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Abstract: This paper describes a practical technique and system design for isolating faults in an
actually working optical fiber or optical transmission equipment in passive double star (PDS)
networks which have optical splitters located outside a central office. The fault-isolating system
contributes to the reduction of the restoration time for optical PDS networks since the fault iso-
lation enables maintenance engineers to know what to do first when repairing the networks. An
optical time domain reflectometer (OTDR) with a high spatial resolution of 1 m and short wave-
length pass filters (SWPF) for 1.6- um region are key devices in the system. The reflection from
the SWPF is observed by using the OTDR in the fault isolation. Since the OTDR owns the high
resolvability, the OTDR trace can show the level and position of the peak due to the reflection
from each SWPF in an optical PDS networks. In this paper, the practical requirements of the key
devices are made clear for implementation of the fault isolation. Moreover, we show those pro-
prieties resulting from employing our fault isolation system in a field experiment on new multi-
media info-communication services in Japan.

Keywords: Optical time domain reflectometer, Short wavelength pass filter, In-service testing,

Fault isolation, Passive double star networks

1. Introduction

In recent years, optical access networks with a
passive double star (PDS) topology have been ex-
tensively investigated throughout the world"?®,
This is because it is very important to reduce the
system cost for the optical access networks since
the charge to the customer depends heavily on the
system cost. The optical PDS architecture allows
one optical line terminal (OLT) installed in a cen-
tral office to be shared among many optical net-
work units (ONU) on customers’ premises. This
feature can provide a significant advantage in that
the cost can be spread among many subscribers,
and the use of the optical PDS topology reduces
the system cost.

If an operator can remotely specify a network
fault in either optical fibers or transmission equip-
ment, it leads to quick restoration of the network.
This is because this ability to specify, which is
called ‘fault isolation’, enables maintenance engi-
neers to know what to do first when repairing the
networks. Such a testing has already been pro-
posed for operating single star (SS) networks®'?.
In this technique, a specific wavelength of 1.55um,
being different from a signal wavelength of 1.31
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um, is assigned to measure working fibers. A
short wavelength pass filter (SWPF) that reflects
only the 1.55-um measurement light is installed in
front of an ONU. Faults are isolated by measur-
ing Fresnel reflection from the SWPF with an opti-
cal time domain reflectometer (OTDR) installed in
a central office.

When the fault isolation technique for the SS
network is applied to an optical PDS network in
which an optical splitter is located outside the cen-
tral office, optical pulses from the OTDR are dis-
tributed to all branched optical fibers via the opti-
cal splitter. Since all the Fresnel reflections from
SWPFs enter the OTDR via the splitter, they are
superimposed in one OTDR trace. In the PDS net-
works, the spatial resolution of the OTDR be-
comes more important than that in the SS net-
works. The spatial resolution Az corresponds to a
half of the OTDR pulse length on the fiber, and is
given by

Az = Vgr'Wp/z (1)

where v, is the group velocity, and W, is the
pulse width of the OTDR. If the spatial resolution
is more than the deference between the lengths of
the branched fibers, it is very difficult to measure
the reflected peak level and the distance from the
central office to each SWPF by analyzing the
trace. One way to solve the problem is to assign
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multi-wavelengths for testing and to add the
wavelength-dependent return loss to the SWPF'?,
However, it makes a fault-isolating system com-
plex.

This paper describes a practical design for imple-
menting in-service fault isolating at a single wave-
length. The system has two key devices. One is
an OTDR with high spatial-resolution that is a con-
sequence of narrowing its pulse width and widen-
ing its receiver bandwidth. The operating wave-
length is designed to be in a 1.6-xm band because
wavelengths of 1.31 um and 1.55 um are assigned
to bi-directional communication” and broadcast-
ing® services, respectively. The other key device
is a newly designed SWPF that allows 1.31-um
and 1.55-um signal lights to pass but reflects the
1.6-um band measurement light. Section 2 dis-
cusses the system configuration for isolating a
fault in a working optical PDS network with an
outside splitter. In Sec. 3, we develop a design pro-
cedure for the two key devices mentioned above.
This section also discusses the practical goals that
would allow these key devices to be used for fault
isolation. Section 4 presents experimental results
on the performance of the designed system. Final-
ly, Sec. 5 demonstrates the field trial experiments
using a proposed in-service fault-isolating system.

