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Maximum Measurable Distances for a Single-Mode
Optical Fiber Fault Locator Using the Stimulated
Raman Scattering (SRS) Effect
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Abstract—Maximum measurable distances for a single-mode optical
fiber fault locator using the stimulated Raman scattering effect were
calculated. Calculations were carried out on the assumption that the
light source is an Nd:YAG laser operating at 1.06 um and the photo-
detector is a germanium avalanche photodiode (Ge-APD). The first to
the seventh Stokes lights can be detected by the Ge-APD. Calculations
show that a break can be measured in an up to 165 km long ultra-low-
loss single-mode fiber.

I. INTRODUCTION

UE to recent attainment of low-loss optical fibers in the
D1.0—1.8 um spectral region, long repeater spacing optical
communication systems, such as a submarine optical cable
transmission system, have been developed [1]-[3]. In order
to realize the long span optical fiber cable systems, however,
it is necessary to develop fiber fault location technology. The
optical time domain reflectometry (OTDR) is an effective tech-
nique for locating fiber breaks and for determining the loss
distribution along the fiber [4], [5]. Several studies have re-
ported the OTDR in a single-mode fiber [6], [7]. In these
methods, however, it is difficult to locate breaks in a more than
50 km long single-mode fiber because fiber input power is
limited to be less than 10 W in order to prevent optical damage
to the directional coupler and photodiode.

Recently, a new fault location method for an ultra-long fiber
was proposed [8], [9]. It uses Stokes lights, which are gen-
erated in a measured fiber by the stimulated Raman scattering
(SRS) effect, as probing optical pulses. In this method, low-
loss and low-crosstalk separation between the input optical
pulse and the backscattered light pulses can be realized by an
optical wavelength filter because wavelengths of the input and
the backscattered lights are different. Furthermore, since the
optical wavelength filter is not damaged by high power optical
pulses, it is possible to insert the high power pulses into the
fiber and to generate the higher order Stokes lights in the 1.5-
1.6 um wavelength region, which are most advantageous for
the fault location because the fiber loss is lowest at 1.55 um.
Therefore, this method seems to have an advantage of locating
breaks in ultra-long optical fiber.

This paper reports calculations of maximum measurable dis-
tances for the single-mode fiber fault locator using the SRS
effect. Calculations were carried out on the assumption that
the light source is a Q-switched Nd:YAG laser operating at
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1.06 um and the photodetector is a germanium avalanche photo-
diode (Ge-APD). As a result, it is shown that a break can be
measured in an up to 165 km long ultra-low-loss single-mode
fiber.

II. PriNcIPLE OF THE FAULT LocaTor Using SRS

Measurement principle for the fault locator using SRS is
shown in Fig. 1. Output light pulses from the Q-switched
Nd:YAG laser operating at 1.06 um are reflected by the opti-
cal filter and are inserted into the optical fiber to be analyzed.
When high power light pulses, with more than 10 W peak power,
are inserted into a single-mode fiber, the pulses generate the
first Stokes light pulses due to the SRS effect, whose optical
frequency is shifted by 450 cm™ shorter than the pumping
pulses [9]. These Stokes light pulses generate higher order
Stokes light pulses as they propagate along the fiber. The
generated Stokes lights suffer from Rayleigh scattering. Some
of them become backscattered light and reach the optical filter
through the fiber input end. The optical filter has characteris-
tics wherein lights whose wavelengths are shorter than 1.1 um
are reflected and lights whose wavelengths are longer than 1.1
um pass through. Therefore, only the Stokes lights pass through
the filter and reach the Ge-APD. Since any pumping pulse,
which is Fresnel reflected at the fiber input end, is reflected by
the optical filter, excess APD photocurrent due to this light
is removed.

