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Abstract

Stimulated Brillouin Scattering (SBS) imposes aitiation on the transmitted power in radio-
over-fiber (RoF) distribution systems. By employiag optical filter at the transmitter that
converts the optical microwave signal to Single eSi8and (SSB) format, in order to

overcome dispersive fading, it is also possibleraduce the effect of SBS on system
performance. In this paper the authors comparecdises of filtering the optical microwave
signal at the transmitter or the remote site addia-over-fibre system, in terms of the effect
of SBS on system performance. The authors alsosiigate and demonstrate how the
modulation depth of the optical-microwave data algnfluences the Brillouin threshold in

RoF distribution systems.
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1. Introduction

Radio-over-fiber (RoF) is a technology used torihste RF signals over analog optical links.

In such RoF systems, broadband microwave datalsigreamodulated onto an optical carrier

at a central location, and then transported to tersites using optical fiber. The base-stations
then transmit the RF signals over small areas usiigowave antennas [1] [2]. Such a

technology is expected to play an important rolpriesent and future wireless networks since
it provides an end user with a truly broadband ssde the network while guaranteeing the
increasing requirement for mobility. In additiomce it enables the generation of millimetre-

wave signals with excellent properties, and makestve use of the broad bandwidth and

low transmission loss characteristics of optichefs, it is a very attractively cost-effective

and flexible system configuration.

The basic RoF system is a bi-directional analogerfiloptic link and consists of a
laser/photodiode pair at each site of the linkywal as transmitting and receiving antennas at
the remote sites. Signals are generated at a teamé&rol station and then distributed to
remote sites using single-mode optical fibers. Thatrol station, which can feed many
remote sites, is responsible for optical-electr{cét) and electrical-optical (e/o) conversions,
as well as up-conversion, down-conversion, andgssiag of the electrical data signals. At
the remote sites, only o/e and e/o converters rapag/ed; the o/e converters convert optical
signals received from the control station to RFnalg and then forward them using the
antennas to the end users; the e/o converters toifve RF signals from the antennas to



optical signals that are then transmitted to thetrod station [3]. Depending on the system
architecture, some type of optical filtering maymally be employed in the such systems
either to convert a Double Side Band (DSB) sigondbingle Side Band format (to overcome
dispersive fading), or to filter out one opticatalahannel if wavelength division multiplexing

(WDM) technology is employed in the system. Indgets possible to use one Bragg filter at
the remote site to carry out both these functiamsisaneously [1].

Several nonlinear optical effects normally limietbptical power level that can be employed
in RoF distribution systems. These effects incl8tienulated Brillouin and Raman Scattering
(SBS and SRS), Self-Phase Modulation (SPM), andsepthase modulation and Four-Wave
Mixing, for two or more channels [4]. In this wonke focus on Stimulated Brillouin
Scattering (SBS) since it is likely to have the ésivthreshold in systems employing lasers
with narrow linewidths. SBS occurs when the incidemmp wave generates acoustic waves
through the process of electrostriction and thendowaves cause vibrations in the glass
lattice that makes up the fiber core [5]. OnceBhidouin threshold is reached, SBS occurs in
the fiber, reflecting parts of the input powersrielned into the optical fibre and the power is
converted into the backward-travelling light, whishnamed the Stokes wave [6]. The SBS
process induces optical power fluctuations whicgrdeée the Q factor and consequently the
bit error rate of an optical communication systés.a result, SBS limits the performance of
optical transmission systems and the fiber-inpuwvgroshould normally be kept below the
Brillouin threshold [7].

In a single-mode optical fiber the only relevamniedtions are the forward and the backward
directions, and when the scattering angle= 77 the shift reaches the maximum value.
Therefore, the optical fiber only allows observatiof the Stokes wave in the backward
direction. The frequency difference between thedent wave and the Stokes wave is given

by vg:
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where /lp, n, andV, are the wavelength of the incident pump, the otfra index of the

core, and the sound velocity inside the materigdpectively [8][9]. If we use the values
appropriate for silica fibers, such ¥g = 5.96 km/s and n=1.4%); = 11.1 GHz is obtained at

A, = 1.55um. The criterion for the Brillouin threshold is &rbrily defined as the input
optical pump power (Be) at which the backward Stokes poweg{R) is equal to Rer at the
fiber input [4]. If the pump laser is assumed toéa finite linewidth ofAv,, and the Stokes
wave linewidth is given byAv,, then the Brillouin threshold for Continuous Wai@w)
light is given by [7]:

Ay K Av, +Av
P =21 (—=
g Leff AVB

[o]

=) (@)

whereLg; is the effective interaction length given by



L, =(1-e™)/a, )

Aqi IS the effective core area of the fiberjs the fiber loss (dB/m)g, is the peak Brillouin
gain coefficient g,= 4.6*10* m/W), L is the length of the fiber, arid is the polarization

factor (1< K <2), which accounts for polarization scrambling besweghe pump and the
Stoke waves [10].

