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Abstract

Multiple Bragg gratings are written in a single fibre strand with accurate positioning to achieve predetermined time delays
between optical channels. Applications of fibre Bragg grating arrays include encoders/decoders with series of identical
gratings for optical code-division multiple access.
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1. Introduction

Over the last decade, fibre Bragg gratings have found increasing applications in wavelength division multiplexed (WDM)
optical communication systems . Diode laser stabilisation and channel filtering for add/drop modules are some of the most
common functions performed by fibre gratings®. In these situations, Bragg gratings are designed as independent narrowband
filters and multiple channel filters can be realised by concatenation of the gratings. Fibre gratings are also widely used for
gain equalisation, while chirped fibre Bragg gratings are extensively studied for chromatic dispersion compensation. In the
latter case, particular attention is paid to the time delay between the reflected frequencies of the wideband grating. it was
recently demonstrated that the control of the reflection time delays introduced by separate narrowband fibre Bragg gratings is
also beneficial to the performance of optical communication systems. Inducing time delays between adjacent channels, by
adequate positioning of Bragg gratings alon% an optical fibre, was shown to lower the penalties resulting from cross-phase
modulation (XPM) in 10 Gb/s WDM systems”, Furthermore, writing series of fibre Bragg gratings along a fibre allows a new
imple‘{l;entatinn of optical code-division multiple access (OCDMA) using a two-dimension, frequency and time, coding
space” ", |

In this paper, we discuss the writing and application of Bragg grating arrays (BGA) written in the same optical fibre.
The BGA, with reflection peaks spaced by 100 GHz and 50 GHz, are designed to introduce specific time delays between the
reflected frequency bands. The writing of BGA with a Sagnac type interferometer is described in section 2. This method
combines the wavelength flexibility of interferometric techniques with the ability to write longer gratings of standard phase-
mask scanning setups. The characteristics of the BGA series, realised to suppress cross-phase modulation, are presented in
the following section. Applications of BGA are discussed in section 4 with emphasis on OCDMA.. In this experiment, four
decoders made from BGA, consisting of series of eight gratings, were stretched-tuned to isolate the desired signal from
sixteen simultaneously transmitted users. The signal from each user was encoded using the same type of BGA with eight

gratings. -

2. Writing Bragg gratings with a Sagnac-type interferometer

Several methods have been proposed to tune the Bragg wavelength of fibre gratings during UV exposure. Interferometric
techniques®®, such as the two-mirror interferometer originally proposed by Meliz et al® or the classical Lloyd configuratiot!,
- are often used to write short gratings with lengths usually less than 1 cnt®, Longer gratings can be obtained by concatenation
of these small gratings. Controlled motion of the optical fibre, usually obtained by interferometric sensing, is then required to
achieve precise positioning of the grating elements. When using phase mask scanning techniques'*"', tuning of the Bragg
wavelength can be achieved over a limited rangé”'®, typically less than 10 nm. Methods that have been proposed to control
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the Bragg wavelength include tilting the fibre*?, rotating the scanning mitror”, stretching the fibre', varying the curvature of
the writing wavefront” or moving the fibre relative to the phasemask'S. The Sagnac-type interferometer, originaily proposed
by Ouellette and Krug'’, combines the flexibility of interferometric technique, by allowing tuning of the Bragg wavelength
over a wide range, and the advantage of phase mask scanning techniques in producing good quality longer gratings. It has
some similarities to a folded version of the Talbot interferometer proposed by Kahsyap .

The Sagnac interferometer used to write BGA is presented in Fig.1. In this method, the phase mask diffracts the
light in the +1 orders thereby producing two counter-propagating beams in the interferometer. The optical fibre is placed
slightly above the phase-mask and a small out-of-plane tilt is introduced to the two mirrors to recombine the UV beams at the
optical fibre position. Since both diffracted beams interact with the two mirrors, this interferometer is immune to some
vibration modes of the mitrors and a stable interferometer can easily be realised. Any UV light diffracted to higher orders or
remaining in the zero order is eliminated by this configuration. A cylindrical lens is introduced between the mirrors to focus
the light along the optical fibre axis. When scanning of the phase mask is performed, the exposed region of the fibre moves in
opposite direction to the translation of the UV beam. As in other interferometric methods, varation of the angle between the

two interfering beams results in a modification of the photo-induced grating period. In this case, the Bragg wavelength, Az,
changes according to -
| neﬁ' ?LU‘J

Ag = ,
° sin (R—20, 20, - 6)

where neg is the effective index of the guided mode, Ayy is the writing wavelength, ¢; and ¢, the mirror angles. When
simultaneously moving both mirrors (g;=@,=¢), the Bragg wavelength tuning is

