FExperiment: The ring-cavity ol our fibre laser (see Fig. 1) con-
sisied of ~7.2m of crbium-doped fibre and 11.1m of standard
fibre, resulting in a total cavily length of ~18.3m [8]. A 980nm
pump laser (Lasertron QLM95470) injected light through a 980/
1550nm WDM coupler; it coupled ~95% of the pump light into
the cavity. The owtput coupler transmitted ~10% of the bidirec-
tional circulating powers per round trip. Each end of the output
coupler was connected to a large-area germanium photoreceiver
{(New Focus Model 2033). Temporal evolwiion of the photore-
ceiver signals was monitored using an oscilloscope. Since we did
not use an intracavity isolator, the laser emitted tight in both the
clockwise and counter-clockwise directions.

[Fig. 2 shows the output powers for the two dircetions when the
laser was pumped 3.6 times above its threshold. The two modes
were found to be almost perfectly anticorrelated; an mcrease in the
power of the onc mode corresponded to a decrease in the other,
The sum of the powers remained nearly constant, excepl lor smalt
fluctuations occurring at the relaxation oscillation frequency (=
29kHz). The individual powers on the other hand fluctuated on a
rather stow time scale (~{).1s). These fluctuations arc duc to mode-
partition noisc induced by cross-gain saturation. This interpreta-
tion is confirmed by the following thecretical model.
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Fig. 3 Numerical simulation of ouiput powers in clockwise and counter-
clockwise dircerions
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Theory: We use the standard three-fevel rate-equation model but
simplily 1t by assuming rapid transfer of the pumped population
1o the exciled state, The resulting rate equations with added Lan-
gevin noise terms can be writlen as [9]

Py = (BN - )P, + R + Fi (1) (1)

Py = (BN — )Py + Ry + F5(t) (2)

N =W,(Np — N)— 2Py + 3)BN — (N 4+ Ng)/T) (3)

where P, and P, are the number of photons in the co- and coun-
ter-propagating modcs, respectively, and N represents the popula-
tion-inversion level. The cavity-decay rate v is related to the
photon lifetime 1, as v = 1/1,. The rate of spontaneous emission is
taken to be Ry, = n, BN, where a,, is the inversion parameter, and
Bis related to the rate of stimulated emission. [n eqn. 3, W, is the
pump rate, Ny is the total number of dopants, and 77 is the fluo-
rescence time, The coupling between £, and P, is solely due to
cross-gain saturation resulting from gain sharing,

The Langevin noise sources F{(7)y and £5(f) are responsible lor
fluctuations in P, and P, respectively. They vanish on average
{(F()) = 0). Assuming noisc to be Markoflian (white noise), we
use [9]

(T F3 (1)) = 2Dy8(t — 1) (4)

where i, j = 1, 2, The diffusion cocfficient is related to the rate of
spontancous cmission as follows:

Dy = Rsppl Das = Rsppz Dy =0 (5)

wherc P and P, are the average steady-state valucs.

The stochastic rate equations, eqns. 1 — 3, are solved numeri-
cally using parameter values appropriate to our fibre laser (a noise
figurc of 3.4dB corresponding to n,, = 1.1 is assumed). Fig. 3
shows a 3s section of the time series simulated numerically. Com-
paring Figs. 2 and 3, we see that our model reproduces all quali-
lative  featuwes ol  the mode-partition noise  observed
experimentally. This agreement confirms that the anticorrelation
seen in Fig. 2 has its origin in cross-gain saturation.

Discussion: We have experimentally observed mode-partition noise
m & fibre laser. We have developed a rate-cquation model that is
capable of reproducing the experimentally observed beliaviour.
We did not observe complete on-off switching similar to that
observed in dye lascrs [5]. We believe that the inhomogeneous
broadening of the gain spectrum in our fibre laser leads to weak
mode coupling, It is well known that codopants such as alumin-
inm can make {he gain spectrum nearly homogencously broad-
ened. Such [ibre lasers may exhibil complete on-off switching.
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Real-time optical spectrum analyser based
on chirped fibre Bragg gratings

N.K. Berger, B. Levit, A. Bekker and B. Fischer

A realdtime Nbre optic spectrum analyser for optical pulses is
realised. It is based on a chirped [ibre Bragg prating and the
formation of a time domain analogue of the Frawnholer
diffraction regime. The spectrum of & modelocked diode laser was
measured, with a resolution of 0.3nm, which can be casily
improved to 0.06nm.

