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Abstract—This paper describes the system design for an ex-
tended optical fiber line testing system that uses a new L/U-band
crossed optical waveguide coupler and a fiber Bragg grating filter
for L-band wavelength-division multiplexing transmission. We
describe the reflection characteristic required for optical filters
located in central offices in order to suppress the ghost signal
caused by multireflection in the optical time-domain reflectometry
(OTDR) trace. We design and evaluate an eight-channel crossed
optical waveguide coupler with anew thin dielectricfilm filter that
separates a 1650-nm test light from the L-band communication
light, and confirm that there was no degradation caused by
multireflections in the OTDR trace. We also demonstrate the
in-service line monitoring of a 10-Gb/s L-band transmission with
no degradation in the transmission quality.

Index Terms—Maintenance, optical couplers, optical fiber
testing, optical filters, optical time-domain reflectometry (OTDR),
optical waveguide components, wavelength-division multiplexing
(WDM).

|. INTRODUCTION

N the fiber-to-the-home (FTTH) era, it is expected that

broadband network provision will require thousands of
optical fibersto be accommodated in a central office for optical
access networks [1]-{4]. An optical fiber line testing system
is essential for reducing maintenance costs and improving
service reliability in optical fiber networks. We have already
developed such a system called AURORA (automatic Optical
Fiber Operations Support System) [5]-{8]. Recently, a long
wavelength band (L-band) that extends to 1625 nm has begun
to be used for wavelength-divison multiplexing (WDM)
transmission [9]{11], and a 10-Gh/s WDM system is being
introduced into metropolitan networks [12]. Aswe aready use
the 1310- and 1550-nm wavelengths for such communication
services as ATM-PON and CATV [13], we use the 1650-nm
wavel ength for maintenancetesting [8], [14] in accordance with
ITU-T Recommendation L.41 [15]. With a view to monitoring
optical fibers transmitting L-band communication light, an
attractive way of separating the 1650-nm test light from the
L-band communication light is to use a chirped fiber Bragg
grating (FBG) filter because of its steep optical spectrum
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[8]. However, it is difficult to measure fiber characteristics
accurately using an optical time-domain reflectometer (OTDR)
because multireflections appear in the OTDR trace when FBG
filtersare installed at either end of an optical fiber line.

In this paper, we describe the design of the reflection
characteristic required for optical filters located in central
offices in order to suppress these multireflections. We propose
an extended optical fiber line testing system that employs a
new L/U-band crossed optical waveguide coupler in a planar
lightwave circuit (PLC) with a multiarray design. We also
demonstrate the in-service line testing of a 10-Gb/s L-band
transmission.

Il. SysTEM CONFIGURATION OF EXTENDED AURORA

Fig. 1 shows the system configuration of extended AU-
RORA. This system consists of a control terminal; a test
equipment module (TEM), which contains an OTDR and atest
control unit (TC); optical fiber selectors (FS) that select fibers
to be tested; test access modules (TAM) to introduce atest light
into an optical fiber line; and termination cables with an optical
filter that allows a communication light to pass but not a test
light. The OTDR test wavelength is 1650 nm, which is different
from the communication light wavelength. This means that the
system can perform maintenance tests on in-service fibers with
no degradation in the transmission quality [5], [8]. The control
terminal, which is located in a facility maintenance center for
outside plant, orders various optical fiber tests and administers
fiber information. TEMs, fiber termination modules (FTMs),
and integrated distribution modules (IDMs) [4], which house
TAMs and FSs, are installed in a central office. Termination
cables with filters are positioned in front of the termination
equipment (e.g., ONU or RT) on the user's premises. The
various commands from the control terminal to the TEMs are
transmitted through a data communication network (DCN).
In order to apply this system to L-band WDM transmission,
the optical characteristic of the filters in the TAM and the
termination cable must be extended to the L-band.

