
(2) 
where L(I,) is the laser ex-facet (optical) power, T( V,) the modu- 
lator transmission, e the electronic charge, ITV the photon energy, 
C, the laser-fibre coupling efficiency, C, the modulator-fibre cou- 
pling efficiency, C, the (one-way) fibre loss, qp the receiver quan- 
tum efficiency, and qM the EA modulator internal quantum 
efficiency. Lo and To denote DC values and Z,, 2, and Z, are the 
laser, modulator and receiver source/load impedances, respec- 
tively. Typical parameter values suggest losses of -3Q40dB (A-B) 
and 4@50dB (C-D), for short fibre lengths in a 50Q system. 

Fig. 4 Downlink signal at duplexer output (B)  during simultaneous 2- 
way, 2-tone measurements 

RL: -20dBm, attenuation: OdB, centre: 958.5MHz, RB: 3kHz 
VB: 3kHz, sapn: lMHz, ST: 333.3ms 

Also shown in Fig. 3 is the uplink carrier to third-order inter- 
modulation (C/I) measured at the receiver (D) with two OdBm RF 
carriers applied to the modulator (C). A number of C/I maxima 
were observed between 4 . 9  and -2.0V, in broad agreement with 
the variation of the third derivative in Fig. 2, with the best point 
at -2V. We observe that intermodulation in the uplink is generally 
more significant than uplink-downlink mixing (via the modulator 
characteristic), therefore the modulator bias was optimised purely 
for minimum uplink distortion. Fig. 4 shows the residual inband 
mixing between the uplink and downlink signals at the modulator 
terminals, with two OdBm tones (958.5 M.lMHz) applied to the 
laser transmitter and two further OdBm tones (913.5 M.1 M E )  
applied to the modulator, via the duplexer. Downlink C/I, is -50 
dBc at this modulator R F  input power, however, using a more 
realistic uplink (maximum) input power of -10dBm, the downlink 
C/1 improves to >65dBc, and is limited by the linearity of our 
commercial laser transmitter. 

In summary, we have demonstrated simultaneous, bi-directional 
analogue fibre-optic transmission using a single low-insertion-loss 
EA device for use in low-powerilow-cost remote antenna applica- 
tions. 
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1.3m long super-step-chirped fibre Bragg 
grating with a continuous delay of 13.5ns 
and bandwidth 10nm for broadband 
dispersion compensation 

R. Kashyap,  H.-G. Froehlich, A. Swanton and 
D.J. Armes 

Indexing terms: Gratings in Jibres, OpticalJihre dispersion 
~ 

The authors propose a 1.3m long super-step-chirped fibre grating 
with a continuous delay of 13.511s and bandwidth of lOnm for 
broadband dispersion compensation. Gratings of 0.2, 0.5 and 
0.7m in length are also reported for the first time. 

Introduction: Dispersion compensation is a very important issue 
for transmission systems at rates > 2.5Gbitis using standard tele- 
communication fibres at 1550nm [l-31. Many of the European 
transmission routes have a link length of between 80 and 120km. 
Typically, for 10Gbit/s transmission over these routes, it is neces- 
sary to compensate for a dispersion of between 1000 and 1500ps/ 
nm per channel, depending on the route length. Using a grid spac- 
ing of l00GHz per channel, as is being considered for wavelength 
division multiplexed (WDM) systems, the requirement for the 
bandwidth for dispersion compensation mounts rapidly. An 
option available for dispersion compensation at present is based 
on a special dispersion compensating fibre, which is broadband, 
but requires some 20km of fibre, and suffers from increased non- 
linearity, giving rise to four-wave mixing, and higher loss. Mid- 
span spectral inversion, although being bit rate independent, suf- 
fers from several problems, such as crosstalk with more than a sin- 
gle channel, requiring active control, causing a translation in 
wavelength, and requiring placement close to the middle of‘ the 
span. 

