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Single-Mode Fiber OTDR: Experiment and Theory

DAN L. PHILEN, IAN A. WHITE, JANE F. KUHL, AND STEPHEN C. METTLER

Abstract–An OTDR measurement technique with an end detection

dynamic range of 63 dB is described for use with single-mode fibers. A
theoretical analysis of single-mode fiber backacattering is presented

which predicts loss penalties in single-mode OTDR’S compared with
multimode fibers. The prediction of the critical power levels of about
3-4 W for the onset of non~mear effects in fibers is shown to be in good
agreement with experiment. Fusion welded splices do not demonstrate

significant backscattered power.

lNTRODCiCTION

I N dl optical communications systems there is a need to

examine the transmission medium, after it is installed, for

fault location and for determination of the characteristics of

the medium in a field environment. In the factory most of the

transmission medium parameters are determined by a two-point

technique since both ends of the line are accessible. In a field

situation, however, it is not always practical to have access to

both ends of the transmission medium. Time domain reflec-

tometry was developed for conventional copper wire transmis-

sion systems to overcome this problem and can also be applied

to optical transmission media.

Two early papers on optical time domain reflectometry

(OTDR) [1], [2] outline the basic approach. A short pulse of

light is launched into the fiber and the backscattered signal is

monitored asa function of time (or equivalently, distance) along

the fiber. The magnitude of the backscattered signal is depen-

dent on the Rayleigh scattering, attenuation, imperfections and

splices, and optical power level in the fiber. OTDR can, there-

fore, be used to measure attenuation and splice loss, and for

fault location. For multimode fibers the attenuation and splice

loss measurements are complicated by the uncertainty in the

modal power distribution of the backscattered signal, as well

as the variation in scattering levels of the fibers on either side

of the splice. Typically, at 0.825 pm, the length of fiber that

can be examined is about 5 km.

As interest shifts to longer wavelengths and single-mode fibers,
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the range of OTDR measurements must be increased dramati-

cally. The lower loss of long wavelength fibers together with

the high data rate of single-mode fibers make possible repeater-

less spans of fiber in excess of 40 km, which must be examined

during and after installation. For single-mode fibers, attenua-
tion and splice loss measurements are potentially more, reliable

than in multimode fibers since the backscattered information

is contained in only one propagating mode.

In this paper we present a theoretical analysis of OTDR for

single-mode fibers which corrects previously published work

and indicates important considerations in the design of such an

OTDR measurement system. Experimental verification of the

predictions of the onset of nonlinear effects are presented and

a single-mode OTDR which can detect the end of 30 km of

fiber with one-way loss of 1.1 dB/km is demonstrated.

Before a detailed discussion of the results of this paper, the

recent rapid progress of single-mode OTDR necessitates a re-

view of previous work.

OVERVIEW

Recently, a theoretical treatment of backscatterin~ in single-

mode fibers was presented [3], and shortly thereafter, several

papers were published on experimental results of single-mode

OTDR [4]. [6]. Two of the experimental papers [4], [5] used

a modified avalanche photodiode (APD) operating as a photon

counter and a diode laser operating at 0.85 #m. Only a single

channel of the photon counter was used for signal acquisition

with a fault signified by a sudden increase in the dwell time of

the photon counter. Attenuation or splice loss measurements

using this method were not demonstrated. A third experimental

paper [6] used a Q-switched Nd: YAG laser operating at 1.06

Km as the source. A higher power laser source was necessary

to overcome the additional loss penalties not found in multi-

mode OTDR’S.

One design problem with OTDRS is to couple a large amount

of power into a fiber while preventing saturation of the detec-

tor with the Fresnel reflection from the fiber end face. Virtually

ill OTDR schemes attempt to minimize this effect. The scheme

used in [6] couples the input power through a twisted multi-
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mode splitter into the single-mode fiber. The optical path is

effectively index matched from the point of launch to the de-

tector. Even though the coupling of the multimode splitter to

the single-mode fiber is inefficient, enough power is still avail-

able from the Nd: YAG laser to generate Raman frequencies

in the single-mode fiber. Since this is undesirable for an attenu-

ation measurement, the input power is decreased to a point

just below the onset of Raman generation. Additionally, the

multimode splitter acts with unity efficiency in capturing the

backscattered radiation. The next advance in single mode

OTDR used a single-mode/multimode splitter [7], providing

greater coupling efficiency into the single-mode fiber and a

good signal-to-noise ratio over 2.1 km of fiber.