AM,
Ag

When @=@,=(1/4)-(6/2) the interference occurs directly above the phase-mask and the Bragg wavelength is given by the
usual expression Ap =n.gApy, where Apy is the phase-mask period. With a typical phase mask period of Apy=1070 nm, the
angular sensitivity of Ap is typically 8As/80~460 nm/deg. The Bragg wavelength is presented in Fig. 2 as a function of the

angle of the mirrors. Theoretically, Bragg wavelengths from 800 nm to more than 2 pm could be obtained using this
interferometric setup. In practice, in the teleccommunication window, wavelength tuning can be performed by rotating only

one of the mirror, leading to dAs/8¢~230 nm/deg as shown in the inset of Fig. 2. Intro ducing a 42 cm lever beam, controlled

by a nanomover with a 50-nm resolution, angular steps of Ad;=7.10 deg can be achieved and a chirped Bragg grating can
be written by rotating the mirror as the fibre is scanned. The amplitude and delay of such a chirped Bragg grating is shown in

=4 cot(m—40-0) Ap .

Fig. 3. It should be noted that the fibre grating length, L, is kmited by the aperture of the interferometer mirrors and typically -

L@y sin{m/4 + 6) /sin (/2 -0) = 0.8 Oy, where @y, is the mirror diameter.,
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Fig. 1 Sagnac-type interferometric setup. Fig. 2 Tuning of the Bragg wavelength as a function of the mirror
angles.
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The grating length is also reduced as the mirror angle is changed. As displayed in Fig. 4 , the grating length is 4 cm around

1.55 um and 3.7 cm around 1.3 pm for 5 cm diameter mirrors using a phase mask designed for a 1.55 m Bragg wavelength.
On Fig. 4, it can also be observed that the interference pattern position moves forward or backward with respect to the phase

mask, along the y-axis, as the mirror angle varies.
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Two types of lasers were used to write fibre gratings using this setup: a pulsed frequency-quadrupled CW-mode
locked Nd:Yag laser and a CW frequency doubled Argon-ion laser. The mode-locked laser produced 266 nm pulses of 60 ps
FWHM at a repetition rate of 80 MHz with an average UV power of 70 mW. The frequency-doubled argon-ion laser
delivered up to 150 mW of average power, The temporal characteristic of the writing beam has an important impact on the
profile of the resulting grating. From Fig.1, it can be observed that there is an optical path length difference (OPD) between
the co-propagating and the counter-propagating beams when the UV beam is moved away from the centre of the phase-mask.
Noting the position of the scanning beam from the central plane of the interferometer by x, the optical path length difference

is given by AS(x)=2x(1-2smn8).As the pulsed UV source is scanned across the phase-mask, a temporal walk-off is

niroduced at the interference plane between the pulses propagating in the clockwise and the counter-clockwise direction.
Therefore, although the same amount of energy is delivered to the optical fibre, the visibility of the fringes will vary. Hence,
automatic apodisation of the Bragg gratings occur with a function corresponding to the auto-correlation of the writing pulses
as the OPD increases'®. With 60 ps pulses, the OPD at the mirror edges was not sufficient to totally separate the optical
pulses and a truncated gaussian apodisation function, displayed in Fig.5a, was obtained. The reflection amplitude of the
apodised grating is show in Fig.5b along with the calculated reflectivity profile and the calculated spectra of an unapodised
grating. The grating was written in an hydrogen-loaded fibre. The reflectivity spectrum and the 3 dB bandwidth of 0.26 nm
indicate an index change of the order of 3 4x10°*. To obtain arbitrary apodisation functions or to write short apodised Bragg
gratings, the interferometric wrnting technique can be combined to the double exposure methods to obtained the desired
apodisation profile. Typically, when using the CW laser, a first exposure with a varying scanning speed function is done to

write the grating an a second exposure with the inverse velocity profile is performed, while vibrating the phase-mask, to raise
the average refractive index. |

Series of BGA are written in optical fibres in a sequential fashion. After the writing of the first grating, the optical
fibre is moved to a new location, the angle of the mirror is modified to choose the new wavelength and the new grating 1s
written at the centre of the interferometer. The precision on the optical fibre translation is better than 25 pim. Because of the
necessary adjustments and alignments of the interferometer, the Bragg wavelength accuracy for the first grating is £0.25 nm

while the precision on the Bragg wavelength steps for the following gratings is +0.04 nm. The long focal length of the
cylindrical lens, here 28 cm, results in a low power density at the optical fibre location, Therefore, hydrogen-loaded fibres
must be used to obtain sufficient index change at reasonable scanning speed with a single exposure.
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Fig. 5: Gaussian apodisation of fibre Bragg gratings resulting from pulse walk-off along the fibre length a) apodisation
profile and b) experimental and calculated reflectivity. The inset show the calculated reflectivity for a uniform grating
calculated with the same index change of 3.4 310,