More recently, chirped fibre Bragg gratings [4] have been pro- 
posed for dispersion compensation and used for long haul disper- 
sion compensation of up to 700km, but require special handling, 
owing to their narrow bandwidth and temperature sensitivity [5]. 
We have recently demonstrated a 200mm long super-step-chirped 
SSC grating [6], in which the gap between the two lOOmm long 
gratings was W trimmed, and a novel four wavelength chan- 
nelised dispersion compensator using four 1 00mm long apodised 
step-chirped (SC) fibre Bragg gratings. While the latter method is 
excellent for discrete wavelength dispersion compensation, a desir- 
able option is continuous dispersion compensation over a much 
wider transmission window. This Letter demonstrates an extension 
of our previous scheme [6] and reports on the fabrication of 0.2, 
0.5, 0.7 and 1.3m long fibre Bragg gratings with continuous delay 
of up to 13.5ns over a bandwidth of lOnm for the longest grating. 
It is believed that these are the longest chirped gratings reported 
to date. Also reported for the first time is the UV trimming of an 
entire 100mm long grating to stitch two gratings together. 

Fabrication of dispersion compensating grating: The method of fab- 
rication uses 13 step-chirped phase masks [7], each with a sequen- 
tial start and finish wavelength. Each phase mask is lO0mm long 
with a designed chirp of -0.8nm (100GHz) in 200 sections. Simu- 
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latioiis have shown that these number of sections are sufficient for 
near continuous chirp [SI. The laser used for the production of the 
gratings is an intra-cavity frequency doubled argon ion laser oper- 
ating at 244nm [91. The unfocused beam spot of -1mm writes a 
1 OdB reflection grating in cold hydrogen soaked [lo] boron-ger- 
manium co-doped fibre [Ill in < 5 min, using a scanned writing 
scheme [6]. After a grating is written, the fibre is translated at 
exactly 100mm and aligned to < 0 . 5 ~  for the next grating to be 
inscribed. Only for the first set of joined gratings (200mm total 
length) was UV radiation used to trim the entire second grating. 

h n m  

1300 
1551 0 1551 5 1552 0 
0 

m 
U- -1 0 500 ul 

; x e - 
c 

- g-20 -300 2 
2 
c 

-3 0 -1100 
r I I 

p o  

Fig. 1 Refkctivity and de1a.v of 2OOmm long SSC grating 

Second grating was bleached by UV exposure to trim the Bragg wave- 
length 
Resulting delay of the jointed grating has a slope of 1350ps/nm and a 
bandwidth of -1.611m 

