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(57) Abstract

An optical fibre transmission system comprises an optical signal source operable to generate an optical signal at a predetermined bit
rate and at a signal wavelength; an optical fibre transmission link connected at a first end to the signal source, the link having dispersion
characteristics at the signal wavelength; an optical amplifier serially disposed in the link; and a signal receiver connected at the second end
of the link; in which a grating is connected in the link, the grating being chirped by an amount providing at least partial compensation of
the dispersion characteristics of the link, the compensation being such as to provide a signal, at the second end of the link, compatible with
the sensitivity requirements of the receiver at the second end of the link.
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1
DISPERSION COMPENSATION IN OPTICAL FIBRE TRANSMISSION

This invention rclates to dispersion compensation in optical fibre transmission.

Data transmission in optical fibres is generally limited by power loss and pulse
dispersion.  The advent of crbium-doped fibre amplificrs (EDFASs) has effcctively
removed the loss limitation for systems operating in the third optical communication
window (around a wavelength of about 1.55um (micrometer)), lcaving pulse dispersion
as a scrious limitation, especially in futurc high-capacity multi-wavclength optical
nctworks.

Morc importantly, most fibre which has alrcady been instalicd  for
telecommunication links (ic. standard non- dispersion shifted fibrc) cxhibits a
dispersion zero around 1.3um and thus cxhibits high (about 17ps/nm.km (picosccond
per nanometre-kilometre)) dispersion around 1.55um. Upgrading this fibre to higher
bit rates involves the use of EDFAs and a shift in opcrating wavelength to 1.554m
where dispersion—-compensation beccomes a necessity.

Several techniques have been demonstrated including lascr prc-chirping
(refercnce 1 - below), mid-span spectral-inversion (phasc—conjugation) (reference 2 -
below), the addition of highly-dispersive compensating fibre (reference 3 - below)
and chirped fibre gratings (references 4 to 7 - below).  Chirped fibre gratings are of
particular interest, since they arc compact, low-loss and offcr high negative-dispersion
of arbitrary and tunable profilc. In scparatc cxperiments 450fs (fcmtosecond) pulses
have been successfully rcconstructed after transmission through 245m of fibre
(reference 4 ~ below), and gratings with dispersion cquivalent to 20km and 1km of
standard fibre have been fabricated (references 5 and 6 - bclow).  Whilst more
recently a grating has been employed to compensate the dispersion of 160km of
standard fibre in a 10Gbits™! (gigabits per sccond) externally modulated experiment
(reference 7 - below) although no information of the grating strength was given in
this case.

It is a constant aim to improve dispersion compensation techniques in optical
fibre transmission systems.

This invention provides an optical fibre transmission system comprising:

an optical signal source opcrablc to gencrate an optical signal at a
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predetermined bit ratc and at a signal wavclength:
an optical fibre transmission link connccted at a first end to the signal source,
the link having dispersion characteristics at the signal wavcelength;

an optical amplifier scrially disposcd in the link: and

w

a signal recciver connected at the second end of the link:

in which a grating is connccted in the link, the grating being chirped by an
amount providing at lcast partial compensation of the dispersion characteristics of the
link, the compensation being such as to provide a signal, at the sccond end of the link,
compatible with the sensitivity requirements of the receiver at the sccond end of the

10 link.

In preferred cmbodiments, the optical signal at the sccond end of the link has
a dispersion causing a penalty in sensitivity at the recciver of less than 8.5 decibels
at a bit error ratc of 107 in a link longer than 200 kilomctres.

Preferably the optical amplificr is operable in a saturation mode.

13 Preferably the chirped optical fibre grating is formed by applying a tcmpcraturc
gradient to a portion of optical fibre on which a non=lincar grating is impressed, the
variation induced by the tempcraturc gradicent acting against the non-lincar variation
of the impressed grating.

Preferably the temperature gradient at Icast ncgates the non-lincar variation of

20 the impressed grating, thereby generating a grating having a non-linear variation in
the opposite sense to the impresscd grating.