Beamsplitters have traditionally been used in multimode

OTDR’S, but should be used with caution for single-mode

applications. Single-mode fibers are actually bimodal fibers

consisting of two orthogonal polarizations of the same funda-

mental mode. Beamsplitters which have been coated for both

“S” and “p” polarizations do not have the same splitting ratio

for each polarization. Although some researchers have used

beamsplitters tilted at an angle to minimize this problem, the

uncertainty introduced by the use of a polarization sensitive

device in a single-mode OTDR further complicates the prob-

lem, and its use should be avoided. It should be pointed out

that polarization sensitive components may be used as an ad-

vantage to investigate the polarization properties of the back-

scattered radiation [8].

At this time, two approaches are being pursued, one directed

towards single-mode OTDIt over moderate distances (up to 20

km) using conventional system laser sources, and the other

towards extending the OTDR range to long distances regard-

less of the source required. Healey [9], using the same ap-

paratus as in [4] and [5], but with a 1.3 urn InGaAsP laser

and a germanium APD detector (acting as a photon counter),

demonstrated fault location over 3,4 km of single-mode fiber

with a loss of 18 dB. He has extended this technique to

measure attenuation and splice loss over a 20 dB range by

using a multichannel analyzer [9]. Both methods use a

polarization sensitive beamsplitter.

Aoyama et al. [10], using a polarization splitter type direc-

tional coupler with their 1.3 pm InGaAsP laser and APD, de-

tected a fiber break at the end of 17 km of fiber. This polari-

zation sensitive device caused problems with loss measurements,

but provided good isolation from the input Fresnel reflection.

The subsequent use of a polarization scrambler allowed splice

and attenuation measurements out to 7 km while detecting a

break at 17 km. Heckmann et al. [11] used fibers which were

single mode at 0.82 urn with a conventional CW laser diode

operating in the pulsed mode at 0.82 #m. The dynamic range

was 12 dB of one-way loss, and attenuation and splice loss

measurements were made over 5 km of fiber.

For long distance applications the source used is the Nd: YAG

laser described in [6]. Nakazawa et al. [12] used an Nd :YAG

operating at 1.06 ym, but employed the polarization properties

of the input beam with a Te02 acoustooptic modulator to gate

the return signal and thus block the Fresnel reflection from

the detector. Splice loss and attenuation measurements were

made out to 18.4 km with fault location to 19.2 km. The total

dynamic range was estimated to be 50 dB. Nakazawa and

Tokuda [13] extended the range by operating the Nd: YAG

laser at 1.32 Urn where lower loss permitted greater lengths of

fiber to be measured. Using an amplifier on the Ge-APD they

measured fiber attenuation for fibers with average loss of 0.63

dB/km out to 30 km, fiber break point without Fresnel reflec-

tion to 34 km, and fiber end with reflection to 40 km. The

reported dynamic range was 91 dB. Additional comments on

this dynamic range will appear later in this paper.

THEORY

The backscattered power level P(t) at the detector (z = O) at

time tdue to scatterers a distance z (= Ugt/2) from the detector,

can be written asl

l’(t) = E(o) c(z) Vg (1)

where Vg is the average group velocity of the fiber modes, E(o)

is the energy initially excited in the forward traveling pulse at

z = O, and C(z) is the containment factor of the backscattered

power, i.e., the fraction of total power lost that is captured, S,

and guided back to the detector from scatterers a distance z

away. In terms of the conventional scattering factor S for

Rayleigh scatters

C(Z) = S 12Re-2 ‘T’ (2)

where ~R is the Rayleigh scattering component of total loss

cq. Equation (1) is a factor of 2 larger than reported in [3]

and [15] . The reason for this is given in Appendix A. Apart

from the varying input power coupling efficiencies of different

fiber designs, the term that should be compared for relative

backscattering levels of different fibers is the containment

factor C’(z).

