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Abstract: We experimentally compare two distributed fibenm@a amplified bus networks for the
wavelength-division multiplexing of optical sensofhie main difference between them is the type of
fiber used in the pre-amplifier in each case.
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1. INTRODUCTION

Bus architectures are some of the most widely umseltiplexing topologies for sensors, mainly duetheir simple
cabling requirements [1]. For example, a wavelemitision-multiplexed (WDM) optical fiber-based meirk
configured as a linear bus has been applied asamsnef addressing and subsequently gathering data dptical
sensors [2]. It consists of a spine section tlnects a series array of directional couplersitgatb the sensing
elements, followed by fiber Bragg gratings (FBGS).

Nevertheless, fiber bus networks suffer from theadvantage that the optical power is reduced aloedpus and it
limits the number of sensors that can be addresseacceptable signal-to-noise ratios (SNRs). Ongrcgeh to
overcome this restriction is to locate optical afigrks (such as erbium doped fiber amplifiers, EBIFAvithin the bus,
but they are costly devices that require electrmalier supplies. Alternatively, one can fabrictite bus entirely from
erbium-doped fiber with a low doping density to yide distributed gain, but it requires special (gmatentially
expensive) fiber [2]-[3] and the working bandwidHimited.

The use of Raman amplification in the spine sectibthe bus to maintain the received powers from gbnsors
within acceptable bounds has recently been repddgdMoreover, dual-wavelength pumped Raman atagliion,
together with an EDFA, has been applied in a loistadce sensing system using a fiber Bragg gr@iRfs].

In our work we compare two topologies consistingadkaman bus structure, but introducing two diffetgpes of
fiber: dispersion compensating fiber (DCF) and ghlyi nonlinear fiber (HNLF). We show how both Rangain and
signal-to-noise ratios can be increased by usiagéitond configuration.

2. NETWORK CONFIGURATION

Both configurations consist of a bus topology, le@an in Fig. 1, with an active bus built from standl single-mode
fiber (ITU-G.652 compliant). They use wavelengthiglon multiplexing (WDM) for the identificationfdour sensors.
Each sensor incorporates a narrow-bandwidth FB&uatique wavelength. The launched signals are afiéity incident
on all of the sensors but the gratings ensuredhel sensor returns only its characteristic chatowedrds the launching
point (the head end) after passing through theoseassecond time. The peak wavelengths and refigesi of the
gratings are marked on Fig. 1. They had a wavetevatiation with temperature of 0.01 nm/°C.

We used 90% directional couplers to perform powstritiution among the sensors. Their insertion i@sged from
10.4 dB to 10.8 dB in the 10% branch for the pumg e signal wavelengths and from 0.5 dB to 0.7irdBhe 90%
branch for the pump and the signal wavelengths.

In all of our demonstrations, the sensors were v@tidn order to make the power measurements indieperof the
particular measurands and so ensure greater giyefahe results. Therefore, although the graitigemselves may be
used as sensors, the network is not designed spéuafic to any particular type of sensor. The Ramamp, signal(s)
and receivers are co-located in one head end. fiiner¢he Raman pump propagated co-directionalti tie launched
signal but contra-directionally with the retunedrgils from the gratings. All of the free terminasoon the bus were
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refractive-index-matched to frustrate unwantedeafbns. This is very important to minimize noisgedo multi-path
interference [7].
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Fig. 1L (a) Wavelength-division-multiplexed distributier Raman amplifier bus network adding 2.4 kndisjpersion compensating fiber (DCF) at
the head end of the bus. S1-S4: location of senfigrimproved distributed fiber Raman amplifiestnetwork, adding 5 km of highly nonlinear fiber
(HNLF) at the head end of the bus. S1-S4: locatibsensors. The fiber lengths and the grating peakelengths and reflectivities are indicated.
Taking into account the circulator loss, the lawttkignal power at port 2 is —2.6 dBm in both cases

The pump laser that we used was a multi-order fikeeman laser and it radiated in three lines, 1488 145 nm
and 1466 nm. The signal was provided by a tuna#derl (1460-1580 nm) and after passing through dbhech
circulator, it had a power of -2.6 dBm and a smclinewidth of 5 MHz. The launched pump was pdation
scrambled but there was a small residual elliptiedbrization of the signal laser. By taking mukipneasurements, +/-
0.5 dB errors are estimated in the gain values.

The original experimental configuration of Fig. )L{8)] has been modified by replacing the initial spdrDCF (of
length 2.4 km) with 5 km of highly nonlinear fib@iNLF), as shown in Fig. 1(b). Dispersion compeimggafiber shows
relatively high Raman amplification, however, tbg/lpower conversion efficiency is considered tahmajor difficulty
that must be overcome [9]. In order to enhancegtie of the Raman amplifier, we have proposed gigbhlinear fiber
(HNLF) with a Raman gain coefficient of 2.2 Y™ and attenuation of lower than 0.4 dB/km around 0155n.
Moreover, DCF has a raised germania content aneéftre a somewhat higher loss coefficient than SMfe. have
measured a fiber loss of 0.55 dB/km for the DCFe Bhailability of new high-power optical sourcestlie 1550-nm
wavelength range as well as the development oflyigbnlinear fibers (HNLF) offer increased posstiek to design
devices relying on nonlinear effects in opticakfib [10].