It is advantageous to position the compcensating grating at the input end of the
link, since in this position thc optical input signal is still rclatively large and thus a
relatively insignificant noisc penalty is incurred. In addition, if the grating's

25 (compensated) output is then routed to an optical amplificr operating in saturation, the
amplifier's output power will be cffectively unaltered by the presence of the
compensating grating.

The skilled man will appreciatc that the dispersion compensation in this context
need not be complete, but simply that the non-linear response of the grating acts

30 against the dispersion characteristics of the transmission link.

Preferably the grating is a fibre grating. Preferably the grating is a reflection

fibre grating, connected using an optical circulator.
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Preferably an optical amplificr is disposcd between the grating an the
transmission link.

Optionally, a variablc attenuator may he uscd at the output of the transmission
link.

S This invention also provides an optical transmitter for usc with an optical fibre
transmission link, the transmitter comprising a light source capable of direct or
indircct modulation and a chirped grating to provide compensation for the dispersion
characteristics of the link over the range of wavelengths of the modulated light source;
and an optical amplificr disposcd between the grating and the transmission link, the

10 optical amplificr being operable in o saturation mode.

This invention also provides an optical transmitter for use with an optical fibre
transmission link, the transmitter comprising a light sourcc capablc of direct or
indircct modulation and a chirped grating to provide compensation for the dispecrsion
characteristics of the link over the range of wavelengths of the modulated light source,

15 the grating being formed by applying a temperature gradicent to a portion of optical
fibre on which a non-lincar grating is impressed. the variation induced by the
tempcrature gradicnt acting against the non=lincar variation of the impressed grating.

This invention also provides a dispersion compensating device for an optical
fibre transmission link. the device comprising a chirped grating conncctable at a light

20 input cnd of the transmission link, the grating being formed by applying a temperature
gradient to a portion of optical fibre on which a non-lincar grating is impressed, the
variation induced by the tempcraturc gradicnt acting against the non-linear variation
of the impressed grating.

This invention also provides an optical fibre transmission system comprising:

25 a light source for generating a dircctly or indirectly modulated optical output
in dependence on input data;

an optical circulator for recciving the modulated optical output, the circulator
being connected to route the modulated optical output to a reflection-type fibre
grating and to route optical signals from the grating to an output port;

30 an optical amplifier for amplifying optical signals rcccived from the output port
of the optical circulator;

an optical fibre transmission link for propagating optical signals amplified by
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the amplificr; and

an optical receiver for converting optical signals output from the transmission
link into corresponding clectrical data signals.

Preferably a variable attenuator is connected between the output of the
transmission link and the optical recciver.

This invention also provides an optical fibre transmission system comprising:

a bit crror ratc test apparatus for producing test data;

a light source for gencrating a modulated optical output in dependence on the
test data (using dircct or indircct modulation);

an optical circulator for receiving the modulated optical output, the circulator
being connected to route the modulated optical output to a reflection-type fibre
grating and to routc optical signals from the grating to an output port;

an optical amplifier for amplifying optical signals reccived fron the output port
of thc optical circulator;

an optical fibre transmission link for propagating optical signals amplified by
the amplifier;

a variable attcnuator at the output of the transmission link; and

an optical receiver for converting optical signals output by the attenuator into
corresponding clectrical data signals;

the electrical data signals being compared with the test data by the bit error
rate test apparatus, to detect the bit crror rate of the transmission system.

This invention also provides a chirped optical fibre grating formed by applying
a temperature gradient to a portion of optical fibre on which a non-linear grating is
impressed, the variation induccd by the temperature gradicnt acting against the non-
linear variation of thc impressed grating.

This invention also provides an optical fibre transmission system comprising;:

an optical fibre transmission link;

a chirped grating connccted at an input cnd of the link to provide compensation
against the dispersion charactcristics of the link; and

an optical amplifier disposed between the grating and the transmission link, the
optical amplifier being operablc in a saturation modc.

This invention also provides an optical fibre transmission system comprising:
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b)

an optical fibre transmission link; and

a chirped grating connccted at an input cnd of the link to provide compensation
against the dispersion characteristics of the link. the grating being formed by applying
a temperature gradicnt to a portion of optical fibre on which a non-lincar grating is

5 impressed, the variation induced by the temperature gradicent acting against the non-

linear variation of thc impresscd grating.