3.Characteristics of Bragg gratings arrays (BGA)

Four identical series of Bragg gratings arrays with ten reflection peaks spaced by 100 GHz were written using the described
interferometric setup with the CW frequency-doubled Argon-ion laser. The lengths of the gratings were 5 mm with a sinc
main lobe apodisation function. The spacing between the gratings varied between 10 mm and 6.6 mm to optimise the
suppression of the XPM effects on the transmission of ten channels at 10 Gb/s °, Fig.6a shows the spectral characteristics,
reflected power and delay, of one of these series. The measured wavelength separation was 0.80 nm+ 0.04 nm and the 3 dB

FWHM was 0.42 nm + 0.01 nm. The reflectivity of the first grating was near 14 dB and photo-induced loss of 0.3 dB/ grating
was observed. The calculated amplitude of the refractive index change is 6.4x10.
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Fig.6: BGA of consisting of 10 Bragg gratings spaced by 100 GHz a) reflected power spectrum and reflection delay from one

Bragg grating set and b) reflected power spectra of four identical BGA and the resulting spectrum measured for the four
BGA placed in cascade with circulators.
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The reflected power spectra from the cascade of the four BGA was measured by combining the gratings with optical

circulators and is shown in Fig.7b. The 3 dB FWHM of the cascade reflection peaks was 0.260.01 nm, a substantial
reduction when compared to the single grating FWHM of 0.42 nm. The delays measured within the reflection bands are
shown in Fig.7 for a single BGA and for the cascade of four BGA. It can be seen that the out of band dispersion, and gos sibly
the noise on the grating profiles, introduced important perturbations on the channels last reflected from the arrays’™>'. The
variations in the delays predicted by numerical calculations are presented in Fig.8 using thesinc main lobe apodisation
profile. Comparison with numerical simulations indicate that the larger oscillations observed in the experimental delay might
result from the apodisation function being slightly truncated. The experimental delay curves were measured with 10 pm
steps using a tuneable CW laser source modulated at 1 GHz and a network analyser. It is likely that the modulation frequency
was too high to detect the high frequency osciliations in the delay curves displayed in the simulations for the last gratings.
These BGA were inserted between the 5x100 km of a 10x10 Gb/s transmission system. The walk-off between the channels
resulting from the time delays induced by the BGA successfully reduced the power penalty caused by XPM". Detailed resuits

of this experiment will be reported elsewhere.
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4. Applications of BGA |

TR rRr ] W)

In the previous section, it was mentioned that BGA efficiently suppressed XPM between co-propagating channels in 10 Gb/s
WDM systems®, Gain equalisation withint 0.1 dB was demonstrated using BGA, written with a different technique, inserted
i the mid-section of a double-stage amplifie?2. It therefore seems possible to realise BGA to simultaneously performed
these two functions. Spectral analysis of optical pulses has also been demonstrated by introducing larger delays between the
gratings. In their experiment, Hagemann et al. wrote 3600 gratings over 45 m of fibre as it is was drawfl. Spectral analysis

-,
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of ps puises was thus performed by intreducing more than 100 ns time delay between the frequency components of the 6 nm
puise bandwidth. Delays as small as 2 ps were also induced using superposed gratings for processing of microwave signals™,

‘The time-frequency relation of BGA also allows the encoding of transmitted signal for OCDMA applications.
OCDMA relies on the encoding of the transmitted signal to maximise the utilisation of the communication system resources,
typically with packetised traffic. Sharing of the frequency space is achieved by assigning orthogonal, or nearly orthogonal,
codes to each user. The design and optimisation of a family of codes is a complex task that will not be discussed here. It
should however be mentioned that coding of the transmitted signal can be performed either in the time domain and/or the
frequency domain. Time encoding, or direct sequence, OCDMA has been realised by the introduction of delay lines, using
optical fibre lines or sampled Bragg gratjngsﬁ*zg. Reconfigurable codes were also obtained by strain-tuning the gratings®®.
Frequency encoding has been reported using optical Fourier transform and filtering of the optical spectrum with bulk optics”

or fibre Mach-Zehneder interferometers with different free spectral rang@”. Fibre Bragg gratings encoders have also been
realized with Moir@ grating¥ and chirped gratings®.