Fig. 2 shows the transmittance of the optical filter and the
quantum efficiency of the Ge-APD used for the following cal-
culations. Their characteristics are assumed to be ideal. The
optical filter transmits lights whose wavelengths are longer
than 1.1 ym with 100 percent efficiency. The Ge-APD quantum
efficiency is assumed to be 60 percent independent of the
wavelength, when the wavelength is shorter than the Ge-APD
cutoff wavelength of 1.60 um. Therefore, only the first to the
seventh Stokes lights (first:1.12 um, second:1.18 um, - --
seventh: 1.60 um) are detected by the Ge-APD.

III. StoKEs LigHTS GENERATION IN
SINGLE-MODE FI1BERS

In the measurement system mentioned above, the Rayleigh
backscattered lights of the Stokes light pulses, generated in a
measured fiber, are used as signal lights. Therefore, it is neces-
sary to obtain the Stokes light powers for the received signal-
to-noise ratio (SNR) calculations. The following two assump-
tions are set to simplify the Stokes power calculation.

1) The time waveform for the pumping light pulse is rectangu-
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Fig. 1. Block diagram of the setup for the fault locator using SRS.
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Fig. 2. Optical wavelength filter transmittance and Ge-APD quantum
efficiency used for calculations.

lar and its pulse width is longer than the maximum interaction
time between the pumping and the Stokes lights.

2) The bandwidth of the Raman gain curve is narrow enough
to assume that the Stokes lights are single frequency.

Therefore, the spatial separation between the pumping pulse
and the Stokes pulses, due to the fiber dispersion, is neglected,
and nonlinear process are calculated with the continuous wave
condition.

The 1.06 um pumping power Py and the A,, um nth Stokes
power P,(n=1, 2, ---) at z in a single-mode fiber change in
accordance with the following equations, as they propagate
along the fiber {10]:

dPo [dz + agPy = ~(8o/Ao) PoPy
dPn/dZ tapPy, = (&n-1 /An—l)Pn-IPn - (gn/An)PnPn—l

6

(2

where ay, £,, and 4,(n=0, 1,2, - - -) are fiber loss, Raman gain
coefficient, and single-mode fiber effective cross section at each
wavelength, respectively.

Fiber loss o, is the sum of ultraviolet absorption loss ayy »,
infrared absorption loss ajr », Rayleigh scattering loss ag ,,
waveguide imperfection loss «;,, and OH absorption loss
aom,n- Therefore, fiber loss at wavelength A, is given by [11]

ap =auvy TR, 2t QR n T 1, T QOH, ks 3
15428 4.63
aUV,n —4.46A +60 10 eX ( n ) [dB/km],
“4)
. 48.48
ajr.p = 7.81 X 10! exp (— > [dB/km], 5
n
ag.n =(0.75+045A)/2},  [dB/km], (6)
_ 1.38 - A,\? 2.8
QOH,n = Q1.38 X |~ |~ + .38 5
1.24 -2, \?
exp [ ( o ) ] [dBkm] G
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where A is the relative refractive index difference between core
and cladding, oy 34 is the OH absorptionloss at 1.38 um. Fiber
losses when A =0.28 percent, calculated from (3)-(7), are
shown in Fig. 3. Curve (4) is the theoretical value of an ultra-
low-loss fiber with a; =0 dB/km and agy = 0 dB/km. Curve
(B) shows the loss when a; is 0.15 dB/km, independent from
the wavelength, and curve (C) shows the loss when a; s is
3 dB/km in addition to a;. In any case, loss becomes lowest
at the wavelengths of the sixth and seventh Stokes lights.

The Raman gain varies inversely with wavelength [10]. Since
the gain coefficient is 9.2 X 107 m/W at 1.064 um [12],

the wavelength dependence of the coefficient becomes
g, =(1.064/2,,)9.2X 1071*  [m/W]. ¥

If the LPy; mode [13] is approximated by a Gaussian value,
effective cross section 4,, is given by [14], [15]

Ay =27TW%1>

wy, =a(0.65 + 1.619/V3? + 2.879/VE)

®
(10)

where a is the core radius and ¥, is the normalized frequency
at \,.