For multimode fibers, the backscattering factor S has been

derived from a geometric optics argument and can be written

as [3], [15]

S=q(2AM) (3)

or equivalently in terms of the maximum acceptance angle of

the multimode fiber 6CM(= -)

SM = q e& (4)

where AM = (ncO - nCz)/nCo is the maximum relative refractive

index difference between core and cladding, and n is a function

of the power distribution of the backscattered power. For uni-

form power distributions [3], [15]

q = ~ for step-index fibers

= ~ for quasi-parabolic graded index fibers. (5)

Due to the strong wave characteristics of single-mode fibers,

the geometric optics analysis for S used to derive the above

equations is invalid, and the only electromagnetic analysis for

single-mode fibers has offsetting errors in the execution of the

1We ignore for this mgument the fhite length of the puke, asthis o~Y

reflects in the resolution of the OTDR trace.
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approach which yields the correct expression for S~, but is a

factor of 2 below the correct result for the total backscattered

power. (To pre(erve continuity, the elucidation of the error

has been given in Appendix A.) So that

()W.v -2
S = ~(2A~) —

a“
(6)

In terms of the diffraction angle a~ of the Gaussian beam of

the fundamental mode

~D = k/TInCOWO (7)

the backscattering factor S~ can be written as

Ss=g c!;. (8)

In (6) WO is the spot size of the fundamental mode beam (i.e.,

e-2 decay of the maximum intensity in the radial direction), a

is the core radius, and AS is the normalized refractive index

difference of the single-mode fiber. The normalized frequency

of the single-mode fiber V is given by the following [14]:

V= 2n/AnO0 am . (9)

The form of (8) for SS is the most useful since it requires

measurement of only one parameter of the single-mode fiber–

and it also allows direct comparison with the multimode fiber

result since both are now in geometric optics terminology.

In Fig. 1, we have plotted the backscattered power level

P(z) of (1) and (6) to a length of 40 km for particular choices

of single-mode fiber parameters where the input power is 1 dB

below the onset of-nonlinear effects. Fig. 1 illustrates the sig-

nificance of the role of the attenuation coefficient cq-, viz. for

shorter wavelengths where Rayleigh scattering is higher, the

initial backscattered signal is larger, but the signal decays more

rapidly due to the correspondingly larger total attenuation.

To investigate the relative backscattering efficiency of single-

mode fibers compared to multimode fibers, we define the back-

scattering efficiency factor 6B where

()P(z)s
b~(z)= -lo log —

P(z)M
(lo)

=~~+ti~+~~+ti~, (11)

the subscripts S and i14 referring to the single-mode and multi-

mode fiber, respectively.

We have separated out four independent factors affecting the

relative power levels so that each independent component can

be parameterized by a single variable. The total efficiency

factor can then be determined for any arbitrary combination

of these parameters. These four factors are defined in Table I

with a range of typical values given. The component due to

the different backscattering factors 8S is plotted in Fig. 2 for

the case of step-index multimode fiber asa function of the ratio

of solid angles of acceptance of single-mode and multimode
fibers, respectively. For parabolic index multimode fibers,

the result is about 1.8 dB less of a loss penalty than the step-

index fiber for all values of (aD /dcM) due to the reduced power

acceptance of the graded index multimode fiber as compared
with the step-index fiber [e.g., see (4)] . The backscattering

efficiency factor ti~ for any arbitrary choice of fibers lies be-

tween 10 and 18 dB.

EXPERIMENT

The experimental apparatus is essentially that described in

[6] and is shown in Fig. 3. An Nd :YAG laser which operates

at 1.064 or 1:319 ~m was used as the source. 5 W of power

were available in a CW mode at 1.064 flm and 1 W at 1.319 flm.

The laser was Q-switched by the use of an acoustooptical mod-

ulator operating at 500 Hz to provide pulses of 0.7 ps duration

at 1.064 urn, and 1.7 USat 1.319 pm. The beam was launched

into the fiber through a twisted, multimode, four port splitter.

This has the advantage of making the optical path from the

launch point to the detector appear as an index-of-refraction

matched system. The extra arm of the four port splitter was

immersed in index oil to eliminate unwanted reflections. The

use of this multimode splitter for a single-mode fiber requires a

multimode fiber to be spliced to a single-mode fiber. This

results in more loss than would be incurred with a single-mode

splitter spliced to a single-mode fiber. However, there are

currently no single-mode/single-mode splitters commercially

available that can handle the large peak powers required. Since

we were able to saturate the test fiber (generate Raman shifted

components) using the multimode splitter, the use of a single-

mode splitter would have required more attenuation of the

pump laser.