2. System Configuration for Fault Iso-
lation

2.1 Optical PDS System

Figure 1 shows the configuration of an optical
PDS system incorporating a wavelength division
multiplexing (WDM) technique'®.
line, which is less than 7-km long, is composed of
a non-branched common optical fiber, an optical
splitter and branched optical fibers. The common
fiber is split into a maximum of 16 optical fibers
with an optical splitter. The splitter is located in
the field since the use of a long common fiber

The transmission

makes the constructed fiber cost low. An OLT is
installed in a central office, and is connected with
the line through a wavelength insensitive coupler
(WINC). ONUs installed on customer premises are
joined to the other end of the line. A signal with a
wavelength of 1.31um is used for bi-directional
communication services, such as the integrated
services digital network (ISDN), by employing a
synchronous transfer mode (STM) technique. In
addition, a signal with a wavelength of 1.55um is
used for video distribution services with a sub-
carrier multiplexing (SCM) technique. After sig-
nals of STM and SCM from the OLT are divided

Customers' Premises
Central Office SWPF n o ONU
Sey I STM-ONU

=]
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i oTDR|), E—{SCM-ONU

\ ¥ )
Optical Splitter SWPF

Common / @
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STM: Synchronous Transfer Mode 13

SCM: Sub-Carrier Multiplexing

ONU: Optical Network Unit

OLT: Optical Line Terminal

WINC:  Wavelength Insensitive Coupler

SWPF:  Short Wavelength Pass Filter

H-OTDR: High Spatial-Resolution Optical Time Domain
Reflectometer

Fig.1 Schematic illustration of a fault-isolating system
in a working optical passive double star (PDS)
network. The feature of the network is that the
optical splitter is positioned outside the central

office.

with a WDM filter equipped in the ONU, each
signal is received at each terminal.

2.2 Fault-Isolating System

To achieve remote fault isolation in an optical
PDS network, a high spatial-resolution OTDR (H-
OTDR) operating in a 1.6- um band is installed in a
central office, as shown in Fig.1. An SWPF, which
is an optical filter embedded in a single-fiber-
coupling (SC) connector, is positioned at the input
port of each ONU. The SWPF allows only 1.31-um
and 1.55-um signal lights to pass and to reflect the
measurement light in the 1.6-um band. The 1.6-
#m band measurement is adopted because, being a
longer wavelength, it is more sensitive to fiber
bending losses than the 1.31-#m and 1.55-um
bands. This extra sensitivity allows anomalies
occurred in an optical fiber to be identified before
it breaks down.

When carrying out fault isolation, a test fiber is
connected to the H-OTDR with a fiber selector. An
optical pulse from the H-OTDR propagates through
the transmission line via the fiber selector and the
WINC, and is reflected at each SWPF. The back-
reflected pulses are superimposed in one H-OTDR
trace via the optical splitter. The trace can show
the level and position of peak due to the reflection
from each SWPF because of high resolvability of
the H-OTDR. The H-OTDR trace is stored at every
time of measurements. Then, transmission line
faults can be distinguished from ONU faults by
comparing a new trace with the stored trace. By
identifying any missing peaks or new reflections,
we can isolate a fault in one particular fiber from
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among all the fibers in an optical PDS network.

3. Design of Key Devices for Fault Iso-

lation

3.1 1.6-um Band SWPF Embedded in

SC-Connector

It is very important to estimate the required
transmission loss of an SWPF for the measure-
ment wavelength since H-OTDR light could affect
the signal quality of STM and SCM. In this sub-
section, we assume that the required transmission
loss of the SWPF can be estimated by considering
only the video quality of an SCM signal with a
wavelength of 1.55um under in-service testing.
The H-OTDR light hardly propagate to the STM
port being separated with a WDM filter installed in
an ONU, because the wavelength of STM signals is
much shorter than that of the H-OTDR light.