Equations (1) and (2) are numerically calculated by the
Runge-Kutta method, in which the Stokes power injected at
z =0 is assumed to be

Pn(o) =h)\nBeff,n (11)

where 7 is Planck’s constant, A,, is the nth Stokes light fre-
quency, and Bt , is the effective gain bandwidth [16]. The
bandwidth is given by

B _Avg [na,d, 17
et 2 gnPO(O)

where Avg is the full width of the Raman gain and is set to be
300 cm™ {17] in the following results.

Generated Stokes light powers are shown in Fig, 4 versus fiber
length. The fiber parameters used in the calculations are 9 um
core diameter and 0.28 percent relative refractive index differ-
ence. These values are the most suitable parameters for sub-
marine optical fiber cable [3]. The loss value with a;=0.15
dB/km and apy =0 dB/km, as shown by curve (B) in Fig. 3,
is used. Fig. 4(a)-(c) shows the power when the input powers
are 50, 60, and 70 W, respectively. When the input power is
50 W, the fifth Stokes light is generated at 16 km, but the sixth
Stokes light does not appear. When the power is 60 W, the
seventh Stokes light is generated finally, in which the fiber loss
is lowest. In the case of 70 W, the eighth Stokes light is gener-
ated at 25 km, where the loss is higher than that of the seventh
Stokes light. Therefore, the Stokes power at 60 km decreases
to a quarter of that when the input power is 60 W.

(12)

IV. MAXIMUM MEASURABLE DISTANCE

If the Stokes power at z is P,(2), the power received by the
Ge-APD due to the Rayleigh backscattering at z is given by

Wy
P= “5— Z Pn(Z) aR,nSn €Xp (‘Oan) (13)
n=1
and the photocurrent by this power is
Wo T ne
I‘:T Z h—Pn(Z) o‘R,nSrz exp (-a,z) (14)
n=1 Vp
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value of an ultra-low-loss fiber with a7 =0 dB/km and a o =0 dB/
km. Curve (B) shows the value with a7 = 0.15 dB/km and agy = 0 dB/
km. Curve (C) shows the value with ay=0.15 dB/km and ay 33 =3
dB/km.

Fig. 3. Fiber losses when A = 0.28 percent. Curve (4)is the theoretical

where
W: input pulse width,
v: light velocity in a fiber,
n: Ge-APD quantum efficiency,
e: electron charge.
Backscattering factor S, is given by [6]

1 2
S, =— <_)X‘_>
4\, Wy,
where n; is the core refractive index.
Received SNR in the OTDR is given by [6]
(m)*

4FkTeff] 3

(15)

SIN=

(16)

3

[23([ ti) M+ R
APD multiplication factor,

I;: APD dark current,

R: APD load resistance,

F: amplifier noise factor,

k: Boltzman factor,

Tose: effective temperature,

B: received bandwidth.

The SNR calculation result for fiber with 2¢=9 um, A=0.28
percent, ey =0.15 dB/ km, and agy =0 dB/km is shown in
Fig. 5, where M=74,1;=107A,R=1%kQ, F=6 dB, Tegr =
300 K, and B =20 MHz are used. The SNR when the input
power is 60 W becomes higher than that in the 50 W case be-
cause the fiber loss for the seventh Stokes light, which is the
final Stokes light at 60 W, is lower than that for the fifth Stokes
light in the 50 W case. When the input power is 70 W, the SNR
rapidly degrades from 25 km because 1.73 um eighth Stokes
light, where Ge-APD is cutoff, is generated at this point. There-
fore, there is optimum input power near 60 W. The 50 dB
SNR improvement in the OTDR signal can be realized by the
digital averager [5]. For this reason, -45 dB of the received
SNR becomes 5 dB, using the averager. This value is assumed
to be a measurable limit. The dashed line in Fig. 5 shows
SNR =-45 dB.