Introduction; We demonstrate a fibre optic spectrum analyser
which is based on a chirped fibre grating, and the formation of a
time domain analogue of the Fraunhofer diffraction regime, where
a light pulse is transformed, in real time, into its Fourier image,
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Such a compact fibre device may be of use for various applica-
tions it optics and fibre optic WDM networks,

The first real-time Fourier-lransform processors were developed
in the R region for radar, sonar, and communication systems [1].
Surface acoustic wave (SAW) filters, providing chirped Bragg
gratings, were used as the dispersive dclay lines. In the optical
region, real-time spectral analysis was obtained with SAW disper-
sive delay lines [2] by shifting the laser pulse spectrum Lo low fre-
quencies. More recently, such an operation was demonstrated
using a dispersive fibre {3, 4]. This has drawbacks due Lo the limi-
tations in the fibre dispersion parameters, Fibre gratings, by con-
trast, can offer better petformance and more flexibility. Chirped
fibre Bragg gratings are successfully used for other purposes, such
as chromatic dispersion compensation of pulses in fibre optic com-
munication systems [5], and they allow electrical tuning of their
wavelength and their dispersion magnitude [6]. A simulation of
chirped fibre gratings used for real-time Fourier transform is given
in [7].

ol
400
w
%“_10 1300 :
c K
£ S
8 4200 e
B-20 g
100 7
-30 0
\ . .
1830 1540 1550 1660 1570
honm 65211

Fig. 1 Experimental results of the wavelength dependence of the reflec-
tion and group delay for one of the chirped Bragg gratings
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Fig. 2 Pulse spectrum
« Measured using conventional spectrum analyssr

b Measured uwsing real-time fibre spectrum analyser (oscilloscope
trace)

Operation principle: The operation principle can be simply
explained using the well-known analogy between the propagation
of optical pulses in dispersive media and the propagation of beams
in free space with diffraction in the paraxial approximation (8, 9].
In the diffraction case, a Fourier transform of a ficld cnvelope is

obtained, in the Fresnel regime, at the back focal plane of a lens
ot in the Fraunhofer regime. The rcalisation of a time lens for
pulse propagation can be obtained by a special element that pro-
vides a quadratic time-dependent phase modulation for the pulse.
This can be used for the Fourier transform operation. However, a
situpler method could be obtained by realisation of the Fraun-
hofer diffraction equivalent in the time domain case. Time domain
Fraunhofer mapping occurs for sufficiently long propagation dis-
tances

L > 7} /4w| )

where 1, is the pulse duration, B, = @B/dw? is the group velocity
dispersion, and w and B are the opticul frequency and propagation
constant, respectively. Implementation of such Fourier transform
operation necessitates, however, media with high group velocity
dispersion, In this Letter, we demonstrate such a realisation using
a chirped in-fibre grating,
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Fig. 3 Pulse specirum
« Measured using conventional speetrum analyser

b Measured using real-time fibre spectrum analyser (oscilloscope
trace)

Grating design and experimental vesults: The experiment was car-
ried out using chirped gratings, produced by UV illumination (A =
244nm) of a hydrogen-loaded singlemode fibre. The grating pat-
tern was obtained using a special technique with a step-chirp
phase mask [10], where the waves from different sections interfere,
Fig, | shows the wavelength dependence against the reflectivity
and group delay of one of the gratings, measured using a tunable
diode laser.

The spectrum analysis was performed for laser pulses from an
actively modelocked, cavity-extended diode laser with a fibre
Bragg reflector. The laser gave short pulses with the multi-wave-
length spectrum shown in Fig. 2. The pulse duration was of the
order of 25ps and the repetition rate was 2.2GHz, As mentioned
above, the Fraunhofer regime imposes the following condition on
the pulse duration;

2 <€ 2N DL fe
where D = 2mcfiy/AZ, A is the wavelength and ¢ is the speed of
light. The spectral resolution is given by [2]

8X =~ A {eDIM?