In front of the ONU, the H-OTDR light power
must become weak enough to maintain the SCM
signal quality in the presence of H-OTDR light. In
other words, the weak H-OTDR light is allowed to
enter the ONU. Since subcarrier frequencies are
usually in high frequency region (e.g, above 90
MHz'¥), the allowable received power for the H-
OTDR light at the ONU depends on the pulse spec-
trum of the H-OTDR light. The allowable received
optical peak power Pajow Of the OTDR light is giv-
en by14)

Ssubcarrier

-1
Notpr CNRo @

Phiow = (Acxg—1) »
where Ssubcarrier corresponds to the average re-
ceived subcarrier signal power at the ONU, NoTpr
corresponds to the total noise power induced by
the OTDR light at the ONU, CNRy is the value of
the carrier-to-noise ratio (CNR) when the OTDR
light is excluded, and the tolerance Acnr for the
CNR decrease caused by the OTDR light is defined
by

Acnrg = CNRo / CNR. (3)
Ssubcarrier iS given by
1 2
Ssubcarrier = _9“ (OMI - st) 4)

where OMI is the optical intensity modulation in-
dex per channel and P, is the average received
signal light power at the ONU. The spectral com-
ponents of the pulse fallen in one channel are sig-
nificant noise in Notpr. This noise is called pulse-
induced noise in this paper. Since the pulse-

induced noise is extremely larger than the other
types of noise caused by the OTDR light, such as
the intensity fluctuation noise of the light source
and shot noise, Notpr is assumed to be given by
only the pulse-induced noise for simple discussion.
Nortpr in one channel with a subcarrier frequency
of f. and a bandwidth of Bsignal is given by'®

1
Notpr = o (max - { npulse(t)ﬂ )2 (5)
and
T sin(rz nfo W)
npulse(t) :;112 {fon' W } -cos (2w nfof)
(6)
with
ni= fc/fo+ €1
n2 = (fc+Bsignal)/f0 +52,151.2| < 1/2 7

where npuise(t) is the temporal response function of
the pulse train from a bandpass filter with one
subcarrier frequency band, max-+[] denotes the
maximum value in the brackets, fo is the inverse
of the OTDR pulse repetition cycle, and W, is the
pulse width. The integer values of n; and n:2
define the frequencies nifo and na2fo which are
the closest to the transmittable minimum and
maximum frequencies of one subcarrier band,
respectively.

Figure 2 shows the allowable received OTDR
light power estimated from Egs. (2) to (7) as a
function of the OTDR pulse width W, when Acnr
= 0.2dB. In this calculation, the SCM system para-
meters such as CNRg = 43dB, OMI = 0.045, P;; =
—7.7dBm, fc =91.25MHz, and Bsignai =4.2MHz
were used in accordance with the SCM specifica-
tions'®. With an increase in the pulse width, the
allowable received power becomes almost indepen-
dent of the pulse width. This is because many
lobes in the spectrum of a wider pulse have fallen
into one channel and hence the pulse-induced
noise is not much affected by varying the pulse
width. When the pulse width becomes less than
1/Bsignal, the allowable power becomes sensitive
with a decrease in the pulse width, since the lobe
width is wider than Bsgnar Equation (1) shows
that we must make the pulse width narrower to
enhance the spatial resolution of the OTDR. When
narrowing the pulse width from 1us to 10ns, the
allowable peak power decreases by 3dB in the
worst case. It can be seen that the transmission
loss of the SWPF for the measurement wavelength
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Fig.2 Dependence of the allowable received peak power
for the OTDR light on pulse width at f. =
91.25MHz. The spatial resolution is calculated
from Eq. (1) with vy = 2.0 108 m/s.

Optical Filter
e ——
Substrate  “Filtering Part

0LT<: — n —i
[/ / Cladding
< >

Fig.3 Configuration of an SWPF in which an optical in-

terference filter is embedded in an SC connector.

must be more than 34dB if the peak power of the
OTDR light with a pulse width of 10ns is 0dBm in
front of the SWPF.

