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Abstract—This paper proposes a new technique for measuring
in-service optical fibers, that uses an optical time domain reflec-
tometer (OTDR). The feature of the proposed technique is that the
OTDR light is in the same wavelength band as the video signal,
which is distributed by using the subcarrier multiplexing (SCM)
technique. In a 40-channel SCM system operating at a signal wave-
length of 1.558 m, we show that the required video quality can be
maintained, by using the proposed OTDR operating in the 1.55 m
band, even though the measured fiber is in service and the OTDR
light enters an optical receiver. Moreover, we clarify the conditions
for undertaking measurements, without the need for optical filters
designed to prevent OTDR light from degrading the SCM signal
quality.

Index Terms—In-service testing, optical time domain reflec-
tometer (OTDR), SCM.

I. INTRODUCTION

RECENTLY, subcarrier multiplexing (SCM) optical trans-
mission has been researched and developed as an impor-

tant multiplexing technique for high-capacity lightwave systems
[1]–[3]. Erbium-doped fiber amplifiers (EDFA) are used to in-
crease the transmission distance or distribution number, using a
passive double star network (PDSN) in an SCM system, there-
fore the wavelength of the transmitted video signal is in the
1.55- m region.

An optical time domain reflectometer (OTDR), installed in
a central office, is used when remotely measuring the optical
fiber lines by which video services are provided in the PDSN
[4], [5]. The measurement wavelength is in the 1.6-m band,
which is different from that of the video signal. Moreover, a short
wavelength pass filter (SWPF) is positioned at the input port of
each optical network unit (ONU). Therefore, the video service
quality does not degrade, even though the video signal and an
optical pulse from the OTDR propagate simultaneously in an
optical fiber. However, fiber line, splice and connector return
losses at 1.55 m are estimated from data measured at 1.6m
with that technique, and there may be errors in the estimation.

This paper proposes a new in-service measurement tech-
nique, that uses the same wavelength band as the carrier
signal of an SCM system, without interrupting amplitude
modulated (AM) vestigial sideband signal services. By using
the new technique, it is possible to evaluate the transmission
line characteristics accurately, since the loss data are obtained
directly without the need for estimation. The SWPFs therefore
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Fig. 1. Configuration of a conventional in-service measurement system in an
SCM system.

can be removed from optical lines, thus reducing the system
cost. Section II discusses the basic principles of suppressing
additional noise caused within the SCM signal band when
OTDR light enters an ONU. In Section III, we measure the
quantitative behavior of the carrier-to-noise ratio (CNR) to
show the feasibility of the proposed OTDR in a 40-channel
lightwave AM-SCM system, and discuss the conditions for
eliminating SWPFs from optical networks. We also show the
characteristics of the new OTDR. Finally, Section IV is devoted
to the spatial resolution of the OTDR, as regards the new
in-service measurement system.

II. SUPPRESSION OFEXTRA NOISEDUE TO OTDR LIGHT

Fig. 1 shows a conventional in-service measurement system,
in which SCM signals propagate in optical fiber lines. Since the
wavelength region of the OTDR pulses is different from that
of the SCM signals, the pulses can be cut by using an SWPF
in front of an ONU. Therefore, OTDR measurements can be
undertaken, even when the test fiber is in service. If the OTDR
light enters the ONU, there is extra noise within the signal band,

, as follows:

(1)

The first term is responsible for the frequency components of
the OTDR pulse waveform. The second term results from the
intensity fluctuations in the OTDR light, for example mode par-
tition noise. The third term represents shot noise. To measure
in-service fibers using the same wavelength band as the video
signal, we must keep these extra noises at a low level because the
SWPF cannot prevent the OTDR light from entering the ONU.

0733–8724/00$10.00 © 2000 IEEE
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Fig. 2. Variation of pulse-induced noise with frequency at a pulse width of 1
�s. The solid and light solid lines show the theoretical variation for raised cosine
and rectangular waveforms, respectively. The dashed line shows the shot noise
when it is assumed to be independent of frequency.