Preferably the grating is a fibre grating, and in particular a reflection fibre
grating.

This invention also provides an optical fibre transmission system comprising

10 an optical fibre transmission link: and a chirped grating connected at an input end of
the link to provide compensation against the dispersion characteristics of the link.

The invention will now be described by wayv of example with reference to the
accompanying drawings, throughout which likc parts arc referred to by like references,
and in which:

15 Figurc 1 is a schecmatic diagram of a dispersion compensating optical fibre
transmission system;

Figurc 2 schematically illustrates the spectrum of a DFB (distributed fecdback)
laser transmitter;
Figures 3a to 3c schematically illustrate the rcflectivity spectra of a fibre

20 grating as written (Figurc 3a), with a temperaturc gradicnt sct to add to the existing
chirp (Figure 3b) and with a tcmpcraturc gradicnt sct to reverse the existing chirp
(Figure 3c).

Figures 4a to 4c schematically illustratc the time delay of the gratings of
Figures 3a to 3c respcctively;

25 Figurcs 5a and 5b schematically illustratc sampling oscilloscope traces of an
approximately 10ps, 0.318nm spectral halfwidth signal after propagation through 50km
of standard fibre without compensation (Figurc 3a) and with compensation (Figure
5b);

Figure 6 schematically illustrates bit error ratc (BER) curves for the system of

30 Figure 1,

Figure 7 schematically illustrates a transmission penalty at a 10" BER as a

function of span length with and without dispersion compensation; and
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Figures 8a to 8f schematically illustrate cye dingrams showing the different
results obtained without (Figures 8a to 8c) and with (Figures 8d to 8f) dispersion
compensation.

Referring now to Figure 1, in this embodiment a chirped fibre grating 10) was

5 incorporated into a 2.5Ghits™! dircctly-modulated system operating at 1536nm.
(Howecver, in other cmbodiments and in the description below, an indirectly modulated
transmitter could be uscd instcad).  As a conscquence of the direct modulation the
output of thc DFB laser transmitter 20 was chirped and cxhibited a 3dB optical
bandwidth of 0.1nm and a 10dB (dccibel) handwidth of ().24nm. ic cquivalent to a

10 10Gbit/s modulation signal.

The transmitter 20 was supplicd with data from a commercial multiplexer (not
shown) from a Phillips SDH (synchronous digital hicrarchy) 2.5Gbits™ system. The
multiplexer combines 16 channcls of data at 140Mbits™! (megabits per sccond) up to
a linc ratc of 2.5Gbits™. In the absence of data on any channel, the multiplexer
generates random data. Random data was input to several of the channcls whilst, on
the test channcl, pscudorandom data at 140Mbits™ with a 2231 pattern length
(gencrated by a BER test sct 110) was emploved. However, in a real application, it
will of course be appreciated that real input data would be supplicd to the transmitter
instcad of the pscudorandom data from the BER rest sct.

20 The transmitter 20 consisted of a dircctly-modulated DFB laser with
wavelength centred at 1536nm and whosc chirped output had a 3dB bandwidth of
(.108nm and 10dB bandwidth of 024nm. The spectral characteristics of the
transmitter output are illustrated schematically in Figurc 2. As a consequence of this
chirp (and the fibre dispersion) a penalty was observed for transmission distances in
25 standard fibre in excess of a few tens of km.

The transmitter was followed by a single-stage, 980nm-pumped erbium-doped
power-amplifier 30 giving an output powcr of +12dBm (decibels relative to 1
milliwatt) which was transmitted through standard fibre having lengths of 100, 143
and 200km. In the latter case (as illustrated in Figurc 1), a dual-stage 980nm-

30 pumped line amplifier 40 giving an output power of +13dBm was incorporated
between two series connected 100km lengths of fibre 50, 60).

The output of the link was coupled via a variable attcnuator 70 to a
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commercial, Phillips, recciver and demultiplexer 80, the output of which was in tum
passcd to the BER test sct 110 for BER mcasurement (by comparison with the test
data supplicd to the transmitter 20 by the BER generator 110).