Figure 3 shows the configuration of an SWPF in
which an optical interference filter is embedded in
an SC connector. When the light is re-injected into
the fiber with coupling efficiency n. by reflection
from the filter, the return loss Rswpr is related to
the filter inclination angle 6 with respect to the
fiber axis and the width D, of the groove which is
along the fiber axis as'®

Rswer = [(1 —1/Lsier) *+ nc(0 ,Dg)]_1 (8)
with
(2D,0)* 1 1
Ne =K * €XD|— K e e
2 wo w1
2 2
. 8
+ @2n0)? MQ—) } 9
2A
2 2
k= dwo Wi (10)

(w(?+w12)2 +(A%D? /n2n?)

and

‘ ( (2 D,)?
2= i+ —— (11)
i wo{ (TM'TK'U)(?)Z :|

where Ler iS the transmission loss of the filter,
Wy is the mode field radius of the fiber in front of
the filter, A is the wavelength of the propagating
light, and n, is the refractive index difference be-
tween the filtering part and the optical fiber.
Equation (8) shows that the return loss of the
SWPF depends on the filter inclination angle and
the groove width. The relations between the in-
clination angle and the groove width to realize
several return loss values for the 1.65-um wave-
length are plotted in Fig.4 by dotted curves, where
wo = 6.3 um, n, = 1.45, and the filter transmission
loss is 34dB. The solid curve shows the similar re-
sult for the signal wavelength of 1.55 m when wo
= 6.0um, n, = 1.45, and the filter transmission
loss is 0.15dB. For the system design, we must
take account of the return losses for the wave-
lengths of both the OTDR and SCM lights, because
the dynamic range of an H-OTDR depends on the
return loss of the SWPF in the 1.6-um band. The
return loss for the SCM signal wavelength of 1.55
um is also very important in terms of maintaining
the signal quality because it is very sensitive to
multiple connector reflections'®. In the calculation,
the return loss for the 1.55-um wavelength was
assumed to be more than 35dB. This value corre-
sponds to the return loss of a conventional me-
chanically transferable (MT) connector whose
structure is based on the plastic molded multifiber
connector'”. An interesting feature of Fig.4 is that
the return loss at the 1.65- um wavelength must be
more than 20dB for the return loss at the 1.55-um
wavelength to be more than 35dB.

When 0= 0 and w; = wo, the transmission loss
of the SWPF for the signal wavelength of 1.55um
is evaluated from Egs. (8), (9) and (10). If the
groove widths are 30 um and 100 um, for example,
the transmission losses for the 1.55-pum wave-
length including the filter transmission loss of
0.15dB are more than 0.25dB and 1dB, respective-
ly. The result implies that a narrower groove
width is preferable to reduce the signal transmis-
sion loss of the SWPF. However, the groove width

of more than 30 um is requested for the optical fil-

ter to be fixed in the grooved glass substrate by
adhesive!'®. It can be seen in Fig.4 that the suit-
able inclination angle 0 of the filter is around 3.5
degrees at D, = 30um for obtaining the return
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Fig.4 Relationship between the filter inclination angle
and the width of the groove in which the optical
interference filter is inserted for several return

losses.
loss of 20dB for the 1.65-um wavelength.

3.2 1.6-um Band H-OTDR

It is not so easy to isolate the observed reflec-
tion from each SWPF in an H-OTDR trace even
when the spatial resolution becomes higher. This
is because there is still a slight possibility that the
difference between the branched optical fiber
lengths in one optical splitter is less than the spa-
tial resolution of the H-OTDR. This problem can
be resolved by incorporating fiber cords for adjust-
ing the branched fiber lengths. The cords are used
to make the difference longer than the spatial reso-
lution. However, the signal quality may be de-
graded in the presence of the cords. The chromat-
ic dispersion of the fiber affects the quality of the
distortion of the SCM signal. In fact, a dispersion
compensating fiber (DCF) is used to satisfy the
required condition for the distortion in an optical
PDS system'®. Since the composite second-order
(CSO) for the distortion is inversely proportional to
the square of the fiber length!®, the degradation
for CSO due to additional cords, Acso, is given by