In 1997, it was proposed to achieve simultancous encoding in both the frequency and time domains, or fast-
frequency hopping, using series of Bragg gratings”. Later analysis of the system showed that the flexibility introduced by the
two-dimensional coding space should result in an increase of the system capacity when compared to other systems relying on
a one-dimensional coding space®. The all-fibre encoders also display lower losses than bulk optics encoders/decoders, The
coding principle is presented in Fig.9. The bit sequence modulates a broadband CW source. The BGA encoder selectively
reflects pre-determined wavelength bands and introduces delays between the reflected pulses at each wavelength, At the
receiver, the decoder consists of a BGA identical to the encoder but placed in reverse order. The pulses from the desired
encoder (i.e., that matching the decoder) are therefore resynchronised while the pulses from the interfering user (with non-
matching encoders) are dispersed.
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Fig. 9 Encoding and decoding of OCDMA using BGA showing a) the encoder, b} the transmitted signal, ¢} the decoder with
Bragg wavelengths placed in reverse order to that of the encoder and c) the received signal showing the recombination of the
desired user pulse and the dispersion of the interferer.
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The design of the BGA strongly influences the performance of the system in terms of bit rate, capacity and
transmission quality. The bit rate of the system is related to the length of the encoder since the data pulse has to exit the
encoder before another pulse enters; high bit rate system therefore require short encoders. Encoder for 1 Gb/s system must be
shorter than 10 cm. The number of gratings in the BGA is determined by the width of the data pulse related to the chip rate,
Transmission of 100 ps pulses results in grating spacing of 10 mm. Therefore, at transmission rate of 1 Gb/s with 100ps
pulses, a given code will have at most 10 wavelengths. However the capacity of the system, or the number of orthogonal
codes, will depend on the total number of available wavelength bands. Narrow-band gratings will therefore result in a larger
number of possible codes at the expense of a reduction of the transmitted power. Furthermore, the Bragg wavelengths and the
longitudinal spacing of the encoder BGA and the decoder BGA must be perfectly matched to increase the signal to noise

ratio.
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Fig. 9: OCDMA system with sixteen BGA encoders and four BGA decoders.

Sixteen encoders and four decoders consisting of BGA with eight gratings were written using the previously described
Sagnac interferometer. The frequency spacing of the available wavelength bands was 50 GHz and the wavelength range
extended from 1548.2 nm to 1559.6 nm. Each individual grating was 14 mm Jong with a sinc apodisation function, The
srating were placed every 15 mm and the total encoder length was 12 cm. Ideally, the puises reflected by each gratings
should be separated in time, and therefore this system should be used with pulses shorter than 150 ps. Also, the total encoder

length corresponds to a bit rate of length of 800 Mb/s. Thereflectivities and time delays of a BGA is displayed in Fig.10. The
sixteen encoders were divided in four series (s1 to s4). Each of these series in fact consisted of four identical BGA that could
be strain-tuned to change the code from ¢1 to e4, shifting the reflection spectrum by 0.4 nm between each code. Therefore, as

displayed in Fig.9, only four programmable decoders were needed, one for each serie, to retrieve the signals. The first
encoder of each series, with the associated codes, are presented in Fig.11. Further details on the selected codes, experimental
setup and more comprehensive results will be presented elsewhere®*. Received data at 800 Mb/s is displayed in Fig.12. The
iterference form the undesirable users is clearly seen. However, because of limitations of the available equipment, it should
be noted that the data pulses had a 300 ps width rather than the required 150 ps for which the system was designed. It should
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also be observed that, in FFH-CDMA systems, the thresholding takes place during the chip timne thereby eliminating the
interference occurring at other time slots.
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Fig. 12 Transmission at 800 Mb/s a) with only one user transmitting and b) with all users transmitting and the decoder
tuned to (s4,e2).

S. Conclusion

Many applications relying on the time delays introduced between the reflected frequencies of successive narrow-band Bragg
gratings have recently been proposed or demonsirated. Although these BGA can be written with a variety of techniques, the
Sagnac-type interferometer offers great flexibility in the choice of Bragg wavelength, apodisation profile and grating length.
This method offers an economical alternative to phasemask scanning techniques requiring multiple phasemasks. It is also
simpler than other interferometric methods when cm-length gratings are required, Using BGA, temporal walk-off has been
induced between co-propagating WBM channels to lower the penalties resulting from cross-phase modulation. In this case,
the Bragg wavelengths are placed in increasing order with decreasing time delays between the channels. BGA also allow
optical implementation of fast frequency hopping CDMA by providing the choice of frequencies and time delays to realise a
two-dimensional code. Encoders and decoders have been achieved by positioning the gratings at constant spatial intervals
along the fibre and by selecting the Bragg wavelength according to a pre-determined code. Data transmission at 800 Mb/s has
been observed with sixteen simultaneously transmitting users using BGA encoders/decoders with eight reflected frequency
bands.
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