The power coupling efficiency of the splitter was determined

by measuring the power launched into the splitter and then

measuring the power in the single-mode fiber after 1 or 2 m.

This power level was down 9 dB below the launched power.

A 50/50 splitting ratio for the splitter gives a net launch penalty

of 12 dB for the power received at the detector. In the case

of a single-mode/single-mode splitter we would have ‘9 dB

penalty (3 dB in each direction for the splitter and a realistic

launched power penalty of 3 dB for the single-mode fiber).

Interestingly, a single-mode/single-mode splitter is only twice

as efficient as a multimode/multimode one in this case.

The detector was a Texas Instruments germanium APD used

without amplification. The backscattered signal received by

the detector was processed by a Tektronix 7854 waveform pro-

cessing oscilloscope which allowed signal averaging, storage,

or transfer to a plotter. Typically, 100-1000 sweeps were

averaged. The beamsplitter provides isolation from the input,

but still allows some backscatter which causes the detector to

overshoot the baseline. This may induce a dc offset on the

baseline which has to be subtracted. A Te02 modulator [13]

providing about 30 dB of isolation minimizes this problem,

but it is susceptible to damage at the high power levels used in

these studies.

RESULTS AND DISCUSSION

The power required to generate nonlinear frequency compo-

nents such as stimulated Raman scattering is known as the

critical power and its formulas are presented in Appendix B.

The critical power as a function of wavelength for a typical

fiber used in this study is shown in Fig. 4. The critical power

level is characterized by a splitting of the return pulse with the
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Fig. 2. The effective numerical aperture component 6s of the relative
backscattering efficiency factor 8B, for a step-index multimode fiber.
For parabolic index multimode 6S is reduced by 1.8 dB.
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Fig. 3. Experimental apparatus used to study dual wavelength single-
mode OTDR.
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Fig. 4. Critical power, the onset of nonlinear optical effects, as a func-
tion of wavelength for a typical single-mode fiber.

Raman shifted frequencies traveling through the fiber at a dif-

ferent velocity than the probe pulse. Thus, they arrive at the

detector at a different time from the probe pulse and the back-

scattered pulse appears to split. The critical power for the on-

set of nonlinear effects was measured for each wavelength and

found to be 4.4 W at 1.064 ~m and 3.6 W at 1.319 Mm. This is

in excellent agreement with the calculations for the critical

power of 4.3 and 3.0 W for 1.064 and 1.319 Urn, respectively.

This power level places an upper limit on the amount of power

which may be launched into the fiber and still make reliable

attenuation measurements. The launched power levels used

for the following OTDR measurements were approximately

1 dB below the onset of the nonlinear effects.

Two long lengths of fiber were investigated. Seven reels of

different single-mode fibers were spliced together to give a

length of 20.4 km with additional fibers spliced to generate a

28.5 km length. The measured one-way loss of the 20.4 km

including splices was 22 dB which is an average loss of 1.08

dB/km. For the 28.5 km, the one-way loss was 31.3 dB

which results in an average of 1.1 dB/km. The two-point loss

measurements on the long concatenated lengths were done at

1.064 pm because of the lack of a suitable calibrated detector

at 1.319 ~m. The use of different fibers simulates an actual

repeater span where nonidentical fibers are spliced together.
Some fibers had higher V numbers (more multimode) at 1.064

pm than others, however, all of the fibers were single-mode at

1.319 ~m. One particular fiber also had a smaller core diameter

and a different index profile shape than the others. Some of

the splices were V-groove index-matched splices and some were

fusion welded. The typical individual fiber length was about

2.5 km.

