 
WDM system architecture for optical communications. By 
CDM we mean not only code-division multiplexing but also 
include ultrafast packet-switched, or other OTDM networks 
or transmissions Systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0047 For a better understanding of the invention and to 
show how the same may be carried into effect reference is 
now made by way of example to the accompanying draw 
ings. 

0048 FIG. 1(a) Experimental setup in a first embodi 
ment; where EFRL: erbium doped fiber ring laser, PC: 
polarization controller, PM isolator: polarization maintain 
ing isolator, SSFBG: SuperStructure fiber Bragg grating. 
0049 FIG. 1(b) reflectivity spectrum for an example 
7-chip unipolar SSFBG for the first embodiment. 
0050 FIG. 2(a) Delay line encoder (first embodiment): 

0051. Above: Intensity SHG autocorrelation traces of 
the encoded sequence (Solid line: experiment, dashed 
line: theory) at the output of the particular encoder. 

0052 Below: Theoretical and experimental traces of 
the encoded waveform at 10 Gbit/s with 25 GHZ 
bandwidth limitation included. 

0.053 FIG. 2(b) SSFBG encoder (prior art): 
0054 Above: Intensity SHG autocorrelation traces of 
the encoded sequence (Solid line: experiment, dashed 
line: theory) at the output of the particular encoder. 
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0055 Below: Theoretical and experimental traces of 
the encoded waveform at 10 Gbit/s with 25 GHz 
bandwidth limitation included. 

0056. The SSFBG encoder is being reflected from the 
opposite Side and hence the time inversed nature of the 
encoded waveform. 

0057 FIG. 3.(a) A fiber delay line encoder-SSFBG 
decoder System (first embodiment). 

0.058 Above: Intensity SHG autocorrelation traces of 
the decoded signal (Solid line: experiment, dashed line: 
theory) 

0059 Below: Numerically calculated and measured 
experimental results of the oscilloscope traces of the 
decoded signal taking into account the 25 GHz band 
width limitation of the detector at 10 Gbit/s. 

0060 FIG. 3(b) A SSFBG based encoder-SSFBG 
decoder System (prior art). 
0061 Intensity SHG autocorrelation traces of the 
decoded signal (Solid line: experiment, dashed line: theory) 
0.062 FIG. 4 Experimental setup in a second embodi 
ment. 

0063 FIG. 5 Experimental setup in a third embodiment. 

DETAILED DESCRIPTION 

0064 FIG. 1(a) shows an experimental set up according 
to a first embodiment used to test the hybrid approach of the 
invention. The first embodiment provides a 10-Gbit/s all 
optical code generation and recognition System based on a 
hybrid approach of optical fiber delay line and SuperStruc 
ture fiber Bragg grating technologies. 

0065. A 10 GHz regeneratively mode locked erbium fiber 
ring laser (EFRL) producing 2 pS pulses is used as the 
Source. The operating wavelength of the laser is 1554 nm 
corresponding to the center wavelength of the SSFBG. The 
pulses are launched into the optical fiber delay line encoder 
through a splitter to generate the desired code. AS the 
decoder, a SSFBG also operating as a matched filter 7, is 
used to recognize the encoded Sequence. The resulting pulse 
form after reflection from the decoder grating is measured 
and analyzed using both a fast photodiode/scope (~25 GHZ 
bandwidth) and an autocorrelator (<100 fs resolution). 
0.066 The optical fiber delay line encoder consists of four 
parallel fiber delay arms, where each delay is Set according 
to a 7-chip M-sequence amplitude code (1110010). Each 
delay T corresponds to 6.4 ps, hence a chip rate of 160 
Gchip/s, and the encoded Sequence has a total duration of 
44.8 ps. The M-Sequence code is chosen So that the auto 
correlation features upon decoding will have a Single domi 
nant, well-defined peak with low level croSS correlation 
features. A polarization controller (PC) in each delay line is 
used to align the individual pulses to a single polarization 
axis. The delayed pulses are then recombined and launched 
into a polarization maintaining (PM) isolator to confirm the 
Same polarization State of the composite delayed pulses. 