In the case of narrow linewidth withv, > Av,, (2) can be reduced to (for CW light):
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It has been predicted that SBS could be greatlypragsed by proper frequency or phase
modulation [11]. In the case of using phase-shefgikg (PSK) modulation, the Brillouin
threshold could be 2.5 times higher than that of @M [7].

From the formula (4), and taking into account the tidnes increase in Brillouin threshold for
PSK modulation over CW light, we can calculate pinedicted Brillouin threshold curve for

standard fiber when PSK modulation is used . Tiselte are plotted in Figure 1. Since the
polarization factoK is in the range between 1 and 2, we draw two auwigen theK is set at

1 and 2, respectively.

Fiber length vs. Brillouin threshold for PSK light
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Figure 1. Predicted Brillouin threshold for PSK ratated light (narrow linewidth)

In this paper we examine the effect of SBS in dorader-fiber distribution system. We
initially demonstrate the difference in system parfance that is obtained between placing an
optical filter (used for SSB generation, or wavelinchannel selection, or both) at the central
station or the remote site of the radio-over-fibestribution system. This difference in system
performance is simply due to the insertion losstied optical filter. We then go on to
investigate how the modulation depth of the opticatrowave signal will influence the
Brillouin threshold in RoF system. This work shothiat by using an optical filter which not
only generates a SSB signal at the transmitteralsat increases the modulation index of the
data signal, the limitations due to SBS can bethyreeduced.



2. Experiment setup to measurethe Brillouin threshold

The experimental set up is shown in Figure 2. A.3886 Mbit/s NRZ data stream from an
Anritsu pattern generator is initially passed tlgiowa 117-MHz low-pass filter to minimize
the bandwidth of the data signal. Then the sigaahixed with a RF carrier of 18 GHz to
generate binary phase-shift keying (BPSK) dataaiginat is used to directly modulate a
single mode laser diode that is biased around 6Ganthhas an operating wavelength of 1550
nm. The optical signal is then amplified using dniwm-doped fiber amplifier (EDFA) before
being launched into the optical fiber reel. At ttexeiver, the detected signal is initially
amplified and then downconverted to a basebandakigging a mixer and the 18 GHz local
oscillator. At last, the resulting NRZ data sigmalamplified before passing through a low-
pass-filter and monitored on a 50 GHz oscilloscope.
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Figure 2. The experiment set up to measure théoBni threshold

In this experiment, we use two inline power metsith built-in tunable attenuators (at the
positions B and D) to adjust and measure the dppicaer launched into the fiber reel and
the photodiode, respectively. At positions A anda@,place the Bragg filter according to the
experimental demands. The generated optical micrevsggnal is transmitted over 12.7 km
of standard single mode fiber.

In order to initially measure the Brillouin thredtipwe do not need any Bragg filter in the
system, which means that there are only fibre gatds at the position A and C. In this
experiment, we change the optical power launched the fiber reel by changing the
attenuator of inline power meter 1. After the ogkisignal propagating through the 12.7 km
fiber reel, we adjusted the attenuation of thenmlpbower meter 2 to keep the optical power to
be launched into the photodiode constant at 3 dBnshould be noted that with this
transmission distance, dispersive fading due tdX88 nature of the signal, does not greatly
affect the received signal. From the eye-diagraowshon the oscilloscope the Q factor of the
received signal is calculated according to theri@din:
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wherev,, andv, represent the voltage level of “1” signal and $ijnal; ando, andg,, is
the standard deviation of the noise amplitude idrdnd “0” signals.
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Figure 3. Optical power launched into the fiber ke Q factor

From Figure 3 we see that the Q factor degradeplshahen the optical power launched into
the fiber reel reached around 12.5 dBm. Since tgratlation of Q factor begins at the
Brillouin threshold, the Brillouin threshold for pexperimental set-up is about 12.5 dBm.
This result is within the prediction area showrrigure 1 for the fiber length 12.7 km.

3. Overcoming the SBS effect

In the RoF systems, although the generated optiGabwave signals are usually in the DSB
format, optical filters may be employed at the reee (post-filering) to convert the DSB

signals to SSB format and eliminate the disperéamiing effects in the fiber. Indeed such a
filter could simultaneously demultiplex the desirwavelength channel in RoF WDM

systems [1]. Here we propose and demonstrate hewposition of the optical filter can

influence the performance of a RoF system due 18.SB

3.1 The System with Post-filtering

In order to investigate the effect of filter placemh on the system performance we carried out
the experiments using the above-described meth@dpost-and pre- filtering). The first step
was to place the Bragg filter at the position “@”Rigure 2 to measure the effect of the post-
filtering. In this experiment, we adjust the pumpyer of the erbium-doped fiber amplifier
(EDFA) to make sure that the optical power launcimd the fiber reel reaches 12.5 dBm.
We connected two fiber reels of 12.7 km togetheslitain a transmission length as 25.4 km.
This length makes the SBS effect more severe, aralso the length at which dispersive
fading would greatly reduce the received RF powea dSB signal. The optical power
launched into the photodiode is kept at 0 dBm bsithg the attenuator of inline power
meter 2 at the receiver. The received eye-diagsashown in Figure 4. From this figure it can
be seen that the quality of the signal is poortheceye is very noisy.