The single-mode OTDR plot of the 20.4 km at 1.319 Mm is

shown in Fig. 5(a). The splices are labeled according to type,

with the V-groove labeled (V) and the fusion welded labeled

(F). The fiber located between splice V2 and V3 has a smaller

core, and its profile shape is significantly different from the

other fibers. This is evidenced by the large reflected spike at

V3. Fig. 5(b) shows the 1.064 pm OTDR plot of the same

20.4 km. Comparing Fig. 5(a) and (b), one observes that the

magnitude of the reflection spike from the V-groove splices is

strongly dependent on the wavelength and the quality or loss of

a particular splice cannot be inferred from the magnitude of

this reflection. The attenuation of a particular fiber section is

clearly discernible in the 1.319 Vm plot, and attenuation mea-

surements were possible on all of the fiber sections up to 18.7

km. The fiber between V2 and V3 was measured by OTDR to

be 0.7 dB/km and the fiber between F1 and V5 to be 0.86 dB/

km. The separate fibers were measured previously by a two-

point technique to have losses of 0.8 and 0.82 dB/km, respec-

tively. The other fibers in this 18.7 km section showed similar

agreement with previous measurements. The last fiber section

(V5 to 20.4 km) was shorter than any of the other fiber lengths

and the combination of short length and lower signal to noise

at that distance increased the uncertainty in the attenuation

measurement for that section. Hence, reliable attenuation

measurements were only made to 18.7 km.

The shape of these plots is qualitatively in agreement with

the wavelength dependence of the backscattered power calcu-

lations of (1) and Fig. 1. That is, while there is initially more

backscattered power at 1.064 urn, it is quickly attenuated, and

the backscatter at 1.319 Urn is initially lower, but does not de-

cay as rapidly. The differences in the reflection spikes of the

splices for the plots at the two wavelengths may be because the

fibers are not single mode at 1.064 wm. The significant differ-

ences in attenuation and splice loss (for instance, Vl) make it

imperative that the wavelength used for the OTDR be the same

as that used for the system application. In comparing these

two plots, one would not a priori conclude that they were mea-

sured on the same identical fiber span.

An additional length of 8.1 km of fiber was fusion welded

onto the existing 20.4 of Fig. 5, and these OTDR plots, Fig.

6(a) and (b), compare the decay at 1.319 Mm to that at 1.064

um. Comparing Figs. 5(a) and 6(a), we note the good agreement

for the first 20.4 km in which all fibers of the spans were single

moded. However, Figs. 5(b) and 6(b) demonstrate large differ-

ences in the reflection spikes from splices. Because the fibers

are multimode at that wavelength, the input modal power dis-

tribution is sensitive to launch conditions. In the case of

the 1.319 ~m plot, Fig. 6(a), only the reflection from the fiber

with the different profde and V-groove splice is clearly evident,

however, at 1.064 ~m the first four of the V-groove splices are

quite obvious. Using the measured loss at 1.064 pm by the

two-point technique, the end of the fiber was detected after a

roundtrip loss of 63 dB. For lower loss fibers, this would mean

we could detect ends much farther than 28.5 krn~ For a fiber

loss of 0.6 dB/km, this roundtrip loss translates to more than

50 km for end detection.
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Fig. 5. Single-mode backscatter plot of 20.4 km of fiber showing the different attenuation and range characteristics for
(a) 1.319 urn and (b) 1.064 um.

It is customary for researchers to use the term dynamic range

as a “figure of merit” for their OTDR’S, and many papers have

appeared in the literature quoting a certain dynamic range.

However, the numbers reported should be interpreted with cau-

tion. For a full description of the capabilities of an OTDR,

three separate dynamic ranges are necessary: 1) the range in

dB over which detection of a reflecting break is possible; 2) the

range in dB for locating a nonreflecting break; and 3) the range

in dB over which attenuation and splice loss can accurately be

determined. In most instances the range for 2) and 3) should

be similar.

A critical factor in determining the dynamic range of attenu-

ation and splice loss is an accurate evaluation of the baseline

of the system, that is, the dc level of the random noise of a

homogeneous medium. Improving the precision of this base-

line determination can greatly increase the dynamic range.
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Fig. 6. Single-mode backscatter plot of 28.5 km of fiber showing the extended range capabilities of (a) 1.319 Mm versus

(b) 1.064 pm.

When one considers long continuous lengths of fiber that are ments, the most pessimistic dynamic range, but the most use-

relatively uniform, the dynamic range over which loss measure- ful for diagnosis, is the ability to determine local attenuation.

ments can be made is greater than for short lengths, due to the These statements obviously also hold for splice loss evaluation.

statistical averaging of the backscattered signal, as indicated By these three quoted dynamic ranges for an OTDR and the

previously in the discussion of Fig. 5. Thus, for loss measure- average loss for the fiber, one can determine the lengths over
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which reliable measurements can be made. That is, the measur-

able length in km equals the dynamic range in dB divided by

the average attenuation in dB/km.