A. OTDR Pulse-Induced Noise

When the sidelobes of a pulse frequency spectrum are
superimposed on the subcarrier frequency band, they degrade
the video quality. Therefore, the quantitative behavior depends
on the pulse waveform. When the OTDR light is received
at an ONU, the pulse-induced noise power in one subcarrier
frequency band is given by [5]

(2)

where is the temporal response function of a pulse train
passing through one subcarrier band,is the responsivity of the
photodiode (PD) of the ONU, is the optical peak power
of the OTDR light at the ONU, is the input resistance of the
ONU, and is the electrical power gain in the ONU.
is related to the Fourier transform of the pulse waveform from
an OTDR and the reciprocal of the OTDR pulse rep-
etition cycle as

(3)

with

(4)

where and are integers, and and are the subcarrier
frequency and its signal bandwidth, respectively.

Subcarrier frequencies are usually in the high frequency re-
gion, namely above 90 MHz. Therefore, it is very effective to
compress the pulse spectrum and arrange it below the minimum
subcarrier frequency to reduce the pulse-induced noise. When
the pulse waveform, , from an OTDR is a raised cosine as

otherwise
(5)

and not a rectangle (conventional OTDR waveform), the pulse-
induced noise can be reduced in the subcarrier frequency band.

Fig. 3. Average optical spectrum of an FP-LD with a center wavelength of
1546 nm and a mode spacing of 0.4 nm. It is directly modulated into pulse trains
with a pulse width of 1-�s and a repetition cycle of 430-�s, and is measured
using an optical spectrum analyzer with a resolution bandwidth of 0.1 nm. When
the spectrum is assumed to obey a Gaussian distribution as shown with a dashed
line, the FWHM is 4.7 nm.

Here, in (5) corresponds to the pulse width. Fig. 2 shows the
pulse-induced noise power as a function of the frequency
at dBm, MHz, , and
MHz. The solid line is the theoretical prediction of (2) for the
raised cosine waveform. At the minimum subcarrier frequency
of 90 MHz, the pulse-induced noise power decreases by 96 dB,
compared with that of the rectangular waveform shown with the
light solid line. The most notable feature is that the pulse-in-
duced noise power of the raised cosine waveform is suppressed
below the shot noise power, , of the pulse train over the
subcarrier frequencies under the calculation conditions.

B. Intensity Fluctuation Noise

Since a Fabry–Perot laser diode (FP-LD) can easily provide
high output powers, it is commonly used as an OTDR light
source. The FP-LD has many longitudinal modes, as shown in
Fig. 3, and the power distribution among the different longitu-
dinal modes fluctuates randomly, even when the total emitted
power is constant. Therefore, mode partition noise occurs with
the dispersion of fibers when the light from the OTDR prop-
agates into the fibers [6]. As a result, the intensity fluctuation
noise depends not only on the intrinsic intensity noise of the
light source, but also on the mode partition noise. The fluctua-
tion noise in one subcarrier frequency band is given by

RIN (6)

where is the duty ratio of the OTDR pulse train, and
and are the relative intensity noise (RIN) of an OTDR
light source and mode partition noise, respectively.

Fig. 4 shows the observed variation in the mode partition
noise with frequency in an experiment where 1.55-m light with
the spectrum, shown in Fig. 3, is transmitted over a 10-km long
single-mode (SM) fiber with a zero-dispersion wavelength of
1.3 m. Since the noise values are larger than those of the in-
trinsic noise, it is very important to reduce the mode partition
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Fig. 4. Experimentally observed behavior of intrinsic relative intensity noise
for the FP-LD (squares) and its center longitudinal mode (solid circles) and
mode partition noise at the output of a 10-km long SM fiber (open circles). The
light from the FP-LD is a continuous wave. The solid line shows the theoretical
behavior of the mode partition noise under conditions identical to those used in
the experiment.

Fig. 5. Variation of mode partition noise with the center wavelength for a
frequency of 90 MHz. The propagation fiber length is assumed to be 10 km.

noise. The solid line in this figure is the theoretical prediction
of the mode partition noise obtained from (A6) given in the Ap-
pendix. In this calculation, the optical spectrum emitted from
the FP-LD is assumed to obey a Gaussian distribution. It is very
useful to estimate the mode partition noise because the calcu-
lated and experimental results agreed very well as shown in Fig.
4. As shown by (A6), the noise depends on the different time
delays among longitudinal modes. Therefore, it is very impor-
tant to understand the effect of the light source parameters, such
as the center wavelength and the full width at half maximum
(FWHM) of an optical spectrum.

