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ARTICLE INFO ABSTRACT

Keywords: The co-existence of both traffic signal and optical time-domain reflectometer (OTDR) signal in active fiber
Optical time-domain reflectometer (OTDR) monitoring will affect the dynamic range of the OTDR due to backscattered stimulated Raman scattering (SRS).
Active fiber monitoring In this paper, a simulation model and hardware experiment are proposed to investigate and mitigate the effects

Stimulated Raman scattering (SRS)

. ) . of a backscattered SRS signal on OTDR active fiber monitoring. A basic OTDR active fiber monitoring system
Erbium-doped fiber amplifier (EDFA)

based on non-amplified and amplified links was developed, where the effects of SRS backscattered noise,
amplification noise, and power depletion were observed. The obtained simulation results indicated that the
highest backscattered SRS was contributed by the booster amplifier link configuration, where the amplification
of the OTDR signal increased drastically when the signal input power reached 10 dBm. The simulation setup
was also used to mitigate the backscattered SRS by placing a chirped fiber Bragg grating (CFBG) at the OTDR
to allow only the 1650 nm OTDR signal to be received by the OTDR, leaving other unwanted signals or noise
behind. This mitigation successfully reduced other backscattered signals by approximately 4 dB. A proof-of-
concept hardware experiment was conducted to test the feasibility of the proposed technique, and the result
showed that the distortion in the trace was decreased and the OTDR penalty was also reduced to 0.41 dB.

1. Introduction 1625/1650 nm wavelength to monitor C-band data traffic, both the
traffic signal and the OTDR signal channel separation exactly match the

Optical time-domain reflectometers (OTDRs) are widely used in  peak Raman gain coefficient of the used single-mode fiber (SMF) (Ven-
fiber communication systems to troubleshoot fiber networks, identify ter, 0000). Due to the effect of SRS, the data traffic is depleted by
the loss distribution of fibers, evaluate connection losses, and locate the OTDR pulse (Chen and Leblanc, 2004). For live-fiber monitoring,
the breakpoints (Ito and Manabe, 2016). OTDR monitoring can be done spontaneous Raman scattering, which is generally a negligible feature
using out-of-service or dark fiber to detect any possible cable intrusion. in transmission systems, becomes a significant limitation (Chen et al.,

However, this system lacks accuracy as it can only detect when the fault
happens to the out-of-service fiber. In-service or active fiber monitoring
has become a powerful enabling tool for an optical network because
locating and identifying any source of fault in the network can be
done automatically. This monitoring system significantly improves the
network management system (NMS) by providing real-time optical
infrastructure visibility so that fault detection and localization time
are reduced (Rad et al., 2011; VIAVI Solutions, 2018). Stimulated
Raman scattering (SRS) transfers power from a shorter to a longer i . .
wavelength. As the wavelength spacing increases, the power transfer monitoring system. Zhang et al. studied the negative effects of SRS
efficiency increases until it reaches roughly 110 nm, corresponding on the usage of optical supervisory channel (OSC) and optical time
to the maximum SRS efficiency (Li et al., 2014). Since OTDR uses a domain reflectometer (OTDR). The OTDR’s ability to provide accurate

2007). Despite the low power level of Raman scattering, the OTDR has
high sensitivity, and this scattering can considerably reduce the OTDR’s
dynamic range (Venter, 0000). To overcome the SRS effect in online
monitored systems, a solid understanding of the SRS effect between the
high-power pulses of OTDR and the traffic is required while deploying
OTDR-based live fiber testing (Chen et al., 2007).