The results of [13] represent the present state of the art for

single-mode OTDR with end detection to 40 km, nonreflecting

fault location to 34 km, and attenuation and splice loss to 30

km of fiber with average loss of 0.63 dB/km. Using the above

definition of dynamic range, these length measurements indicate

that the OTDR of [13] has dynamic ranges of 50,43, and 38

dB for end detection, nonreflecting fault location, and attenua-

tion and splice loss, respectively. However, the fiber used in

this measurement appears to be one continuous 40 km length
with no splices present. Various authors [12] report a single

dynamic range which in some instances includes effects which

do not translate to the length measurement capability of the

above definition. The reported dynamic range of 91 dB of

[13] probably includes these effects.

Finally, Fig. 7 is an OTDR trace of the 28.5 km of spliced

fiber from the opposite end and shows the effect of a fusion

splice. The V-groove splices used in this study all showed some

reflection, probably because of an improper index match be-

tween the index matching material and the fiber. Fig. 7 in-

dicates that in fusion splices there is no reflected spike even

for poor quality (high loss) splices. Backscattering from

splices can affect the output characteristics of diode lasers

[16] and it is important to determine if such a reflection

exists. The fusion splice was intentionally made to have high

loss to investigate this potential problem, and Fig. 7 indicates

that this effect is not important for fusion splices even when

the splice loss is as large as 0.95 dB, as in Fig. 7. The absence

of a reflected spike is thought to occur because there is a blend-

ing of the material in the fusion process which reduces any

index discontinuity.

CONCLUSIONS

We have demonstrated the ability to examine long lengths

of single-mode fiber in excess of 60 dB of two-way loss. Using

fibers with lower attenuations, fault location and end detec-

tion could be achieved for lengths of fiber greater than the

28.5 km studied here. Using the nonlinear effects, end detection

of 54 km has been reported in the literature [17]. With the end

detection definition of the dynamic range of the system, the

technique presented has a 63 dB range. The theory presented

here allows one to determine the expected loss penalty in using

OTDR for a single-mode fiber in comparison to an arbitrary

multimode fiber. Furthermore, we observe that for long lengths

of single-mode fiber the loss penalty can be a function of length

due to the attenuation differences between single-mode and

multimode fibers. The measured and calculated critical powers

for the onset of nonlinear effects are in excellent agreement.

This is very important since it places an upper limit on the

power available for attenuation measurements.
From the OTDR results we see that is is imperative to mea-

sure the fiber at the anticipated operating wavelength because

the splice loss and the reflection spikes of the splices change

considerably with wavelength. It is obvious that the splice loss

should be measured at the system operating wavelength because

the spot size of the fundamental mode (which determines the

magnitude of the splice loss) changes significantly with wave-

length. The large reflection spikes from the V-groove splices are

not well understood and further study is necessary. However,

it is important to note that the quality of the splice (loss) can-

not be determined from the magnitude of the reflection spike.

The fused splices do not demonstrate any back reflection as

the fusing of the glass creates a situation which favors forward

scattering.

The recent experimental work [22] that shows excellent

agreement with the results of [3] for the backscattering factor

Ss, does not conflict with the analysis presented here, due to

the large uncertainties in the fiber parameters (particularly

c%) and measurement techniques. Furthermore, it must be

remembered that [3] (and this paper) assumes that the only

mechanism for backscattering is Rayleigh scattering.

APPENDIX A

As indicated in [15], the length of fiber at point z that con-

tributes to the power received at time t (= 2z/ug) by the detec-

tor at z = O is only half the full input pulse width, i.e., lP/2 (the

spatial pulse width is 1P= Ug~, where r is the temporal width).

However, every elemental segment dz of the input pulse scatters

power from some section dz of this length (lPiz ) that contrib-

utes to the power received at the detector at time t. This results

in an effective length of scatters of 1P,NOT lp/2 as stated in

[15] and implicitly assumed in [3], since each elemental

length dz of the scattering region cannot be uniquely associated

with one elemental segment cZzof the input pulse (for the power

arriving at the detector at time t). Thus, the total backscattered

power at time t from the region is equal to the power scattered

from a length equal to the full pulse width lP. This results

in (l).