Acso = [A Lsier / (A Ltwer + Lada)]™” (12)

where ALsber is the difference between the origi-
nal transmission fiber length and the compensat-
ing fiber length of a DCF, and Laqq is the additional
cord length. Here the dispersion in the transmis-
sion fiber and the optical cord were assumed to be
same. Equation (12) shows that a longer cord de-
grades the CSO. When all the branched fiber
lengths are same in the worst case, Ladq to mini-
mize the CSO degradation is given by

Lasd = Lcord * (NB,—1) 13)

12 e SRR T

0.8 -

041 -

CSO Degradation (dB)
o
T
1

02 -

0.0 RN | s PR S R I Y
0.1 1 10

Unit Length of Additional Cord (m)

Fig.5 Dependence of CSO degradation on the unit length
of the additional fiber cord. There are 16 branched
fibers in one optical splitter. The difference ALfiper
between the original transmission fiber length and
the compensating length of the DCF is 1km.

where Lcorg is one unit of additional cord length,
and NB, is the maximum number of branches in
one splitter. By adding the fiber cords, the differ-
ence between the branch lengths is relaxed to
Leora even for the worst case. In other words, the
spatial resolution of the H-OTDR must be less than
the unit cord length. Figure 5 shows the theoreti-
cal result of the CSO degradation obtained from
Egs. (12) and (13) at ALfiper = lkm and NB, = 16.
When the CSO decrease of 0.2dB is allowed, for
example, the resolution must be less than 1.6m.
This conclusion is a consequence of an implicit as-
sumption that we can ignore the signal degrada-
tion due to the additional loss caused by the cord.
The assumption is reasonable and justified be-
cause the cord length is less than a few hundred
meters.

When an H-OTDR is designed as shown in Fig.
6, the single-way dynamic range (SWDR) of the H-
OTDR is given by*”

SWDRisoation — Ppeako— Parp— Rswpr— Lao+SNIR/2
2
(in dB) (14)

where Ppeako iS the output peak power from the H-
OTDR light source, Papp is the minimum detect-
able power of the H-OTDR receiver, Rswpr is the
return loss of an SWPF at the measurement wave-
length, Lao is the roundtrip loss of an acousto optic
(AO) switch used as a directional coupler, and
SNIR is the signal-to-noise ratio (SNR) improve-
ment as a result of averaging over a number of
reflected pulses. Here an AO switch is used in the
H-OTDR because the roundtrip loss of an AO
switch is usually less than that of a conventional
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Fig.6 Configuration of high spatial-resolution OTDR
(H-OTDR).

3-dB optical coupler. To enhance the dynamic
range of the H-OTDR, an avalanche photodiode
(APD) is employed as the H-OTDR receiver.

For this case, the minimum detectable power
Papp which is defined as the power giving SNR =
1 satisfies the following relation:

<I>2= Ughot + O%hermal (15)
with
I>= Mu(Pappeo/hV) (16)

02hot = 2e(Papp e0 /hv + i) BororRMAF(M4) (17)

and
0 thermat = 4ksT Botpr/ Ry (18)

where <I) is the average photocurrent at the APD,
040t is the variance of the shot noise current,
0%hermal is the thermal noise variance at the APD,
M, is the multiplication factor of the APD, e is the
electronic charge, p is the photodiode quantum ef-
ficiency, h is Plank’ s constant, v is the frequency
of light, i, is the dark current of the APD, Borpr is
the H-OTDR receiver bandwidth, F(M,) is the ex-
cess noise factor of the APD, kp is Boltzmann's
constant, T is the absolute temperature, and Ry is
the receiver load resistance which is related to the
junction capacitance Cy as

Ry = S S 19

21 Cy4BoTpr

The excess noise factor F(M,) increases with the
factor M, and is given by

F(Mg) = kaMa + (1—kn) - (2—1/M4) (20)

where k4 is the ionization coefficient ratio for the
excess noise of the APD, which is in the range of
0 to 1 depending on the semiconductor material
used to make up the APD.