From the theory of Raman amplification it is knottmat fibers with a relatively high effective areaich as SMF,
have a low pump power conversion efficiency andefoee as distributed amplifiers they are orientedong span
networks. However, with the judicious use of HNitks possible to achieve greater flexibility indblengths without
having to launch excessive pump powers. HNLF i®@dgRaman gain medium, due to its small effectives @rea (9
um? compared with 1m? for the DCF). As shown in Section Ill, we obtairtbe best results with this fiber.
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3. RESULTS

In order to evaluate an amplifying network, we defia bus spine transparency power. This is theevafuthe
Raman pump power that is sufficient to overcomesiigeal attenuation due to (a) the fiber and (lg) discrete losses
experienced at the couplers in passing from onelifging span to the next. This power level does mutiude
compensation for the 2 x 10 dB losses in passim the spine of the bus to the sensors and badk agéor the losses

of the launch coupler and circulator. Fig. 2 wasaoted using the configuration of Fig. 1(a) witle tRaman pump
switched on.
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Fig. 2. Amplified output power obtained with an appliednm Fig. 3. Amplified output power obtained with an appliednm
power of 270 mW. The signal wavelengths are thdé$ég 1(a). power of 250 mW. The signal welengths are those of Fig. 1i

The power used in Fig. 2 was 270 mW because thiseidbus spine transparency power for the retuth {waS4.
The original experimental setup has been modifiedrder to obtain higher Raman gain. The improveédrfbus is that
of Fig. 1(b). S1... S4 show the positions the sensaght to take in the new network, although thesessrs have been
removed in the interest of generalization, as dlyeaentioned. In the improved bus structure, a ppoper of 250 mW
is sufficient to obtain the transparency condititue to the greater Raman gain efficiency when gigbhlinear fiber is
used.

Fig. 3 is a plot of the amplified output power dbéa with an applied pump power of 250 mW. Cleaithgre is a
power increase in all channels and a marked impnew¢ in channel power equalizatidhis important to notice that
with the new configuration the Raman gain profiks lkchanged, as well as the gain level with resmetitie original
setup with the 2.4 km dispersion compensating fipan.
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Fig. 4. New Ramagain profile for the HNLFfiber at 250 mW

Fig. 4 is a representation of the new Raman gaifilprfor a pump power of 250 mW. In this way, yding the 5
km of HNLF there is enough distance to obtain Ragein for every grating, even for the one closeghe pump. We
used this property to obtain a degree of equatinatif the received powers from the four gratingsboth cases of Fig.
1, the strategy we used was to place the gratiogesponding to low Raman gains closest to the pbegause that is
where the signals experience enough interactiomtien Conversely, gratings with relatively high Ramgain
wavelengths were located further from the head end.
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TABLE | TABLE |l
MEASUREDV ALUES OF POWERAND OPTICAL SIGNAL TO MEASUREDV ALUES OF POWERAND OPTICAL SIGNAL TO
NoOISERATIO OBTAINED FROM FIG. 2 NOISERATIO OBTAINED FROM FIG. 3
FBG wavelengths FBG wavelengths
S1 S2 S3 S4 S1 S2 S3 S4
A, nm 1539.9 1537.4 1534.6 1531.0 A, nm 1531.0 1539.9 1534.6 1537.4
Pr(pumped), 3995 .391  -39.67 -40.97 Pripumped). 447 413 403 -39.9
dBm dBm
OSNR OSNR
(pumped), 18.8 18.6 17.7 16.1 (pumped), 22 22.1 22.1 22.9
dB dB

Table | and Table Il summarize the received optpalers, Prpbtained from each of the four sensors, and their
corresponding optical signal to noise ratios (OSNB)sidering the original and the improved setupBig. 1(a) and
1(b), respectively. We had a minimum improvemen3.8fdB for the sensor at 1539.9 nm and a maximusdB for
the sensor at 1531 nm. Better equalization is nbthivhen using the highly nonlinear fiber and ateooptical signal to
noise ratios are better when HNLF is used, as shoviable II.

4. CONCLUSIONS

We have demonstrated an improved distributed Ramaplifying bus network for wavelength division
multiplexing of sensors, which uses a highly nozdinfiber. This structure yields greater absolateived signal power
and better SNR values. The improvement is achiéyedsing only 270 mW Raman pump power. Our resafitsined
with high power pumping indicate that there is ptitd to extend the bus network to serve greatemnbars of sensors.
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