1) Noise Dependence on Center Wavelength:Fig. 5 shows
the theoretical mode partition noise as a function of center wave-
length for a frequency of 90 MHz. There are three important
assumptions in this calculation. First, the FWHM of an optical
spectrum with a Gaussian distribution is 4.7 nm, and the mode
spacing is 0.4 nm in all center wavelengths, as shown in Fig. 3.
Second, all center longitudinal modes have the same RIN char-
acteristics as those shown in Fig. 4. Third, the chromatic dis-
persion consists largely of material dispersion, and waveguide

Fig. 6. Calculated mode partition noise as a function of fiber length for a
frequency of 90 MHz. The conditions of this estimation are identical to those
for the calculations shown in Fig. 5 excluding the transmission fiber length. A
DCF compensates for the dispersion of a 5-km SM fiber.

dispersion contributes little. The dispersion is obtained by
using

(7)

where is the wavelength in a vacuum,is the speed of light
in a vacuum, and is the refractive index of the fiber core. The
refractive index is assumed to obey the Sellmeier model as fol-
lows:

(8)

with , and .
When the center wavelength decreases from 1.65 to 1.55m,
the noise is reduced by 2 dB, as shown in Fig. 5. The selection
of the measurement wavelength from the 1.55-m signal wave-
length band is effective not only in terms of simplifying in-ser-
vice measurement, but also in reducing noise. However, there
is still a mode partition noise of dB/Hz, since its wave-
length does not coincide with the zero-dispersion wavelength
of the measured SM fibers. There are two ways to reduce this
noise. One is to use a dispersion compensator, such as a disper-
sion compensating fiber (DCF) or a chirped fiber Bragg grating
(FBG) [7]. The other is to narrow the FWHM of the OTDR light
source spectrum. The DCF cannot be applied to access networks
with fiber length variations, because one DCF with a given com-
pensation value cannot compensate for the dispersion values of
all fibers, as shown in Fig. 6. In contrast, one FBG can com-
pensate for any dispersion value. However, it is very difficult to
design an FBG since the FP-LD spectrum is wide. Therefore,
it is very effective to use an OTDR light source with a narrow
spectrum.

2) Noise Dependence of Light Source Spectrum on
FWHM: Fig. 7 shows the theoretical variation in the mode par-
tition noise with the FWHM of the 1546-nm FP-LD spectrum.
The remaining noise described in the above sub-section de-
creases when the FWHM becomes narrow. Since the linewidth
of a distributed feedback laser diode (DFB-LD) is commonly
less than 20 GHz, even though the laser is modulated directly,
it is predicted that the use of the DFB-LD can suppress this
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Fig. 7. Mode partition noise for FWHM of a light source at a frequency of 90
MHz. It is estimated under conditions identical to those of Fig. 5 except that the
center wavelength is always 1546 nm and the mode spacing varies linearly with
FWHM.

noise. In fact, when 1-s pulses from a DFB-LD with a center
wavelength of 1535 nm and a side mode suppressed ratio of

dBc propagated through a 10-km long SM fiber, there
was no increase in the intensity noise resulting from the mode
partition noise in the 50- to 500-MHz range. Therefore, a
DFB-LD is useful as an OTDR light source, if its output power
is high enough to measure a test fiber.

C. OTDR-Induced Total Noise Power

Fig. 8 shows the frequency characteristics of OTDR-induced
noise obtained from (1) when an OTDR light with a pulse width
of 1 s and a pulse repetition cycle of 430s propagates through
a 10-km SM fiber. The solid line shows the total noise power,
when the OTDR pulse waveform is a raised cosine and its light
source is the DFB-LD, described in the previous section. In this
calculation, we estimated from (6) using the RIN mea-
surement results for the DFB-LD. In a conventional OTDR with
a rectangular pulse and a 1.65-m FP-LD, the pulse-induced
noise power dominates the total noise power [5]. However, the
use of the noise suppression technique means that the dominant
factor becomes the RIN of the light source and the shot noise.
The most noteworthy feature is that the total noise power is 70
dB less at a frequency of 90 MHz than that of a conventional
OTDR. Since an in-service measurement system with a conven-
tional OTDR needs an SWPF with a rejection ratio of dB
[5], it is possible to remove the SWPF from the system by using
the novel OTDR with the proposed technique.