Dispersion—compensation of the link was provided by incorporating the chirped

(941

fibrc grating 10 between the transmitter 20 and power amplificr 30. Since the grating

10 operates in reflection, an optical circulator 90 was included to convert it to a

transmission device. The grating was connccted to the circulator using so—called NTT

FC/PC compatiblc conncctors (not shown). Howecver, to cnsurc successful operation,

index matching liquid (not shown) was inscrtcd in the conncction to minimise

10 reflcctions.

Power levels in the link arc such that it is operating in the so-called linear
rcgimec, thus the dispersion compensation could in theory be performed at any location
in the link. However it is advantageous to incorporate the grating in its present
location (beforc the fibre lengths 50, 60) since the input signal to the power amplifier

15 is still rclatively large and thus a rclatively insignificant noisc penalty is incurred. In
addition, since this amplifier 30 is then operating in saturation the output power will
be effcctively unaltered.  Alternatively, if the dispersion compensation had been
included immediately prior to the receiver a penalty would have been incurred due to
its inscrtion loss.

20 The fibre grating was written using standard techniques with a frequency-
doubled cxcimer lascr in a germania-boron co-doped fibre (0.1 NA (numercal
aperture), lum A, (cutoff wavclength)). The grating was about 20mm in length
with an approximately Gaussian strength profilc and about 70% pcak reflectivity. In
its "as—written" state it had somc residual chirp and a measured bandwidth of about

25 0.2nm. The grating was further chirped to a 3dB bandwidth of about (.3nm by
applying a linear temperaturc gradient. The temperaturc gradient could be applied to
either add to or reverse the cxisting chirp.

Surprisingly superior performance was obtained when the temperature gradient
was applied to reverse the existing chirp of the grating. This was due to the slightly

30 non-linear characteristics of thc cxisting chirp.

In other words, thc chirped optical fibre grating i1s formed by applying a

temperature gradient to a portion of optical fibrc on which a non-linear grating is
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impressed, the variation induced by the temperature gradient acting against the non—
linear variation of the impressed grating, and in particular where the temperature
gradicnt at lcast negates the non-lincar variation of the impresscd grating, thereby
gencrating a grating having a non-lincar variation in the oppositc scnsc to the
5 impressed grating.

Figures 3a to 3¢ show the grating spectral response as written (Figure 3a), with
the temperature gradicnt sct to add to (Figure 3b) and reverse (Figurc 3c) the cxisting
chirp. A slight dip is noted in Figurc 3b.

Figurcs 4a to 4c show the timc delay of the gratings, mcasurcd using an

10 standard interferometric sct up, corresponding to the respective cases illustrated in
Figures 3a to 3c. (Since the mcasurcments were performed on diffcrent instruments
there is a slight mismatch in indicated wavelengths.  Also, all threc mecasurements
were taken from the same cnd of the grating and thus in the grating of Figure 4b the
grating was tested by the interferometer in the opposite dircction to its dircction of use

15 in the embodiment of Figurc 1).

As stated, casc b (i.c. as shown in Figurcs 3b and 4b) did not tend to give
stable link performance and thus a temperaturc profile 100 indicated in Figure 1 (case
G, i.e. as indicated in Figurces 3c and 4¢) was cmployed. The centre wavelength of the
chirped grating was also tuncd to match the laser wavclength of 1536nm. Once

20 chirped, the grating reflectivity reduced and thus the circulator—grating combination
exhibited an insertion loss of 3.5dB, but owing to its location at the output of the
transmitter 20 and before the amplificr 30, this had a ncgligible effect on the link's
power-budget.

Separate measurcments involving compensation for the propagation of about

25 10ps pulses over 50 and 100km using this grating showed structure in the compressed
pulses, indicating phasc-distortion of thc pulses and thus non-perfect compensation
of the dispersion. Howevcr, owing to the non-transform-limited data (chirped source)
an improvement in systcm pcrformance was nevertheless obtained.

Figure 5a shows a sampling oscilloscope trace of an approximately 10ps,

30 0.318nm spectral halfwidth pulsc after propagation through 50km of standard fibre.
The pulse can be seen to have broadened to about 281 ps. After recompression with

the grating, Figure 5b, the pulse width is scen to be reduced to about 39ps. However,
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structurc can be scen, particularly on the lcading cdge of the pulse which might be
detrimental at higher bit rates.