Several methods and techniques have been proposed in the liter-
ature to investigate and mitigate the SRS effect in an online OTDR
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measurements is hindered by the power loss resulting from SRS effects
on the monitoring signal. To mitigate this, a precise evaluation of the
SRS effect within the tested fiber span must be performed, which is then
used to numerically correct the distortion it generated on the OTDR
measurement (Zhang et al., 2022). Another study in Kuo et al. (2004)
investigated the impact of in-line monitoring with 1650 nm OTDR on
1550 nm distributed fiber Raman amplifier (FRA) transmission systems.
The amplified 1650 nm OTDR light distorts the OTDR trace, resulting
in inaccurate fiber loss measurements. A study in Kim et al. (2014)
investigated the power depletion in dense wavelength division multi-
plexing (DWDM) signals caused by the OTDR signals with high power
in mobile fronthaul. The result shows that when a 1544.53 nm signal
co-propagates with a 1655 nm OTDR signal with 20 dBm peak power,
the maximum power depletion is 1.1 dB. They proposed to use 1625 nm
or 1665 nm wavelength for the OTDR monitoring signal to reduce
the SRS power depletion. The papers (Pellegatta et al., 2002; Tsai
et al., 2002, 2003) also proposed attenuating the OTDR peak power to
mitigate the SRS distortion. However, reducing the OTDR signal power
will limit the OTDR performance. Using a narrow-bandwidth tunable
OTDR and an optical bandpass filter, the authors in Chen and Leblanc
(2004) proposed a simple way to mitigate the degradation of online
fiber monitoring. The OTDR penalty imposed by the SRS produced by
traffic signals was drastically reduced. According to Chen et al. (2007),
Kjeldsen et al. (1997) and Kjeldsen et al. (1996), the SRS-induced
depletion is greatly reduced if the OTDR pulses are counter-propagating
relative to the traffic signal. The OTDR pulse in counter-propagation
takes energy from several parts of the traffic signal, resulting in less
SRS depletion. However, this limits the use of an OTDR to monitor
fibers carrying incoming traffic. A numerical and experimental study
of probe pulse deformation caused by distributed Raman amplification
in OTDR-based sensing systems was reported in Wang et al. (2023). The
results showed that using a smaller Raman gain coefficient can reduce
pump depletion and mitigate the probe pulse deformation by detuning
the pump and probe frequency shift.

In this paper, a simulation model and hardware experiment are
proposed to investigate and mitigate the impact of SRS on the OTDR-
monitored Erbium-doped fiber amplifier (EDFA) amplified link to the
data-modulated traffic signals. By creating a simple OTDR active fiber
monitoring system, the SRS backscattered noise, amplification noise,
and power depletion are observed for both non-amplified and amplified
links. A chirped fiber Bragg grating (CFBG) was used to mitigate the
backscattered SRS, and it successfully reduced other backscattered sig-
nals by approximately 4 dB. A proof-of-concept hardware experiment
was performed to test the feasibility of the proposed technique. By
mitigating the backscattered noise, the distortion in the trace and the
OTDR penalty were reduced, improving OTDR active fiber monitoring
performance.

2. Power depletion induced by SRS

In SRS, the low-frequency channels are amplified at the expense
of the higher frequency ones. Due to the Raman coefficient frequency
response, this effect is insignificant at bandwidth under 5 THz. When
the bandwidth of the signal is increased, the key nonlinear phenomenon
that will limit the capacity of optical communication systems will be the
SRS (Paz and Saavedra, 2021). Assuming N channels that are equally
spaced with a channel spacing of Av (Hz), the SRS will have the most
impact on the channel with the shortest wavelength. Channel 1 power
loss D is given by :

D= ﬂPg,e

(€Y
i=1

where P, is the injected power in ith channel, 4, is the wavelength of ith

channel, 4, is the wavelength of channel 1, N is the number of channels,

gi is the Raman gain coefficient coupling the ith and channel 1, and A
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is the effective core area. L, is the effective length of the fiber given
as:
1— e—aL

L,=—%— 2
a

where « is the fiber loss coefficient, and L is the actual fiber length.

For WDM systems with EDFA, it is assumed that there are n EDFAs
with gain K; (i=1.... n), and N channels. S;(0) (i=1.... N) (mW) is
signal power injected to the input port of the EDFA. The equation
governing the propagation of multi wavelength signals can then be
written as Xiang et al. (1996):

<z> N 7giS;(2)

ds;(z) g],
- —[—(>+Z 2 A 1@ ©)
Jj=i+l
Where n is the number of EDFAs, St = 1,2,...,N) is the signal

power, be injected at z = 0 along +2z direction. a(z) is the loss coefficient
of the fiber, A is the effective core area. g;; is the Raman gain coefficient
coupling the channels i and j. The wavelengths of ith channel and
Jjth channel are denoted 4; and 4;. Since the loss of energy will be
highest in channel 1, only the power depletion of channel 1 needs to
be determined such that:

dS,(2)
dz

i 850
= [« “‘Zf LT ISP @
1

=2
Integrating from z = 0 to z = L, we get:
10l0gS; (L)
51(0)
where K = Y k; which is total gain of EDFAs. The first term in
Eq. (5) expresses the total gain provided by all EDFAs. The second term
represents the signal loss experienced due to imperfections in the fiber

itself. Finally, the third term expresses the power depletion in channel
1 caused by SRS which is given by:

= (10In)K — (10InyaL — (10In)D 5)

N

A&y [t
D= __/ S;(z)dz (6)
0

To calculate channel 1 power penalty, the effect of SRS in other
channels can be neglected.