I11. DESIGN OF L/U-BAND OPTICAL FILTER APPLIED TO
EXTENDED AURORA

The FBG filter has a considerable advantage in that its steep
optical spectrum allows L-band communication light to pass
while cutting off the 1650-nm test light, and thisfilter isalready
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Fig. 1. System configuration of extended AURORA.
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Fig. 2. OTDR test setup with FBG filters at either end of optical fiber line.

used in termination cable [8]. However, multireflections appear
in the OTDR trace when FBG filters are installed at either end
of the optical fiber line, because the OTDR test light pulses are
strongly reflected at the FBG filters.

A. Multireflection in OTDR Trace Using FBG Filters at Either
End of Optical Fiber Line

Fig. 2 shows our experimental OTDR test setup with FBG
filters at either end. We incorporated an optical coupler in the
optical fiber linewith which to introduce the test light. The cou-
pling ratio of the optical coupler was designed to be 80:20. The
transmission and test port insertion losses (Let and Lec) were
1.95 and 7.84 dB, respectively. The test light wavelength of the
OTDR was 1650.1 nm with afull-width at half-maximum of 0.2
nm. We positioned FBG filters at either end of the optical fiber
lineto cut off thetest light. Thereturn losses of FBG1 and FBG2
were 0.4 and 0.3 dB, respectively, in the 1650-nm band. The
test fiber was a 4.54-km-long conventional single-mode fiber
(SMF), and the fiber loss in the 1650-nm band was 1.4 dB.
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Fig. 3 shows the OTDR trace we obtained using the exper-
imental setup shown in Fig. 2. The pulse width, pulse period,
and measured distance range of the OTDR were 1 s, 120 1S,
and 5 km, respectively. There are three ghost signalsat 1.2, 2.4,
and 3.6 km in the OTDR trace. These ghost signals degrade the
accuracy of the OTDR measurement.

The location of the ghost signal that appears in the OTDR
trace depends on the difference between the OTDR pul se period
and the multireflection period. The Nth round-trip transit time,
which is the time taken by an OTDR pulse to reach the far end
of an optical fiber and return to the input end Z;..¢(V), is given

by

_ 27‘LDf(N + 1)
C

Teet(N) @
where n isthe group index of the optical fiber, D isthelength
of the optical fiber, and ¢ is the speed of light in a vacuum.
Therefore, the location of the ghost signal caused by the Nth
reflection, D,..t(N) is expressed as

(o )

(2

where T’p is the incident OTDR pulse period. When D, (N)
is less than the length of the measured distance range, the Nth
reflection originating from the OTDR pulse is superimposed at
adistance of D,.s(/N) [m] inthe OTDR trace as aghost signal.
In our experimental setup, the parameters were n = 1.45,
Dy = 4.54 [km], and T’p = 120 [ng]. The locations of the
ghost signals caused by the second reflection D,.;(2), the fifth
reflection, D,.¢(5), and the eighth reflection D, (8), calculated

_ c(Tret(N)=Tp x M)
2n

Dyt (N)
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Fig. 3. Experimental OTDR trace with multireflections.

using (1) and (2), were 1.2, 2.4, and 3.6 km, respectively, in
the OTDR trace. These results correspond to the experimentally
obtained OTDR trace seen in Fig. 3.

An effective to cope with the ghost signals caused by mul-
tireflections is to design the incident pulse period so that it is
long enough for the multireflected pulse to be attenuated by
the loss of the optical line and become negligible. However, it
takes along timeto test an optical fiber line using this approach
and it degrades the performance of the optical fiber line testing
system, which accommodates severa thousand optical fibers.
Therefore, we propose a method whereby one of the two op-
tical filtersinstalled at either end of the optical fiber line has a
high return loss to attenuate the multireflected pulse.