Measurable distances when the SNR limit is -45 dB are
shown in Fig. 6 versus input optical power, where agy =0
dB/ km and oy is used as a parameter. The maximum measur-
able distance becomes 165 km when the input power is 44 W
for the case of an ultra-low-loss fiber, as shown by curve (4) in
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Fig. 4. Generated Stokes powers for 2¢ =9 um, A = 0.28 percent, ay =
0.15 dB/km, and agy = 0 dB/km. Input optical power values are (a)
50 W, (b) 60 W, and (c) 70 W.
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Fig. 5. Received SNR in the fault locator using SRS for a single-mode
fiber with 2¢ =9 um, A = 0.28 percent, ey = 0.15 dB/km, and agy =
0 dB/km.




1464

200

SNRLIMIT=-45dB

>
S

o=
0 dB/km

~
=]

MEASURABLE DISTANCE (km)
@©
S

~
L=

0 . L L
0 20 40 60 80 100

INPUT OPTICAL POWER(W)

Fig. 6. Measurable distance versus input optical power where agy = 0
dB/km and oy is used as a parameter.

—
SNRLIMIT=-45 dB

N
=

ton at 138 um
=0dB/km 15 30

®
o

I
(=]

MEASURABLE DISTANCE (km)

o

o

20 40 60 80 100 120
INPUT OPTICAL POWER (W)

Fig. 7. Measurable distance versus input optical power where a7 = 0.15
dB/km and a; 3g is used as a paramete.

Fig. 3. If the loss increases, the maximum measurable distance
decreases and the optimum input power, at which the measur-
able distance is maximum, increases. Fig. 7 shows the measur-
able distance when oy =0.15 dB/km and a; 35 is used as a
parameter. If oy 35 = 1.5 or 3.0 dB/km, there are two peaks
of the measurable distance versus input power. These peaks
correspond to the cases in which the final Stokes lights are the
1.32 um fourth Stokes light and the 1.60 um seventh Stokes
light, respectively. The maximum measurable distance, how-
ever, is almost constant at 95 km, independent of the OH ab-
sorption loss. The reason is that fiber losses at 1.60 ym in the
three cases are the same.

If the fiber parameters are different, the effective cross sec-
tion changes and the interaction length for the Stokes lights
changes. As a result, the optimum input power varies. The
measurable distances for the different fiber parameters are
shown in Fig. 8, where a; = 0.15 dB/km and apoy = 0 dB/km.
Curve (I) shows the cases where 24 =9 um and A = 0.28 per-
cent; curve (II) shows that for 24 = 5 um and A = 0.28 percent;
and curve (IIT) shows that for 2¢ = 5 um and A = 0.80 percent.
In the fiber with curve (IIT) parameters, fiber dispersion becomes
zero at 1.55 um. The optimum input power decreases when
the core diameter becomes smaller or the relative index differ-
ence becomes larger. This reason is that the effective cross sec-
tion becomes smaller and the threshold power of the Stokes
light generation decreases. If the fiber losses in each case coin-
cide at 1.60 um, however, the maximum measurable distances
become almost the same.
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Fig. 8. Measurable distance versus input optical power, where 7= 0.15
dB/km and oy =0 dB/km. Curve (I) shows the fiber with 2a=9
pm and A =0.28 percent. Curve (II) shows the fiber with 2¢ =5 um
and A = 0.28 percent. Curve (III) shows the fiber with 24 = 5 um and
A = 0.80 percent.

V. CONCLUSION

The maximum measurable distance for the single-mode optical
fiber fault locator using the SRS was calculated. Calculations
were carried out on the assumption that the light sourceis 1.06
#m Nd:YAG laser and the photodetectoris Ge-APD. Fiber loss
is considered to be the sum of ultraviolet absorption loss, infra-
red absorption loss, Rayleigh scattering loss, waveguide imper-
fection loss, and OH absorption loss. As a result, the following
results are obtained.

1) There is an optimum value in the fiber input optical power
where, if the fiber is excited with this optimum power, a fiber
fault can be located up to 165 km away in an ultra-low-loss fiber.

2) Optimum input power varies with fiber loss and fiber
parameters, but the maximum measurable distance is deter-
mined by fiber loss at 1.60 um. The distance decreases as the
loss becomes higher.
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