Spatial Resolution (m)

0.1 1 10 100
40 — T — T —

SWDR (dB)
=S 3
T T

)
N
T

Lol (ol L1111

1 10 100 1000
Pulse Width, /), (ns)

32

Fig.7 Single-way dynamic range (SWDR) of an OTDR as
a function of the pulse width for several multipli-
cation factors. In this calculation, the peak power
is 13dBm, the return loss of the SWPF is 20dB, and
the 2'° reflected pulses are averaged. The spatial
resolution is calculated from Eq. (1) with vgr =
2.0 - 10%m/s.

When the pulse width W), of the H-OTDR light is
assumed to be the inverse of Borpr, the SWDR is
related to W, from Egs. (14) to (20). The calculated
result is shown in Fig.7 for several multiplication
factors M4, where we assume that Ppeako = 13dBm,
Lao = 4dB, and SNIR = 48dB for averaging over
2'® reflected pulses. In the calculation, APD’s
parameters were assumed that o = 0.85, k4= 0.7,
¢ = 2nA, C; = 1pF and T = 298K. In Fig. 7, the
APD is more effective than a pin receiver (M4 = 1)
in increasing the dynamic range. When M, > 20,
however, the effect of the avalanche multiplicative
gain decreases because of an increase in the ex-
cess noise given by Eq. (17). It is interesting to
note that the SWDR decreases as the OTDR pulse
width is reduced, since the minimum detectable
power at the APD increases with a reduction
in Wp.

3.3 Targets for Key Devices

Table 1 shows our target for an SWPF designed
to isolate faults in an optical PDS network. The
transmission losses for the signal and measure-
ment wavelengths must be less than 1dB and
more than 34dB, respectively. Specifically, the
required transmission loss for the measurement
wavelength was estimated from Fig.2 when we
assumed that the tolerance of the CNR decrease
was 0.2dB and the peak power of 10-ns H-OTDR
pulses was 0dBm at the SWPF input port. In con-
trast, the return losses for the signal and meas-
urement wavelengths should be more than 35dB
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Table 1 Targets for key devices for fault location dur-

ing in-service testing in optical PDS networks.

Device Item Target

. < 1dB (at 1.3/1.55-um wavelengths)
Transmission Loss

>34 dB (in 1.6-um band)

SWPF
> 35 dB (at 1.55-um wavelength)
Return Loss
<20 dB (in 1.6-pum band)
Resolution <lm
H-OTDR [
SWDR >36dB

and less than 20dB, respectively. Ideally, we
should aim for a return loss of less than 14dB in
the 1.6- um band, because the return loss of Fres-
nel reflection with a perfect fiber end is 14dB. If
the ideal loss is achieved in an SWPF, we can
always isolate any fault even if the fault is the
result of a fiber break with perfect Fresnel reflec-
tion just in front of an ONU. However, as shown
in Fig.4, it is difficult to realize both a 14-dB return
loss in the 1.6-um band and a 35-dB return loss
for the 1.55-um wavelength in an SWPF with the
configuration shown in Fig.3. We therefore set
our target for the return loss in the 1.6-um band
at less than 20dB, which is the best performance
achievable with the configuration of Fig.3, to en-
able the faults to be isolated as easily as possible.

Table 1 also shows our target for the spatial
resolution and dynamic range of an H-OTDR.
The required spatial resolution is specified to be
less than 1 m to reduce the CSO degradation due
to additional cords to 0.2dB as shown in Fig. 5. To
determine our target for the SWDR of the H-OTDR,
the transmission line loss in the 1.6- #m band must
be estimated. According to sample measurements
made in optical access networks in metropolitan
Japan®?, the 7-km transmission line loss in the 1.6-
um band is 12.8dB with a 99 % probability. From
the result, the transmission line loss is estimated
to be less than 26 (=12.84+12+1.2) dB in an opti-
cal PDS network with a 16-branch optical splitter
including the excess loss of 1.2dB. Since the com-
bined coupling loss of a fiber selector and a WINC
is 10dB, the SWDR of the H-OTDR must be more
than 36dB.