0067. The 7-chip amplitude modulated SSFBG decoder 
was written using our continuous grating writing technique 
as reported in 8). It has a total length of 4.62 mm with an 
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absolute reflectivity of 4%. The individual chip duration is 
6.4 p.S. corresponding to a chip rate of 160 Gchip/s. 
0068 FIG. 1(b) shows the measured reflectivity profile 
of the SSFBG decoder (solid line) and shows good agree 
ment with the theoretical calculation (dashed line). 
0069. In order to quantify the quality of the fiber delay 
line encoder, we performed a Series of code generation 
experiments to examine the temporal characteristics of the 
pulse forms generated from the fiber delay line. These 
results then were compared to the pulse form generated by 
using a SSFBG as the decoding element. 
0070 FIG.2(a) shows the temporal response of the fiber 
delay line encoder as measured using the SHG autocorrela 
tor as well as the direct electronic measurements on the 
oscilloscope with ~25 GHz spectral bandwidth. The mea 
Sured autocorrelation and oscilloscope traces of encoded 
Signals are found to be in good agreement with the theo 
retical predictions confirming not only the formation of the 
correct code patterns but also the desired individual chip 
Separation of 6.4 p.S. 
0071 FIG. 2(b) shows the equivalent results of the pulse 
forms on reflection from the SSFBG decoder (in this case 
used as the encoder) with evidence of good qualitative 
coincidence between experiment and theory. 
0072 To characterize the full hybrid system, the two 
different Schemes of encoding/decoding (Delay line encod 
er:SSFBG decoder, SSFBG encoder:SSFBG decoder) then 
were put together and the results of the code recognition 
analysed and compared. In the case of the fiber delay line 
encoder, fine control of both the phase and polarization is 
required to obtain the optimum results. This is because each 
delayed pulse experiences a random phase change, which 
can lead to changes in the form of the output recognition 
pattern 2. 
0.073 FIG. 3(a) shows a direct comparison of the SHG 
autocorrelations of the code recognition signature of the 
7-chip unipolar code against the theoretical predictions. 
Good agreement is found between them as shown. The 
well-defined code recognition peak was found to have a 
pulse width of 12.4 p.S. Despite the limitation of oscilloscope 
bandwidth, we were able to obtain a Single peak decon 
Volved decoded pulse form with good agreement to the 
theoretical calculations. 

0074 FIG. 3(b) shows for comparison the equivalent 
SHG autocorrelation traces obtained in a non-hybrid system 
with SSFBG encoder and decoder. 

0075. In conclusion, we have demonstrated both experi 
mentally and theoretically that SSFBGs can be used to 
recognize codes generated from another pattern generating 
Scheme, in this case fiber delay lines. These results illustrate 
that the SSFBG approach is compatible with other technolo 
gies for code generation. Our experiment constitutes the first 
demonstration of a hybrid all-optical encoder-decoder Sys 
tem, an approach that could prove a necessary Solution for 
reconfigurable point-to-point optical correlation Systems. 
0076 FIG. 4 shows an experimental setup according to 
a second embodiment. An optical source 10 in the form of 
a distributed feedback (DFB) laser diode (LD) is connected 
to an encoder unit 20. The encoder unit 20 has an electrical 
input 22 for receiving an encoding Signal. This input is split 
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by a control unit 23 into amplitude and phase components. 
One output, conveying the amplitude component, is con 
nected to an electro-absorption modulator (EAM) 24 to 
define the code length and/or associated amplitude modu 
lation. A Second output is connected to a phase modulator 
(PM) 26 via a variable delay line 28 which is used to encode 
asSociated phase information associated with the code. The 
above-described components collectively form a transmitter 
(Tx) part of the system. The transmitter Tx is linked to a 
receiver part (RX) of the system by a transmission line 30 
which leads to an optical circulator 40 for directing the 
transmitted signal to a SSFBG 42 arranged in reflection with 
the circulator 40 to decode the Signal by applying the reverse 
functional manipulation to that applied at the transmitter by 
the encoder unit 20. Finally, a photodiode (PD) 44 is shown 
arranged at the receiver for converting the decoded optical 
Signal into an electrical Signal, as may Sometimes be 
required. 