§;(z) = S;(0).exp[K(z) — az], (j > 1) 7

L L
/ S;(2)dz = 5;(0) / el K@)zl gz (8)
0 0

Let us consider a WDM system with n EDFAs and with gain k; = K
and spacing L; = L. Integrating from z = 0 to z = L,, We let K(z) =k,
and L = L,. Integrating from z = 0 to z = L,, We Let K(z) = k; + k, and
L=0L,

So, the integration of eK(*~%% from z=0to z = L is:

/L K-zl eki—aLy _ oki 4 okitka—aly S Ki—al _ o¥ki—aL,-1

et gz =
0 —(@)

)
so,
L

/ S;(z2)dz =

0

eki—aLy _ oki 4 okitky—aly 4 . +eZK—aL — eXki—aL,

s, (0>[ o (10)

We take L, which is the effective length calculated as follows:

L, = eki—aLly _ oki 4 okitka—aly ... 4 oX Ki—aL _ Y ki—aL, an
—(a)
Assuming that §;(0) is identical for all channels, §;(0) and consid-
ering 4; ~ 4,

4vS;(0)g, N(N — 1)

— L 12
T3%x10%.4 2 Le (12)
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Fig. 1. Simulation setup block diagram.

For typical parameters, A = 5 x 10”"' m? and peak Raman gain
gp = 6x107"* m/W, 4v is the channel spacing, the power penalty caused
by the SRS is given by:

Dyp =10inD = 8.68 x 1077 AvS ;(O)N(N - 1)L, 13)

As shown in Eq. (13), the penalty caused by the SRS depends on the
length of the fiber, EDFA gain and the input power. The inclusion of
EDFA will increase the power depletion caused by the SRS.

3. Experimental and simulation setup

To investigate the effects of SRS in OTDR active fiber monitoring,
the non-amplified link and the booster amplifier were separately exam-
ined in OptiSystem Version 17, as shown in Fig. 1. At the transmitter,
a traffic signal with a wavelength of 1550 nm was combined with a
1650 nm OTDR signal using a triplexer. For the booster configuration,
the EDFA with 10 dB gain was placed just after the transmitter to
amplify the signal before injecting it into the fiber. The 1650 nm
and 1550 nm backscattered signals were received at the triplexer,
suppressing the signals ranging from 1540 nm to 1560 nm and allowing
other wavelengths, including 1650 nm to pass through. The 1650 nm
backscattered signal was passed through the circulator and received
at the OTDR. The backscattered signal was measured using an optical
spectrum analyzer (OSA) and optical power meter without a CFBG
filter. To mitigate the backscattered SRS, the backscattered signal from
Port 1650 nm of the triplexer will go through Port 2 of the circulator
and come out from Port 3. It will then be filtered by the CFBG, which
reflects 1650 nm wavelength to the circulator. The OSA then receives
the reflected signal from Port 1 of the circulator. Since uniform FBG
offers a narrow reflection band, we chose CFBG for its wider reflection
bandwidth. The OTDR subsystem consists of CW Laser, measured pulse
sequence, and Mach-Zehnder modulator (MZM). The MZM controls
the amplitude of the CW laser based on the input in the Measured
Pulse Sequence to generate the OTDR signal. The triplexer subsystem
consists of an ideal multiplexer and a reflective filter that functions as
a bidirectional triplexer. The center wavelength of the reflective filter
was set to 1550 nm with a bandwidth of 20 nm. The receiver subsystem
converts light signal to electrical signal and consists of Butterworth
optical filter, PIN photodiode, and low pass Bessel filter. The traffic
input power was varied from —10 dBm to 20 dBm. A bidirectional
fiber was used since it was able to simulate the Rayleigh scattering and
Raman scattering behavior ranging from 0 km to 100 km. Parameter
values used for the SRS investigation are shown in Table 1.