Bit-crror-ratec (BER) curves for the system arc shown in Figurc 6. Data are
given for back-to-back and dircct transmission through 100, 143 and 200km of

5 standard fibre. Dispersion—cqualiscd curves, with the chirped grating included, are

given for back~to-back and transmission through 100 and 200km of fibre.

In the casc of dircet transmission, a back—to=back sensitivity of -32.7dBm at
a 107 BER is obscrved. At this crror ratc a penalty of 1.3dB was found at 100km,
increcasing to 3.2 and 8.5dB at 143 and 200km. respectively.

10 The increase in penalty with distance 1s shown again in Figurce 7. With the
grating incorporated, the back-to-buck sensitivity is actually improved by 1.2dB, since
the grating compresscs the chirped-source pulses. The grating virtually cradicates the
penalty at 100km (0.5dB) and significantly reduces the penalty at 200km to only 3dB.
No floor in the error-ratc curves was obscrved when using the grating.

15 The increasc in penalty with distance in this casc can be compared with the
direct result in Figure 7, where it can be scen that the grating dispersion is cquivalent
(but opposite in sign) to around 60km of standard fibre. This result is in substantial
agreement with the delay data illustratcd in Figurc dc.

Receiver eye diagrams arc shown for various points in the system in Figure 8.

20 Although the interpretation of cyc diagrams is always subjcctive, the skilled man will
appreciate that the benceficial cffect of using the grating 10 can be scen.

In summary, dispersion-compensation using a chirped fibre grating has been
successfully demonstrated in a 200km standard-fibre transmission experiment using
a 2.5Gbits™ 1.55um directly-modulatcd transmitter. The about 20mm long, 0.3nm

25 chirped grating 10 effectively compensated for about 60km of standard fibre (i.e. fibre
having a dispersion zero around 1.3gm and about 17ps/nm.km dispersion around
1.55um), as anticipatcd. These results demonstrate that a non-uniformly chirped
grating could provide significant improvements in current, directly modulated
commercial systems.

30 Thus, an approximately 20mm (millimectre) long grating with substantially
linear chirp, to give a ).3nm 3dB bandwidth, substantially ncgates the dispersion of

about 60km of standard fibre. This allowcd transmission through 200km of standard
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fibre with a 3dB pcnalty, which comparcs with an approximatcly 8.5dB penalty
without the compensation.
In summary, thercforc, cmbodiments of the invention make use of a grating is

connected (in a dispersion compensating fashion c.g. using an optical circulator) in an

o

optical fibre link, where the grating is chirped by an amount providing at lcast partial
compcensation of the dispersion characteristics of the link, to provide an output signal
from the link compatiblc with the scnsitivity requircments of the receiver at the second
end of the link. In particular, in embodiments of the invention, the optical signal at
the output cnd of the link can be made to have a dispersion causing a penalty in
10 sensitivity at the recciver of less than 8.5 decibels at a bit error rate of 107 in a link

longer than 200 kilomctres.
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CLAIMS

1. An optical fibre transmission systcm comprising:

an optical signal sourcc opcrable to generate an optical signal at a
predetermined bit rate and at a signal wavelength:

an optical fibrc transmission link connected at a first end to the signal source,
the link having dispersion characteristics at the signal wavclength;

an optical amplificr scrially disposcd in the link: and

a signal recciver connected at the sccond end of the link:

in which a grating is connccted in the link. the grating being chirped by an
amount providing at lcast partial compensation of the dispersion characteristics of the
link, the compensation being such as to provide a signal, at the second end of the link,
compatible with the sensitivity requirements of the receiver at the second end of the
link.
2. A system according to claim 1, in which the optical signal at the sccond end
of the link has a dispersion causing a penalty in sensitivity at the receiver of less than

8.5 decibels at a bit crror rate of 107 in a link longer than 200 kilometres.

3. A system according to claim | or claim 2, in which the optical amplifier is

operable in a saturation modec.