Thercfore, for currently achievable dispersion levels of chirped
gratings, DL == 2000ps/nm [11], a resolution of the order of &A =
0.06nm can be obtained. In our gratings, the DI product was
lower. Therefore, we used two chirped gratings, giving an overall
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DL = 100ps/nm, and thus a theorctical resolution of &k =
0.27nm.

The measured spectra are given in Figs. 2 and 3, and show
good agreement between the spectrum oblained directly using the
optical spectrum analyser, and that obtained using time domain
Fraunhofer mapping via the reflection from the chirped gratings
(recorded using a sampling oscilloscope). The resolution is betler
than 0.3nm, matching the theoretical value given above.

Conclusion: A real-time optical spectrum analyser based on a
chirped fibre Bragg grating has been realised. There are several
advantages of using this fibre spectrum analyser, besides its sim-
plicity and compatibility with fibre optic systems. Tt can be used to
obscrve the dynamics of measurcd light, such as the time-depend-
ent competition between two spectral lines, including changes
from pulsc to pulse. This cannot be achieved wsing a conventional
analyscr, which smears the structure because of ils averaging
effect, In addition, pulscs embedded in slowly varying (compared
o the above mentioned upper limit of the pulse duration) back-
ground noise can be analysed vsing the fibre device, but not by
using a conventional analyser, Another feature is the preservation
of the amplitude and phase spectrum in the transformed wave,
allowing further processing, such as inverse Fourier transforms
using a conventional analyser, and the analysis of un uliva-short
pulse [12].
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Sensitive, multipoint gas detection using
TDM and wavelength modaulation
spectroscopy

H.L. Ho, W. Jin and M.S. Demokan

The authors report on the use of time division multiplexing
coupled with wavelength modulation of an external cavily laser
lor sensitive, mullipoint gas detection. A three-sensor ladder-
topology acetylene system is experimentally demonstrated with a
detection sensitivity of 150ppm (25mm gas cells) for a lime
constant of 300ms and —30dD crosstalk between the sensors,

Optical fibre gas sensors based on the absorption of light at near-
IR wavelengths (1-1.8pum) have atbracted considerable attention
over the past ten years [1]. The advantages of fibre sensors include
their remote detection capability, safety in hazardous environ-
ments and immunity (o electromaguaetic felds. The use of high
speciral densily distributed feedback/cxternal cavity lasers coupled
with wavelengih modulation spectroscopy (WMS) [2] has allowed
the demonstration of high sensitivity gas detection with relatively
simple micro-optic gas cells [31. However, a single sensor system is
not cost-cffeclive due Lo the high cost of the laser sources. Sensor
multiplexing must be implemented in order to reduce the cost-per-
sensing-point where some expensive optical components can be
shared by a number of sensors. Spatial division multiplexing
(SDM) has been applied for multiplexing fibre optic gas sensors
[4]. The SDM system performs in a similar manner o that of a
singte-cell system, but a number of receivers need to be used. An
alternative Is to apply a time division multiplexing (TDDM} tech-
nique Lo gas sensor networks [5]. A TDM system uses a single
source and receiver unit and is thus potentially cheaper, However,
the limited extinction ratio of the optical switch used in a TDM
system resulls in crosstalk and aflects the system performance. A
detailed theoretical investigation of the potential and limitations
of TDM systems has alrcady been carried out [5). However, no
experimental investigation into the petformance of TDM gas sen-
sor networks has been reported to the authors” knowledge. In this
Letter, we report such an experimental investigation,
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Fig, 1 Experimental setup

Fig. | shows the cxperimental setup. The sensor network
reported here is the same as that described in a previous paper [5]
with a sensor number of & = 3. The light source used was a new
focus model external-cavity tunable laser (ECTL) with a wave-
length (unable rom 1520 to 1580nm, During the cxperimeats, the
wavelength of the tunable laser was tuned to one of the absorp-
tion lines of acetylene around 1530.2nm. Light from the lascr was
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