III. EXPERIMENT

We carried out in-service measurements to confirm the effec-
tiveness of the proposed technique, and we describe our experi-
mental results in this section. Moreover, we prove the effective-
ness with calculated results.

A. Experimental Setup

Fig. 9 shows our experimental setup. We performed in-ser-
vice measurements under the following conditions.

Fig. 8. Dependence of the additional noise power inB = 4:2 MHz on
frequency for a 10-km long SM fiber. The raised cosine pulse from the DFB-LD
has a 1-�s pulse width and a 430-�s pulse repetition cycle. The solid line shows
the total additional noise power, and the light solid lines show its components.
Moreover, the dashed line shows the pulse-induced noise power for a rectangular
1-�s pulse waveform. These values correspond to the total noise power caused
by a conventional OTDR.

Fig. 9. Schematic illustration of the experimental setup we used to measure
the CNR of a 40-channel AM-SCM video signal. The CNR is measured while
an optical atteuator varies the received OTDR light power.

A 1558-nm DFB-LD was driven simultaneously by 40 AM
subcarrier signals with frequencies of 91.25-325.25 MHz. The
optical modulation index of each channel was 0.045. The optical
video signal propagated via three SM fibers, with a total length
of 10.2 km and an average chromatic dispersion of 18 ps/nm/km
at the signal wavelength. The average signal light power re-
ceived at a PD was dBm. We measured the output RF signal
through an electric bandpass filter (BPF) with MHz
from the PD with a spectrum analyzer and an oscilloscope. In
contrast, OTDR light, with a pulse width of 1s and a repeti-
tion cycle of 430 s, was emitted from an FP-LD with a center
wavelength of 1629 nm or a 1535-nm DFB-LD. Raised cosine
and rectangular pulses, as shown in Fig. 10, were generated by
directly modulating the DFB-LD and the FP-LD, respectively.
They were launched into the test fiber via an optical attenuator
and a 3-dB coupler. The forward-propagated pulses entered the
PD, and the back-reflected pulses were received at an avalanche
photo diode (APD) in the OTDR. We installed an optical filter in
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(a)

(b)

Fig. 10. Observed OTDR pulse waveforms of (a) raised cosine and (b)
rectangle. These 1-�s pulses are obtained by modulating the light sources
directly.

front of the APD to prevent the 1558-nm signals from entering
it. Moreover, we installed optical isolators with an isolation of
50 dB in the output ports of all the lasers used in the experi-
ments, because reflected light affects the intrinsic properties of
lasers, such as intensity noise [8] and nonlinear distortion [9].

B. Experimental Results

1) CNR Measurement:We measured the CNR at a subcar-
rier frequency of 91.25 MHz, with different received OTDR
light powers at the PD. We selected the measurement frequency
on the grounds that the noise due to the OTDR light increases
as the subcarrier frequency decreases, as shown in Fig. 8, and
the lowest subcarrier frequency was 91.25 MHz in the exper-
iments. When the OTDR light did not enter the PD, the CNR
value was 44.2 dB. Fig. 11 shows the CNR measurement re-
sults for the two optical waveforms transmitted from the OTDR.
In this figure, the circles and squares show the measured CNR
values for the raised cosine and rectangular pulses, respectively.
The CNR values of the raised cosine pulse were better than those
of the rectangular one. The most noteworthy feature is that the
video signal quality was unaffected, even though a raised cosine
pulse with a peak power of 0 dBm entered the PD, as expected.

We also observed the CNR for other channels, excluding the
91.25-MHz channel, when the received peak power of the raised
cosine pulse was 0 dBm. The result showed that all the signal
characteristics were maintained, as we predicted from the noise
power dependence on frequency shown in Fig. 8. Moreover, we
considered whether or not the OTDR light affects the signal
distortion, as investigated in [10]. This is because pump deple-

Fig. 11. Variation in CNR as a function of the received OTDR light power.
Circles and squares show the measured CNR values for the raised cosine
and rectangular pulses, respectively. The solid and dashed curves show the
theoretically predicted CNR for the raised cosine and rectangular pulses,
respectively. In this calculation for the rectangle, it is assumed that the total
noise power is given by only pulse-induced noise.