reflectivity, dB 
delay, ps 
linear delay. ps 

~~~~ 

The grating was monitored to reduce the structure in the reflectiv- 
ity spectrum. No special care was taken to UV trim the joins as 
done previously, for the 0.5, 0.7 and 1.3m long gratings, other 
than to ensure that the gap was kept to a minimum. The process is 
relatively simple and quick, requiring around 90 min to fabricate 
the 1.3m SSC grating. All the gratings were unapodised. As the 
gratings were written, it was noted that loss due to the formation 
of OH- ions increased with the number of gratings, producing a 
maximum transmission loss of -7dB for the grating furthest from 
the launch end in the 1.3m long SSCG. The target bandwidth for 
this grating was l o r n ,  and was a compromise due to the increas- 
ing OH loss. 

A ,  n m  
1553 6 1555 6 1557.6 1559 6 

6 5  

L 5  

2 5 8  

05 

ul a 

- 
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1 5  

Fig. 2 Reflectivity and delay qf’ 0.7m long SSCG with good stitching 
and excellent delay characteristics over bandwidth oj5.6nnz 

Slope is constant at 1350ps/nm 
OH loss decreases the reflected signal from far end of grating 

reflectivity, dB 
delay, ps ~~~~ 

Rrflrction and delay rneu.cuvernents: The setup used for measuring 
the reflectivity and delay of the gratings has already been reported 
[6, 121. A tunable external-cavity laser (Tunics) was modulated 
externally and coupled to the fibre grating through an optical cir- 
culator. The output was measured by a photodiode and vector- 
voltmeter [12]. Each grating was monitored in transmission on a 
spectrum analyser for a nomina1 lOdB reflection and measured in 
reflection as each grating was completed. The overall reflection 
and delay characteristics for the first 200mm long SSC grating 
with a bandwidth of 1.6nm is shown in Fig. 1. The join between 
the two gratings may be seen as a slight dip, however, the delay 
characteristics are almost unaffected. A least squares fit to the 

delay data has a slope of 1.35nshm. Another set of five gratings 
forming a 500mm long SSC grating with a bandwidth of -4.Onm, 
none of which was trimmed, was fabricated (not shown), although 
the joins are clearly visible on the high resolution spectrum, while 
the delay characteristics over -5ns show slight variation due to the 
less accurate stitching of the gratings. 

Fig. 2 shows a 0.7m long SSC grating with an overall delay of 
7.511s over a bandwidth of -5.6nm. The reflectivity of each of 
these gratings was 14dB, higher than the previous sets. In this SSC 
grating, the joins were better adjusted, hence the elimination of 
two joins between gratings 1 and 2, and 6 and 7. The reflectivity 
spectrum has a skew, due to the effect of increasing loss by the 
OH- ion production with each added grating. The grating furthest 
away from the launch end shows the highest loss in reflection. 
When measured from the short wavelength end, the loss increases 
towards the long wavelength end of the reflection spectrum. This 
loss may be eliminated by using deuterium instead of hydrogen 
loading [lo]. 

h .nm 
15506 1552.6 155L6 1556.6 1558.6 15606 

-3 0 0 

Fig. 3 Rejlectivit,v and delay of U 1.3m SSCG dispevsion compensator 
ii.itii continuous deluy o j  1 3 . 5 ~ 1 ~  over -1Onm 

OH- induced loss increases with length of grating 
reflectivity, dB 
delay. ps ~~~~ 

Finally, Fig. 3 shows a 13 section SSC grating with a reflection 
bandwidth of -1Onm and a constant dispersion parameter of 
1.35nsinm. However, in the reflection spectrum (which is also high 
resolution: 0.004nm), there are drop-outs which can be removed 
by trimming [6], but do not pose a problem for the delay. Each 
grating of this SSC has a mean reflectivity of -10dB, and although 
no apodisation was performed, the delay characteristics are 
remarkably linear over the entire bandwidth. 

Discussion: This Letter demonstrates how large bandwidth fibre 
grating dispersion compensators may be fabricated with ease. The 
dispersion characteristics of all the gratings of lengths l O O r n m  
(previously reported in [13]), 200, 500, 700 and 1300mm are well 
behaved. The dispersion of each grating is sufficient to compen- 
sate for lOOkm of standard telecommunications fibre at 10Gbit/s 
in the 1500nm window. The 1300mm long SSC grating has been 
used for dispersion compensation over a substantial part of its 
bandwidth at 10Gbit/s in a multi-wavelength WDM demonstra- 
tion, and will be reported on elsewhere. The continuous dispersion 
Characteristics of SSC gratings make them attractive for a majority 
of land-based transmission routes. Finally, the broad bandwidth 
of SSCGs make them especially attractive for deployment without 
temperature control, and also potentially enable transmission of 
sub picosecond pulses at terabit rates over distances in excess of 
lO0km of standard fibre. 

Condusions: A simple scheme has been demonstrated for the fab- 
rication of broadband chirped reflection gratings of fixed disper- 
sion and arbitrary length. W trimming of an entire grating has 
been used to stitch two gratings together to form an SSC grating 
for the first time. The SSC gratings reported here are up to six 