B. Design of Optical Filter in Central Office

To suppress the ghost signal, we can design the optical char-
acteristic required for the optical filter in the central office as
follows. The minimum Rayleigh backscattered signal power in
ameasured OTDR traceisthat which originates at the fiber end.
Therefore, the power of the ghost signal, which is the incident
OTDR pulse after the Nth round-trip (NVth reflection) R(N),
should be sufficiently lower than the Rayleigh backscattered
signal power from the fiber section adjacent to the FBG2 filter
Pr. Pr and R(N) are given by (3) and (4), respectively

Pr=P0— Lt — Lf + Bs 3
R{(N)=(PO— Lct—Lf—ref2) —2L f+2Lcc+ref1+ref2) x N,
(N=0,1,2,...). 4)

Here, thereturnlossesof FBG1 and FBG2 arerefl [dB] and ref2
[dB], respectively, the fiber lossis L f [dB], the optical coupler
insertion loss of the test and communication ports is Lt [dB]
and Lcc [dB], respectively, the peak power of the optical pulse
from the OTDR is P0 [dBm], and the Rayleigh backscattering
coefficient with the test light wavelength is Bs [dB].

If R(N) issufficiently lower than Pr, the ghost signal in the
OTDRtraceisnegligible. The difference between Pr and R(N)
is derived from (3) and (4)

Pr— R(N)=Bs+2N x Lf + 2N x Lcc

+ N xrefl4+ (N +1) xref2, (N=0,1,2,...).
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A conventional OTDR launches an optical pulse into a test
fiber with a period of more than twice the delay, which corre-
sponds to the transit time needed for the optical pulse to make
around-trip of afiber length equal to the distance range. There-
fore, the power of the ghost signal that originated from the sec-
ondary reflection R(2) islarger than any other high-order ghost
signal power. Conseguently, when R(2) is sufficiently lower
than Pr, theghost signal caused by multireflectioninthe OTDR
trace is negligible.

The difference between Pr and R(2) is derived from (5)

Pr—R(2) = Bs+4Lf+4Lcc+2ref143ref2, for N = 2. (6)

The OTDR trace near the lower limit of the measured dy-
namic range has a conspi cuous fluctuation that is mainly caused
by thermal noise, and this fluctuation degrades the OTDR mea-
surement accuracy. The fluctuation in the OTDR trace depends
on the signal-to-noise ratio (SNR) at that point [16]. For ex-
ample, when the noise level is defined as rms (SNR = 1), the
OTDR trace located 5 dB higher than the noise level has afluc-
tuation of 0.2 dB compared with the true OTDR trace. Here,
if we regard the ghost signal power as a sort of noise in the
OTDR trace, in order to reduce the fluctuation caused by the
ghost signal inthe OTDR traceto lessthan 0.2 dB, the secondary
reflection power R(2) must be 10 dB less than the Rayleigh
backscattered signal Pr : Pr — R(2) > 10 [dB].

Under this condition, the required return loss of the optical
filter in the central office refl is described by (7).

B 3ref2
refl>5—73—2Lf—2Lcc—r—

Bs 3ref2
>5— — —2Lcc— ——
2 2

(7
Taking any fiber loss of L f that is more than 0 dB into consid-
eration, the required return loss is decided as a function of the
Rayleigh backscattering coefficient Bs, theinsertion loss of the
optical coupler Lee, and the return loss of the FBG2 filter lo-
cated at the far end of the optical fiber line ref2.

IV. NEw EIGHT-CHANNEL L/U-BAND CROSSED OPTICAL
WAVEGUIDE COUPLER

In accordance with the above design for the optical filter in
a central office, we developed a new L/U-band filtering tech-
nology with ahigh return loss using a crossed optical waveguide
coupler with thin dielectric film. Thisis based on planar light-
wave circuit (PLC) technology [17]. Multiarrayed circuits can
be fabricated on a PLC chip and one dielectric film filter can be
incorporated in the groove that traverses the crosspoints of the
crossed optical waveguide couplers.

A. Design of Insertion Loss Spectrum of Dielectric Film Filter

Fig. 4 shows the insertion loss spectra of a conventional op-
tical filter designed to eliminate a 1650-nm-band test light and
our new optical filter, which allows L-band light to pass but not
the 1650-nm-band light. The cutoff band of the conventional
optical filter starts at about 1600 nm, and the insertion loss at
1625 nm is 39.7 dB. To reduce the insertion loss at the L-band
wavelength, we designed and developed a new thin dielectric
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Fig. 5. Structure of eight-channel crossed optical waveguide coupler.

film filter that consists of alternating Ta,O3/SiO» multilayers
on a polyimide-based film by using the ion-assisted deposition
(IAD) method [18]. The thickness and number of the deposited
layersthat congtitute thisfilter are 32 ;;m and about 100, respec-
tively. The insertion losses of the new optical filter at 1625 and
1650 nm are 1.78 and 33.6 dB, respectively.