4. A system according to any onc of the preceding claims, in which the chirped
optical fibre grating is formed by applying a Icmpcrature gradicnt to a portion of
optical fibre on which a non-lincar grating is impressed, the variation induced by the

temperature gradient acting against the non-lincar variation of the impressed grating.
3. A system according to claim 4, in which the tcmpcrature gradient at least
negates the non-linear variation of the impresscd grating, thereby generating a grating

having a non-lincar variation in the opposite scnse to the impressed grating.

6. An optical transmitter for usc with an optical fibre transmission link, the
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transmitter comprising a light source capable of direct or indirect modulation and a
chirped grating to provide compensation for the dispersion characteristics of the link
ovcr the range of wavelengths of the modulated light source; and an optical amplifier
disposed between the grating and the transmission link, the optical amplifier being

5 opcrable in a saturation modc.

7. An optical transmitter for usc with an optical fibre transmission link, the
transmittcr comprising a light source capable of direct or indircct modulation and a
chirped grating to provide compensation for the dispersion characteristics of the link
10 over the range of wavclengths of the modulated tight source, the grating being formed
by applying a temperaturc gradicnt to a portion of optical fibre on which a non-linear
grating 18 impressed, the variation induced by the temperature gradicent acting against

the non-lincar variation of the impressed grating.

15 8. A dispersion compensating device for an optical fibre transmission link, the
device comprising a chirped grating conncctable at a light input cnd of the
transmission link, the grating being formed by applying a temperature gradient to a
portion of optical fibrc on which a non-lincar grating is impressed, the variation
induccd by thc temperaturc gradient acting against the non-lincar variation of the

20 impresscd grating.

9. An optical fibrc transmission system comprising:
a light sourcc for gencrating a dircctly or indircctly modulated optical output
in dependence on input data;

25 an optical circulator for recciving the modulated optical output, the circulator
being connected to route thc modulated optical output to a reflection-type fibre
grating and to route optical signals from the grating to an output port;

an optical amplificr for amplifying optical signals received from the output port
of the optical circulator;

30 an optical fibre transmission link for propagating optical signals amplified by
the amplifier; and

an optical receiver for converting optical signals output from the transmission
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link into corresponding clectrical data signals.

10. A system according to claim 9, comprising a variablc attcnuator connected

between the output of the transmission link and the optical recciver.

S
11. An optical fibre transmission systcm comprising:
a bit crror rate test apparatus for producing test data;
a light source for generating a modulated optical output in dependence on the
test data (using dircct or indircct modulation):

10 an optical circulator for receiving the modulated optical output, the circulator
being connccted to route the modulated optical output to a reflection-type fibre
grating and to route optical signals from the grating to an output port;

an optical amplificr for amplifying optical signals reccived from the output port
of the optical circulator;

15 an optical fibre transmission link for propagating optical signals amplificd by
thc amplificr,

a variablc attcnuator at the output of the transmission link; and
an optical receiver for converting optical signals output by the attenuator into
corresponding elcctrical data signals;

20 the electrical data signals being compared with the test data by the bit error
rate test apparatus, to detect the bit crror ratc of the transmission system.

12. A chirped optical fibre grating formed by applying a tcmperature gradient to
a portion of optical fibre on which a non-lincar grating is impressed, the variation
25 induced by the temperaturc gradicnt acting against thc non-linear variation of the
impressed grating.
13. An optical fibre transmission system comprising:
an optical fibre transmission link;
30 a chirped grating connected at an input end of the link to provide compensation

against the dispersion characteristics of the link; and

an optical amplifier disposcd between the grating and the transmission link, the
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optical amplificr being opcrabic in a suturation mode.

14. An optical fibrc transmission system comprising:

an optical fibre transmission link; and

a chirped grating connccted at an input end of the link to provide compensation
against the dispersion characteristics of the link, the grating being formed by applying
a temperature gradient to a portion of optical fibre on which a non-lincar grating is
impresscd, the variation induced by the temperature gradient acting against the non-

lincar variation of the impressed grating.

15, Asystem according to claim 13 or claim 14 or a transmitter according to claim

0, in which the grating is a fibrc grating.

16. A system or transmitter according to claim 13, in which the grating is a

reflection fibre grating.
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