4. Characteristics for Fabricated SWPF
and H-OTDR
4.1 1.6-pm Band SWPF Embedded in
SC-Connector
Table 2 shows the characteristics of fabricated

Table 2 Characteristics of fabricated SWPFs.

Wavelength 1.31/1.55 ym 1.65 um
(Signal) (Measurement)

Transmission Loss <0.9dB >34 dB

Return Loss >38dB ~20dB

SWPFs in which an optical interference filter was
embedded in an SC connector with an inclination
angle of 3.5 degrees. We fabricated the filter by
depositing multilayers of TiOz and SiO2 on a poly-
imide film substrate, and its thickness was about
30« m'®. The transmission losses for both the
1.31-p#m and 1.55- 4 m wavelengths were less than
0.9dB. The return losses for the 1.55-um and
1.65-um wavelengths were more than 38dB and
approximately 20dB, respectively. The transmis-
sion loss for the 1.65-um wavelength was more
than 34dB.

4,2 1.6-pm Band H-OTDR

An H-OTDR system as shown in Fig.6 was con-
structed by using the design technique developed
in Sec. 3. H-OTDR pulses are generated by direct-
ly modulating the distributed feedback laser diode
(DFB-LD) with a center wavelength of 1.654um,
and they are emitted via an AO switch. Since we
could easily obtain a DFB-LD whose temporal re-
sponse was high enough to form narrow pulses,
we adopted it as the H-OTDR light source. The
optical peak power from the laser was about 13
dBm. Figure 8 shows the pulse waveform at the
output port of the H-OTDR, and the full width at
half maximum (FWHM) was 9.6 ns. The back-
reflected pulses are received at an APD via the AO
switch with a roundtrip loss of 4dB. The APD’'s
parameters were identical to those used in the
Sec. 3 at a multiplication factor M4 of 20. The
bandwidth of the H-OTDR receiver was 100MHz
as shown in Fig. 9.

Optical Power (arb. unit)
o

(=3

Time (2 ns/div.)

Fig.8 Pulse waveform of the H-OTDR used in the ex-
periment. The pulse width (FWHM) is 9.6 ns.
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Fig.9 Frequency characteristics of the H-OTDR receiver.
The bandwidth is 100MHz.
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Fig.10 Experimental setup for isolating a fault in an op-
tical PDS network. The number in round
brackets denotes the branched fiber length.

To confirm the performance of the H-OTDR, we
carried out fault isolation experiments in the setup
shown in Fig.10. The transmission line is com-
posed of a non-branched common optical fiber, an
eight-branch optical splitter and eight branched
optical fibers. The 3-km long non-branched com-
mon optical fiber consists of three 1-km long sin-
gle-mode (SM) fibers that are joined with mechani-
cally transferable (MT) connectors. The lengths of
the branched fibers are 41, 73, 98, 111, 121, 126,
129 and 131m, respectively. The loss of each line
was about 13dB including the splitting loss of the
splitter. An SWPF with a return loss of 20dB at
the 1.65- £ m wavelength is placed at the far end of
each branched fiber. A WINC with a coupling loss
of about 8dB is positioned between the H-OTDR
and the transmission line. An optical attenuator is
installed in front of the H-OTDR to estimate its dy-
namic range.

The H-OTDR trace reflected from eight SWPFs is
shown in Fig.11 when the attenuation of the opti-
cal attenuator was 7dB and the 2'® pulses were
averaged. Although all the reflected signals are
superimposed in one H-OTDR trace and the differ-
ence between the lengths of the seventh and
eighth branched optical fibers is only 2 m, all the

Reflected Power (5 dB/div.)

Length (20 m/div.)