Figure 4. Eye-diagram of received signal with pidstring

3.2 The System with Pre-filtering

In the case of pre-filtering, since the opticaléiilfilters out one side band and has a certain
insertion loss, the optical power launched into fiber is reduced greatly. By placing the
insertion loss of the filter at the central statiostead of the remote site, the SBS effect could
be alleviated. In order to measure the effect etfgtering, we move the Bragg filter to the
position “A” in Figure 2. Although the optical powbeefore the Bragg filter is still kept at
12.5 dBm (after the EDFA), after passing through Bragg filter, the inline power meter 1
shows that the optical power launched into therfiieel fell down to only 7.0 dBm. We then
adjust the attenuator of the inline power metes thbake sure that the optical power launched
into the photodiode is kept at 0 dBm (the sameboth the pre-filtering and the post-
filtering).

In this case, we get a clear and clean eye-diageasncan be seen in Figure 5. Since the
optical power launched into the optical fiber isvér than the Brillouin threshold, we
successfully avoid the effect of SBS. The improvetne systems performance between the
two cases is essentially the insertion loss obitecal filter employed.
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Figure 5. Eye-diagram of received signal with pheiiing

4. Theinfluence of the modulation depth on SBS effect



From formula (4) we know that the linewidtkv, of the laser strongly influence the Brillouin
threshold: the wider thdv, , the higher the Brillouin threshold. Hence, nareownewidth

signals are more prone to SBS effects. In our Rekem, the linewidth of the optical carrier

is much narrower than that of a sideband (whicbaisying the data). Therefore, the carrier
signal is the main cause of SBS, and reducing theep of the carrier (increasing the

modulation depth of the signal) may allow us touas the limitation caused by SBS. The
modulation depth is expressed in terms of the eamo sideband ratio (CSR), which is

defined as the difference in the optical power leetvthe carrier and a first-order sideband
[12]. To vary the modulation index of the generadptical microwave we use the same fixed
Bragg filter that was employed earlier, and we t&sBperature control to vary the emission
wavelength of the laser relative to the centerhaf filter pass band. By doing so we can
obtain different values of CSR (i.e. different mtadion depths). Figure 6 (a)&(b) show the

spectrum of the signal with the CSR of 1.8 dB aBdb 21B respectively.
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Figure 6 (a). Carrier to Sideband Ratio of 1.8 dB
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Figure 6 (b). Carrier to Sideband Ratio of 23.6 dB

To investigate the impact of the CSR on the SB8stiold we used an experimental set-up
similar to figure 2. The emission wavelength of ttega signal was changed relative to the
bandpass profile of the filter to vary the CSR, aadvariable attenuator before the

transmission fiber was used to keep the launchegpoonstant as the CSR was varied. We
choose two different optical launch powers, 6 dBmd 42.5 dBm, and in both cases the
variable attenuator before the detector is usddeép the received power constant at 0 dBm.
Figure 7 shows how the Q-factor of the receivedaighanges when the modulation index is
varied for the two launched powers.



CSR vs. Q factor
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Figure 7. Carrier to Sideband Ratio vs. Q factor

Since 6dBm is far below the Brillouin thresholde t8SR does not have any influence on the
system performance. When the optical power is as®d to 12.5 dBm, which was the initial
Brillouin threshold measured for our system, thaation becomes different. In this case the
higher the CSR, the worse the Q factor (the lowerBrillouin threshold). This result shows
that the carrier is the main cause of the SBS iedutoise in RoF distribution systems.
Hence, suppressing the carrier power to chang€ 8, reduces the effect of SBS on system
performance.

5. Conclusions

In this paper, we investigated the effects of SBSh® RoF distribution systems. Many RoF
systems may use optical filtering at remote site®wercome dispersive fading problems,
and/or filter out one specific wavelength chaniéé have demonstrated that if it feasible to
put this filter at the central station of the Rofstem, rather that the remote site, then the
system performance may be improved due to a remuati the limitations imposed by SBS.
Moreover, we investigated how the modulation depitithe optical microwave signhal can
affect the SBS effect. The experiment showed thereasing the modulation index increases
the Brillouin threshold, as it is primarily the dar power that induces the SBS effect. Thus,
to further reduce the limitations on system perfance due to SBS, it may be advantageous
to ensure that any optical filter used at the @nstation not only converts the optical
microwave signal to SSB format, but also incredme rmodulation index of the transmitted
signal.
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