The experimental setups similar to the simulation design are shown
in Fig. 2 to test the feasibility of the proposed technique. Two se-
tups were investigated: connection establishment using a tunable laser
source (TLS) and connection establishment between two transmitting
nodes of the metropolitan-Ethernet (Metro-E) network. Fig. 2(a) shows
the setup for 80 km active fiber monitoring by using TLS to transmit
the data traffic. A 2x2 wavelength independent optical power splitter
with a 50:50 ratio was used to divide power at port 1650 nm to enable
the use of an optical spectrum analyzer (OSA) at the OTDR. OSA at

Table 1
System parameters.
Parameter Value
Effective area of core Ay (pm?) 80
Dispersion (ps/nm/km) 16.75
SMF Dispersion slope (ps/nm?/km) 0.075
Attenuation coefficient (dB/km) 0.2
Rayleigh Backscattering/km 50e—6
Length (km) 40, 80
. Input power (dBm) 4
Signal Wavelength (nm) 1550
Wavelength (nm) 1650
OTDR Power (dBm) -3.5
Pulse width (ns) 100
EDFA Gain (dB) 10

the OTDR was used to observe the backscattered signal power and
spectrum received by the OTDR, while OSA at the receiving end was
used to observe the output power and spectrum after propagating the
80 km SMF. The system performance was analyzed using the obtained
received power and OTDR trace. The TLS input power ranges from 0
dBm to 7 dBm.

Fig. 2(b) shows the connection of OTDR active fiber monitoring
using two D-Link DGS-1510-28 SmartPro switches with small form-
factor pluggable (SFP) + 40 km 1550 nm transceivers at 10 Gbps
transmission rates. The OTDR being used was Viavi Smart OTDR Hand-
held Fiber Tester. In the Metro-E network, the transmission utilized a
1550 nm operating wavelength for transmission and receiving in two
separate fibers. The backscattered signal mitigation setup was done on
one bidirectional transmission link by placing the filter just after the
OTDR. This setup demonstrates a co-propagating configuration where
the OTDR and transmitter of Switch A are located at the same end.
Since the transmitter power of the Metro-E switch is fixed, a variable
optical attenuator (VOA) was used to vary the transmitter power. The
setup parameters are shown in Table 1.

4. Results and discussions

In this section, the obtained results from simulation and the hard-
ware experiment are discussed.

4.1. Simulation results

The effect of SRS is investigated in terms of the output power of the
OTDR signal, the output power of the traffic signal, and the backscat-
tered signal power. The OSA spectrum of the backward propagating
signal at the OTDR receiver is shown in Fig. 3. For the non-amplified
link, as shown in Fig. 3(a), there was no ASE noise generated, and
the traffic input power of 4 dBm was not sufficient to induce the SRS.
However, for the booster amplified link in Fig. 3(b), it can be noticed
that ASE noise and SRS are generated. The green color represents the
Stokes scattering generated by the SRS, while the blue color is the ASE
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Fig. 2. Setup for (a) 80 km unidirectional link with OTDR active fiber monitoring using TLS (b) 40 km bidirectional link with OTDR active fiber monitoring in Metro-E network.
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Fig. 3. Spectrum of back-reflected signal for (a) non-amplified (b) booster amplifier configurations (c) booster amplifier with CFBG.

noise. Fig. 3(c) shows the OSA spectrum after the successful mitigation
of SRS using CFBG. The power difference between OTDR signal and
other backscattered signals was higher than 20 dB, demonstrating the
effectiveness of CFBG in mitigating SRS.

The effect of traffic input power on the OTDR output power is
shown in Fig. 4(a). There is a significant increase in OTDR output
power for the booster amplifier, and it becomes serious when traffic
input power reaches 10 dBm and above. The non-amplified link also
shows notable increases after reaching 16 dBm, but not as high as
the booster amplifier link. The SRS effect starts increasing when traffic
input power is 10 dBm for the booster amplifier link and 16 dBm for
the non-amplified link. Fig. 4(b) shows the effect of traffic input power
on the backscattered power. As can be seen, the booster amplifier
link contributes the highest backscattered OTDR power, while the
non-amplified link indicates similar backscattered OTDR power. The
backscattered OTDR power for the booster amplifier link was high due
to the inclusion of both backscattered ASE noise and backscattered SRS.

The effect of OTDR input power to the traffic output power is
also investigated. Fig. 5(a) shows that a slight reduction in the traffic
output power started to occur when the OTDR input power was higher
than ten dBm. The power reduction occurred, and the energy was
transferred to the longer wavelength due to the SRS effect. The OTDR
input power below 5 dBm did not affect the traffic signal much because
it is still below the traffic input power, which is 5 dBm. Fig. 5(b)
compares backscattered OTDR power with and without the CFBG filter.
At a traffic input power of 4 dBm, the CFBG filter reduced other
backscattered signals approximately by 4 dB and left the OTDR signal
only at —36 dBm, which corresponds to the peak power of the OTDR
signal in the OSA spectrum.