tion occurs if the power transmitted through an optical fiber ex-
ceeds the Brillouin threshold, which is relatively low. However,
neither the composite second-order (CSO) nor the composite
triple-beat (CTB) increased, even though a raised cosine pulse
with a peak power of 0 dBm propagated in the fiber, and both of
these values were always less than65 dBc. This is because the
Brillouin threshold depends on the linewidth of the light source
and fiber length. In general, the linewidth of the directly mod-
ulated light source is more than 100 MHz, which is wider than
the Brillouin-gain bandwidth. Moreover, the used fiber length of
10 km is relatively short for the nonlinear effect, while it is long
enough to distribute to customers’ premises in access areas. As a
result, the threshold exceeds 10 dBm, and the OTDR light does
not contribute to an increase in the signal distortion. In fact, we
observed no white-line on a TV-monitor, as shown in [5] when
the 0-dBm raised cosine pulse entered the PD.

In the presence of OTDR light at an ONU, CNR is given by

(9)

where is the value when the OTDR light is excluded, and
is the average received subcarrier signal power.is written

as

(10)

where is the optical modulation index per channel and is
the average received signal light power at the ONU.

Fig. 11 shows the CNR estimated from (9) under the condi-
tions listed in Tables I and II. The solid and dashed curves show
the calculated CNR for the raised cosine and rectangular pulses,
respectively. These results agreed with the experimental ones.
It is interesting to note that the allowable received peak power
increases to 7 dBm from dBm when we use the noise sup-
pression technique, while permitting the CNR to decrease by 1
dB. Therefore, the use of the technique can allow us to eliminate
SWPFs from in-service measurements systems.

2) OTDR Performance:Fig. 12(a) and (b) show OTDR
traces for raised cosine and rectangular pulses, respectively,
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TABLE I
EXPERIMENTAL CONDITIONS FORLIGHTWAVE SCM SYSTEM.

TABLE II
EXPERIMENTAL CONDITIONS FOROTDR.

while the test fiber was in service. The dynamic ranges (DR) of
both the OTDRs are about 18 dB, when considering the 3-dB
insertion loss of coupler-2 shown in Fig. 9.

The DR can be estimated from [11]

DR dB (11)

where
peak power of the OTDR pulse at the output port of
the isolator;
Rayleigh backscattering factor;
round-trip loss of 3-dB coupler-1 and the insertion
loss of the optical filter;
minimum detectable power of the APD;

SNIR improvement in the signal-to-noise ratio achieved
by signal averaging.

When the OTDR properties shown in Table II, dB and
dB are applied to the theoretical prediction, a DR

of 18 dB is obtained from (11). This result is in good agreement
with the experimental one. The amplitude fluctuation caused by
the fading noise is measured in the fiber area of the OTDR trace
with the raised cosine pulse, as shown in Fig. 12(a). By con-
trast, there is no fluctuation in the rectangular pulse, as shown
in Fig. 12(b), because the OTDR light source is the FP-LD and

(a)

(b)

Fig. 12. OTDR traces of (a) raised cosine pulses and (b) rectangular pulses
while the test fiber was in service. The traces were obtained by integrating the
back-reflected light power2 times. The optical attenuator in front of OTDR
was removed during the measurements.

it has multilongitudinal modes for a light spectrum. However,
the fading noise can be reduced by using the frequency hop-
ping technique with the DFB-LD as the OTDR light source
[12]. Even though the pulse waveform is a raised cosine, the
spatial resolution is estimated to be about 100 m from the full
width at 1.5-dB maximum of the Fresnel reflection in Fig. 12(a).
Moreover, Fig. 12(a) and (b) shows that the Fresnel reflection
from optical connectors with a 0.2-km spacing can be resolved
in both OTDRs. Therefore, we can confirm that the proposed
OTDR provides the same performance as a conventional OTDR,
in terms of DR and spatial resolution.

IV. L IMITATION OF SPATIAL RESOLUTION

To reduce the pulse-induced noise, the sidelobes of an OTDR
pulse frequency spectrum are suppressed by shaping the pulse
waveform. However, this technique is not very effective when
the pulse width is reduced to enhance the spatial resolution of
the OTDR. This is because the spectrum widens as the pulse
width decreases, and the sidelobes are superimposed on the sub-
carrier frequency band in AM-SCM systems. In this section, we
consider the pulse width limitation when using our proposed
technique.
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Fig. 13. Dependence of the CNR at a subcarrier frequency of 91.25 MHz on
OTDR pulse width. All parameters are identical to those in Tables I and II except
that the received peak power of the OTDR light is always 0 dBm.