Fig.11 H-OTDR trace showing the reflected power dis-
tribution in the fault isolation experiment when
the number of averaged pulses and return loss of
the SWPF for the 1.65-um wavelength are 2'°
and 20dB, respectively.

reflection peaks from the SWPFs can be distin-
guished in the trace. From the figure, the single-
way dynamic range of the H-OTDR is 36dB when
we consider the following two points. First, the
power ratio of the reflected light from the SWPF to
the equivalent noise of the OTDR is 8dB, which is
directly observed from the trace. Second, the total
line loss from the OTDR is 28 (=7+8+13) dB. As
we expected, the experimental result for the SWDR
agrees with the theoretical prediction shown in
Fig.7. Figures 12(a) and (b) show H-OTDR traces
without and with a fiber fault in seventh branched
fiber, respectively®®. The fault was generated by
bending the seventh fiber with a resultant loss of
3dB. These figures are enlargements of the area
indicated by the circle in Fig.11. Only the peak of
the seventh fiber in the H-OTDR trace (b) is 3dB
lower than its initial value shown in (a). The no-
ticeable feature is that the spatial resolution of the
H-OTDR is 1 m since the full width at 1.5-dB
maximum is confirmed as 1 m for the observed
light from one SWPF in the trace.

5. Fault Isolation Experiments in a
Field Trial

To clarify the feasibility of fiber-to-the-home
(FTTH), a field trial has been carried out in
Kansai-Science-City in Japan®®. In the trial, multi-
media services such as ISDN and video distribu-
tion have been provided using the optical PDS
networks shown in Fig.l. An H-OTDR, which sat-
isfies all the requirements listed in Table 1,
has been operated to isolate faults in the working
PDS networks. Figure 13 shows an example of
the H-OTDR trace observed for an optical line with
seven SWPFs. There are seven customers, and
the lengths of the branched optical fibers are
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Fig.12 H-OTDR traces: (a) without a fiber fault, (b) with
a fiber fault. In the experiment, the fault was
generated by bending the seventh fiber with a

resultant loss of 3dB.

Reflected Power (5 dB/div.)

Fig.13 Experimentally observed H-OTDR trace in a field

trial in Kansai-Science-City.

24, 36, 49, 51, 58, 64 and 75m, respectively. We
can see that individual customers are clearly dis-
tinguished in the designed H-OTDR trace. It is
also confirmed that the ISDN and video signal
quality has not degraded when the SWPFs descri-
bed in the preceding section are used in the work-
ing PDS networks.

6. Conclusion

This paper described a practical fault-isolating
technique and system design for using in a work-
ing passive double star (PDS) networks with out-
side splitters. The system has two features. The

first involves installing a short wavelength pass
filter (SWPF) that is embedded in a single-fiber-
coupling (SC) connector. We designed the SWPF to
prevent the light of an optical time domain reflec-
tometer (OTDR) operating in the 1.6-um band
from entering an optical network unit (ONU) and
to obtain back-reflected light power that is suffi-
ciently high to provide the dynamic range of an
OTDR. In actual, we obtained the SWPF with a
transmission loss of 34dB and a return loss of
20dB for a wavelength of 1.65um. The SWPF was
also designed that the return loss for the signal
wavelength was more than 35dB, because the sig-
nal quality is very sensitive to multiple reflections
in optical transmission lines.

The second feature is the enhancement of the
spatial resolution of the OTDR to 1 m at the oper-
ating wavelength of 1.65um. This OTDR was
called H-OTDR in this paper. The high spatial-
resolution was obtained by narrowing the H-
OTDR pulse width and widening the receiver
bandwidth of the H-OTDR. Although the differ-
ence between the lengths of branched optical fi-
bers was only 2 m, the reflection from each SWPF
could be isolated in one H-OTDR trace. To allow
us to incorporate the H-OTDR in working optical
PDS networks, the H-OTDR was also designed so
that its single-way dynamic range would be more
than 36dB when averaging the back-reflected 2'¢
pulses with the return loss of 20dB.

The designed fault-isolating system has been
employed in a field experiment on new multimedia
info-communication services with wavelength di-
vision multiplexing (WDM) techniques in Kansai-
Science-City. The results of measurement con-
firmed that the proposed system is effective for
isolating faults in optical PDS networks despite the
test fibers being in service.
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