4.2. Experimental results

The obtained results from SRS mitigation setup are discussed in this
section.
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4.2.1. OTDR trace for 80 km unidirectional link with OTDR active fiber
monitoring using 1550 nm TLS

The effect of SRS on OTDR trace is investigated for 80 km active
fiber monitoring by using TLS as a traffic signal. Fig. 6(a) states the
reference trace in which the TLS was turned off. The numbering in the
trace indicates where the fiber was connected using fiber connectors.
The reference trace ended at —24.8 dB. Fig. 6(b) shows the OTDR
trace where the 4 dBm TLS was amplified using an Erbium-doped fiber
amplifier (EDFA) with a 10 dB gain booster amplifier, and the trace
ended at —28.2 dB. As expected, the booster amplifier setup shows
distortion in the trace when the SMF distance reaches 70 km with an
OTDR penalty of about 3.4 dB. OTDR penalty determines how much
the measurement range is reduced. Fig. 6(c) shows the trace where the
FBG filter was used at the OTDR, which ends at —25.21 dB. The OTDR
penalty was reduced to 0.41 dB, and the distortion in the trace was min-
imized. The use of the FBG filter at the OTDR significantly improves the
measurement range by mitigating the unwanted backscattered signal.

Fig. 7(a) shows the acquired OSA spectrum which was placed at the
OTDR for booster amplifier setup. It can be noticed that the triplexer
filter could not completely remove wavelengths other than 1650 nm.
Besides backscattered ASE and SRS, the high-power backscattered traf-
fic at 1550 nm also affects and distorts the OTDR trace. Fig. 7(b) shows
the OSA spectrum where an FBG filter with a 1550 nm wavelength was
placed at the OTDR. The high-power backscattered traffic signal was
suppressed from —5.2 dBm to —65.40 dBm. This huge reduction en-
hanced the OTDR trace for booster amplifier setup, thereby improving
signal clarity as can be seen in Fig. 7(b).

4.2.2. OTDR trace for 40 km bidirectional link with OTDR active fiber
monitoring in Metro-E network

Figs. 8(a) and 8(b) show the OTDR trace in 40 km link OTDR
active fiber monitoring in the Metro-E network without amplifier and
amplified link using EDFA with 10 dB gain of booster amplifier. These
two traces indicate a similar end, which is at approximately —13 dB.
However, there was small difference in the traces when reaching 35 km,
where the booster amplifier setup consists of minor distortion compared
to the non-amplified setup. Other than that, the dynamic range was also

reduced as can be seen at the noise level. The booster amplifier setup
had no severe distortion compared to the 80 km unidirectional link
using 1550 nm TLS with the booster amplifier due to the different fiber
lengths. The fiber length plays an important role in the backscattered
power. If the fiber length is reduced, the backscattered noise is also
reduced.

Figs. 9(a) and 9(b) depict the OSA spectrum for the 40 km link of
OTDR active fiber monitoring in the Metro-E network for non-amplified
setup and for booster amplifier setup received by the OTDR, respec-
tively. In non-amplified setup, the spectrum only contains backscat-
tered traffic signal at 1543 nm and backscattered OTDR signal at
1650 nm, while the spectrum for booster amplified setup contains
backscattered noise and falls within the 1650 nm OTDR signal range.
That means the backscattered noise was combined with the backscat-
tered OTDR signal received by the OTDR.

5. Conclusion

The investigation and mitigation of backscattered SRS signals in
OTDR active fiber monitoring are demonstrated in this paper. For
the simulation setup, the booster amplifier link contributed the most,
generating backscattered SRS and ASE noise at the OTDR. In addition,
the OTDR trace for the booster amplifier setup in 80 km unidirectional
link with OTDR active fiber monitoring using TLS shows that there is
a distortion in the trace when the SMF distance reaches 70 km with
an OTDR penalty of about 3.4 dB. Meanwhile, the non-amplified link
indicates a similar trace to the reference trace. Moreover, the OTDR
trace for booster amplifier setup in a 40 km bidirectional link with
OTDR active fiber monitoring in the Metro-E network also indicates
minor distortion when it reaches 35 km distance. The mitigation of the
backscattered signal was then performed on the booster amplifier setup,
and the OTDR penalty was significantly reduced from 3.4 dB to 0.41 dB.
This will give an advantage in accurate and fast detection over the
traditional troubleshooting and passive monitoring system counterpart.
Future investigations will focus on examining CFBG’s effectiveness in
suppressing the SRS effect under high-power conditions.
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Fig. 9. OSA spectrum for 40 km bidirectional link with OTDR active fiber monitoring in Metro-E network (a) non-amplified (b) amplified.
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