Fig. 14. Schematic illustration of quasiraised cosine pulse.� and� are
the wavelengths of the OTDR pulse and the dummy pulse, respectively. These
wavelengths are different from each other.

Fig. 13 shows the CNR variation for a raised cosine pulse as
a function of pulse width. The CNR values are given by (9), and
all parameters are identical to those in Tables I and II, except
that the received OTDR peak power is always 0 dBm. The most
notable feature is that the pulse width can be reduced to 100 ns,
which corresponds to a spatial resolution of 10 m. We consider
the following technique as a way of further enhancing the spatial
resolution.

The OTDR sends out a quasiraised cosine pulse, with a wider
pulse width. This pulse is composed of the narrower OTDR
pulse and a complementary dummy pulse, as shown in Fig. 14.
This causes the sidelobe of the composite wave to be greatly
suppressed, while reducing the OTDR pulse width. Moreover,
a wavelength is chosen for the dummy pulse, which is different
from that of the OTDR pulse. This is so that only the backscat-
tered light of the OTDR pulse can be detected by positioning an
optical filter, which rejects the dummy pulse at the input port
of the OTDR detector. By contrast, we must note that the dy-
namic range of the OTDR decreases with a decrease in OTDR
pulse width, while the OTDR pulse peak power is kept constant.
This is because the Rayleigh backscattering factor decreases,

and the minimum detectable power of the OTDR receiver in-
creases when the pulse width becomes narrow.

V. CONCLUSION

This paper proposed a novel in-service measurement tech-
nique, with an OTDR operating in a signal wavelength band for
amplitude modulated vestigial sideband signal distribution sys-
tems employing the AM-SCM technique. By using the proposed
technique, fiber line, splice and connector return losses for the
signal can be estimated directly from the OTDR measurement
results, because they can be measured in the same wavelength
band as the signal. The new technique has two features designed
to suppress the extra noise, which occurs when the OTDR light
enters an optical network unit (ONU). One is to form the OTDR
pulse into a raised cosine, in order to reduce the pulse-induced
noise. The other is to use a distributed feedback laser diode
(DFB-LD) as the OTDR light source, which contributes to a de-
crease in the mode partition noise.

We observed the CNR degradation in a 40-channel AM-SCM
system operating at 1558 nm, caused by injecting an OTDR
pulse into an ONU. In our experiments, the video quality was
maintained by using a new OTDR with our proposed technique,
even though an OTDR pulse with a peak power of 0 dBm entered
the ONU. Moreover, there was no degradation in the spatial res-
olution or dynamic range of the OTDR.

In a conventional surveillance system, a short wavelength
pass filter (SWPF) is installed in front of the ONU to prevent
OTDR light from entering it. However, our technique makes it
possible to eliminate the SWPF from the system, and is very ef-
fective in reducing the system cost.

APPENDIX

ANALYSIS OF MODE PARTITION NOISE

The instantaneous optical power of theth longitudinal mode
is given by the sum of its averaged optical power and its

fluctuation, as shown in the following equation:

(A1)

where the angled brackets denote the time average andrep-
resents the small fractions of theth longitudinal mode around
the stationary values in the frequency domain.

When the total power emitted from a light source is assumed
to be

(A2)

the mode partition noise at a distance of in an optical
fiber is given by

(A3)
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with given by

(A4)

where
wavelength of theth mode;
center wavelength of the light source;
dispersion value of the fiber at .

From (A1) and (A2), the frequency components of the fluctua-
tions have the following relation:

(A5)

and thus (A3) becomes

RIN

(A6)

where

(A7)

and

(A8)

Since we assume that every longitudinal mode consists of a
stimulated emission, not a spontaneous emission, the relation
of

constant (A9)

will hold for any stimulated emission [13]. Therefore,can be
written as

(A10)

Since (A2) and (A5) give the relations of

(A11)

and

(A12)

respectively, (A10) yields

(A13)

where and are the relative intensity noise and optical
power of the center mode, respectively.
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