times longer than any reported in the literature [6] and demon- 
strate the largest continuous delay. The method allows fabrication 
of identical super-step-chirped fibre Bragg gratings for multiple 
span cascaded dispersion compensation, and opens up the possi- 
bility of eliminating temperature control of fibre grating dispersion 
compensators altogether. 
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1.64pm pulsed source for a distributed 
optical fibre Raman temperature sensor 

G.P. Lees, A.P. Leach, A.H. Hartog and T.P. Newson 

Indexing terms: Ramun efject, Raman h e r s ,  Temperature sensors, 
Fibre optic sensors 

The authors propose a novel source for distributed anti-Stokes 
Raman temperature sensing. A source generating 8 W, Ions pulses 
at 500Hz, at h = 1 . 6 4 ~  is demonstrated. Operation at 1 . 6 4 ~  
enables the temperature dependent anti-Stokes signal at 1 . 5 3 ~  
to bc generated in the low-loss window, facilitating a long range 
sensor. 

Introduction: Optical fibre distributed temperature sensors (DTSs) 
which use Raman scattering effects have been widely developed 
and commercially exploited since the first demonstration in 1935 
[l - 41. The current trend in DTS design is to increase the range 
while maintaining the spatial resolution. First generation distrib- 

uted temperature sensors operated using high power 0.9 p laser 
diodes [2], these were followed by systems operating at 1.06pm. 
Pressure to provide a long range DTS system prompted a shift to 
h = 1 . 5 5 ~  in the low-loss window for telecommunication grade 
fibre. Operating at 1.5Spm, up to 30km of multimode [3] and sin- 
glemode [4] fibre have been monitored. 

This Letter describes a novel source for distributed temperature 
sensing operating at 1 . 6 4 ~ .  Operation at this wavelength pro- 
duces a weak temperature dependent anti-Stokes signal in the low- 
loss window at 1 . 5 3 ~ .  Previous DTS systems operating at 
1 . 5 5 ~  generated an anti-Stokes signal at 1 . 4 5 ~ .  The loss at this 
wavelength is dominated by the hydroxyl (OH) ions present in the 
glass, and is typically 0.3-l.0dBkm. A DTS system operating at 
1.64~11 would generate an anti-Stokes signal at 1.53pn, which lies 
in the centre of the low-loss window (0.2dBikm). 

With this decrease in attenuation at the anti-Stokes shifted 
wavelength, a corresponding increase in dynamic range can be 
expected when the source is integrated into the DTS system. 

/fibre pigtailed 1 AOM 
150mW.580 nm 
laser diode 

9515’10 
980 I 15 5 0 

loop m,rror 03  -1 36 metres output 
of standard 

singlemode fibre 

Fig. 1 Expermental arrangement to produce pulses ut I 64pm 

100 “I. 
mirror 

Experiment: The principle behind the source is stimulated Raman 
generation. A probe pulse generated by a high power Q-switched 
erbium doped fibre laser is introduced into a length of fibre which 
then generates the Rdman-Stokes shifted wavelength. 

Fig. 1 shows the experimental arrangement. The Q-switched 
erbium doped fibre laser produces up to 125W of peak power with 
a Sons pulse duration at a repetition rate of S00Hz. The output 
coupler of the laser is a Sagnac loop mirror with a reflectivity of 
199’n. A Sagnac loop is preferred over conventional dichroic mir- 
rors due to the fibre compatibility of the device. It is important to 
ensure that the length of the loop arms does not exceed the non- 
linear length. If this occurs, the reflectivity of the Sagnac loop will 
vary substantially over the pulse duration, producing pulse defor- 
mation. For a peak power of 12SW and nonlinear coefficient y of 
5.13SW-lkm I ,  the nonlinear length is 1.55m which is higher than 
the 0.4 m used in the experiment. A typical output from the Q- 
switched laser is shown in Fig. 2. 

The output from the Q-switched laser at 1 . 5 3 5 ~  is then spliced 
to a drum of telecommunications grade fibre, between 300 and 
1360m long. This drum of fibre generates the stimulated Raman 
light. The generation of stimulated light requires the pump pulse 
to be above a threshold determined by [5]: 

where g, is the Raman gain coefficient (1 x lW3 m/W), Ae!, is the 
effective core area (Sop7) ,  and Lcf is the effective length given by 

where a is the attenuation constant ( 5  x IC7m-l). Using these val- 
ues, the threshold for a 600m long fibre is calculated to be 21.7W. 
It is shown later that this calculation is in good agreement with 
experimental observations. From the above equations it is clear 
that the threshold will decrease with longer fibre lengths. How- 
ever, one major limitation of generating 1 . 6 4 ~  wavelength 
pulses, is the generation of further orders of Raman light at wave- 
lengths of 1 . 7 7 ~  and above. For long lengths of fibre, there is 
the possibility that the threshold for higher Stokes orders will be 
exceeded by the 1 . 6 4 ~  wavelength which will proceed to be 
depleted. The optimum performance of the system would therefore 
be achieved by increasing the threshold for higher (second order, 
and so on) Stokes orders, while producing the maximum amount 
of first order Stokes. Table 1 shows the results obtained for differ- 
ent lengths (300, 600, 1360m) of Raman generation fibre. The 
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