To completely define the backscattered power we need to

have expressions for n-the backscattering factor. If we con-

sider that only Rayleigh scatterers contribute to the back-

scattered power, then

S’=SaR/aT

where S is the backscattering factor for Rayleigh scattering and

~R /~T is the relative amount of total power lost due to Rayleigh
scattering. For multimode fibers, the Rayleigh component of

3“ has been evaluated correctly in [15] via a geometric optics

analysis. For single-mode fibers the only electromagnetic

analysis of S in the literature is beset by errors [some of which

are offsetting, e.g., the two errors incurred in going from (9)-

(1 1)] but yields the correct expression for S. Due to the above-

mentioned error in the general formula, the backscattered power

is a factor of ~ of the correct result. For a more complete and

correct derivation of Ss see [23].

APPENDIX B

The input power can be increased only up to a threshold

value beyond which nonlinear effects become important.

The nonlinear phenomena of most concern are stimulated

Raman scattering (SRS) (forward and backward interaction),

and stimulated Brillouin scattering (SBS) (backward interac-

tion). Both phenomena cause power to be transferred to other

frequencies that propagate at different velocities and subse-

quently degrade the return signal. This threshold power is
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Fig. 7. A high loss fusion splice showing the absence of a reflection spike characteristic of other types of splices.

dependent on spectral loss and Raman and Brillouin scat-

tering efficiency.

Calculation of Critical Powers

Approximate expressions for critical input power have been

derived by Smith [18]. The derivation requires that the power

in the stimulated wave be everywhere less than the input wave

power. Operating 1 dB down from the critical value will reduce

the stimulated wave by 20 dB and assure an adequate safety

margin [18]. The critical power for SRS, forward interaction

(i.e., the SRS wave propagates in the forward direction) is

16 A,ff
PC* = -. (Bl)

‘-”- L,eff g*

For pulses such as those used in the OTDR, P.nt represents

peak power. zleff is an effective core area related to the amount

of overlap between the pump mode and the Stokes mode. If

there is little overlap between the modes, there will be fewer

photons available to supply the stimulated process, and the

critical power will be correspondingly greater. Aeff varies in-

versely with the V number ancl ranges from 0.94 times the core

area for X = 1.0 pm (V= 3.01) to 1.7 times the core area for

h= 1.64 urn (V= 1.83) [19]. Here, V is defined as in (6) of
the text. Lefi in (Bl) is an effective length given by [20]

1- e-al
L,~~ =— (B2)

c1

where d is the total attenuation in nepers. For long lengths of

fiber where material dispersion is sufficiently small, Leff is ap-

proximately equal to I/a. The Raman gain coefficient go equals

0.5 X 10-11 cm/W for fused silica at 1.0 Mm when polarization

is not maintained and scales [21] as 1/X.

Fig. 4 is a plot of critical power asdefined in (Bl) versus wave-

length. The spectral loss data from a typical single-mode fiber

were used to calculate Leff.

The expression for critical power for backward SRS is

20 Aeff
Pcfi* - ,-—

L,ff go
(B3)

where Aeff and go are as defined previously and L~ff is half the

length of the pump (input) pulse in the fiber. Since L& <<
Leff, the critical power for backward SRS is greater than p~tit

for forward sRS, and it will not be a limiting factor.

Petit for SBS is given by the following:

21 Aeff
Pc~~– ,-—

L,ff G
(B4)

where again L~ff is half the length of the pump pulse in the

fiber and G, the gain coefficient, is [21 ]

~ = 8.65 X 10-11

h2 A uP
= cm/W (B5)

where it is assumed that polarization is not maintained and

A uP >> A uP, where A uP is the spectral width of the pump in’

GHz (full width-half maximum) and AuP is the linewidth of

the Brillouin scattering. Comparing (Ei4) and (B5) with (Bl)

it is easily seen that

Pcti (SBS) ~603 ~ &ff

Ptit (SRS) “ L:ff
(B6)

for A in Urn, and AVP ~ 80 GHz. Typically, ~eff wfil be at least

two orders of magnitude greater than L&r; hence, forward SRS

will set the upper limit on input power.
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