0077 FIG. 5 Experimental setup in a third embodiment. 
An optical source 50 in the form of a distributed feedback 
(DFB) laser diode (LD) is provided. The source 50 is driven 
with a drive current from an input 52. In this embodiment, 
the drive current is used to directly modulate and encode the 
optical Signal as it is generated. AS is widely known in the 
art, that this kind of direct driving of a laser diode is prone 
to result in Significant nonlinearities in the Signal modulation 
as a result of the nonlinear nature of the gain spectrum of the 
laser diode, and its fast gain dynamics. Consequently, this 
approach is often avoided. However, in the present embodi 
ment, this approach is deliberately taken and the flexibility 
provided by a SSFBG is used to cancel out, or at least 
compensate for, the non-linearities. Namely, a SSFBG is 
arranged to receive the output from the source 50 via a 
circulator 54. The SSFBG provides decoding as in the 
previous embodiments, but in addition incorporates a filter 
ing function to compensate for nonlinearity/distortion that 
results from the application of the drive signal to the laser 
diode. 

0078. This approach can be generalized so that the same 
Structure as shown in the figure could be used, where the 
grating Solely has the function of filtering out the nonlin 
earities. In this case, the grating could be provided at the 
transmitter for correcting the Signal generated by the directly 
driven laser. 

0079) Note also that since an OCDMA system is ordi 
narily a linear optical System it is also possible to envisage 
hybrid OCDMA systems such as those described herein in 
which an SSFBG system is used in the transmitter and an 
alternative decoding technology is used within the receiver. 
Thus according to a further aspect of the invention there is 
provided a grating decoder based transmitter in combination 
with a reconfigurable receiver based on active decoding, for 
example using delay lines. 
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What is claimed is: 
1. An optical transmission System comprising: 
(a) an optical transmitter including an input for receiving 

an encoding Signal and an encoder arranged to encode 
an optical Signal with any one of a plurality of encoding 
Signatures according to the encoding Signal; 

(b) a transmission link for conveying the encoded optical 
Signal from the optical transmitter; and 

(c) an optical receiver comprising a grating decoder 
connected to receive the encoded optical Signal from 
the input, the grating decoder incorporating a decoding 
Signature matched to one of the encoding Signatures So 
as to decode the encoded optical Signal when encoded 
with the matched one of the encoding Signatures. 

2. A System according to claim 1, wherein the transmitter 
includes a modulator having drive electrodes and the encod 
ing Signal is an electrical Signal connected to the drive 
electrodes. 

3. A System according to claim 2, wherein the modulator 
is a phase modulator. 

4. A System according to claim 2, wherein the modulator 
is an amplitude modulator. 

5. A System according to claim 2, wherein the modulator 
is one of: an electro-acoustic modulator, and an electro-optic 
modulator. 

6. A System according to claim 1, wherein the transmitter 
includes an optical delay line encoder. 

7. A System according to claim 6, wherein the optical 
delay line encoder comprises one of: a fiber coupler, a fiber 
grating, a planar lightwave circuit (PLC) and an arrayed 
waveguide grating (AWG). 
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8. A System according to claim 1, wherein the transmitter 
includes an electrically driven laser Source and the encoding 
Signal is an electrical Signal connected as a drive current to 
bias the laser Source. 

9. A System according to claim 1, wherein the grating 
decoder additionally incorporates a filtering function to 
compensate for Signal distortions that result from the appli 
cation of the encoding Signal to the optical Signal. 

10. A System according to claim 1, wherein the grating 
decoder comprises a refractive indeX modulation induced 
grating. 

11. A System according to claim 10, wherein the refractive 
indeX modulation induced grating is formed in an optical 
fiber. 

12. A System according to claim 1, wherein the grating 
decoder is arranged in reflection in combination with a 
circulator. 

13. A System according to claim 1, wherein the grating 
decoder is configured to decode a spread-spectrum encoded 
optical Signal. 

14. A receiver according to claim 1, wherein the grating 
decoder is configured to decode an OCDMA encoded optical 
Signal. 
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15. An optical transmission method comprising: 

(a) encoding an optical signal with any one of a plurality 
of encoding Signatures according to an encoding Signal; 

(b) transmitting the encoded optical signal over a trans 
mission link, and 

(c) decoding the encoded optical signal using a grating 
decoder incorporating a decoding Signature comple 
mentary to a matched one of the encoding Signatures. 

16. An optical transmitter comprising: 

an optical Source for generating an optical Signal modu 
lated with a content-bearing Signal and having a pre 
dictable distortion characteristic induced during modul 
lation of the optical Signal; and 

a grating decoder incorporating a filtering function con 
figured to compensate for the distortion characteristic 
and arranged to process the optical Signal to compen 
Sate for the distortion characteristic. 