B. Configuration and Design of New Crossed Optical
Waveguide Coupler

Fig. 5 shows our new TAM structure consisting of eight
crossed optical waveguide coupler arrays that we integrated
on a4 x 20 mm chip. We adopted a silica waveguide with a
core/cladding refractive index contrast A of 0.45% and a core
sizeof 7x 7 pm?. Our new dielectric film filter, which separates
the 1650-nm test light from the L-band communication light,
was inserted in the groove at the crosspoint of two waveguides
on the PLC. The groove was 200 xm deep and 40 um wide,
and its cross-section was perpendicular to the waveguide
surface. We designed the insertion angle of the filter at 6° to
the waveguides. Each waveguide was arrayed with a 127-m
spacing at either facet of the chip to provide compatibility with
layered standard single-mode eight-fiber ribbons.

Port A to port B isused asacommunication line. A 1650-nm
test light introduced from port C is reflected by the dielectric
filmfilter and input into the fiber line viaport B. The L/U-band
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filter can be shared by the eight-channel ports and is not re-
quired to collimate the optical coupling between the filter and
thewaveguides. Therefore, thisis a cost-effective solution to the
need for an optical filter in a central office.

Fig. 6 shows the insertion loss spectrum of our crossed op-
tical waveguide coupler. The insertion losses from port A to B
at 1625 and 1650 nm were 2.9 and 34.3 dB, respectively. The
insertion losses from port A to B at 1310 and 1550 nm were
less than 1.9 dB. Moreover, the insertion loss from port C to B
at 1650 nm was 1.4 dB. Thus the architecture of thiswide-band
WDM coupler provides alow insertion loss for the test port and
a high dynamic range for the testing system for in-service line
monitoring. When the fiber loss of SMF is 0.4 dB/km and the
dynamic range of a 1650-nm OTDR with a pulse width of 1 us
is22.1 dB [19], we can carry out the in-service line monitoring
of 50-km-long optical fiber line. In addition, the return loss of
each port was more than 40 dB.

We designed the required return loss of the optical filter in
the central office using (7) to suppress the ghost signalsin the
OTDR trace. In the configuration of this crossed optical wave-
guide coupler that integrates the optical filter and the optical
coupler, we consider the required return loss of the optical filter
to be that of the TAM, and so Lce = 0 dB. Fig. 7 showsthere-
quired return loss of the TAM as a function of the OTDR pulse
width corresponding to the Rayleigh backscattering coefficient
(Bs). With pulse widths of 20 ns, 100 ns, 500 ns, and 1 us at
the test wavelength of 1650 nm and with the parameters listed
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below, Bs = —70, —63, —56, and —53 dB, respectively. When
the return loss of the FBG filter located at the far end of the op-
tical fiber lineref2 is 0.3 dB, the return loss of the TAM has to
be more than 39.6 dB to suppress the fluctuation in the OTDR
tracetolessthan 0.2 dB. The measured return loss of port B was
40.6 dB, which met the system requirement for attenuating the
multireflection in the OTDR trace.

C. Experimental OTDR Trace Using New L/U-Band Crossed
Optical Waveguide Coupler

Fig. 8 shows an experimental OTDR trace that we obtained
using the new L/U-band crossed optical waveguide coupler. The
OTDR test light wavelength was 1650.1 nm with an FWHM
of 0.2 nm. As regards the measurement conditions, the pulse
width and the distance range of the OTDR were 1 zsand 5 km,
respectively. We measured the same optical fiber line used in
Fig. 2 (L.f = 1.4 dB, ref2 = 0.3 dB). We confirmed that there
was no ghost signal caused by multireflectioninthe OTDR trace
when using the crossed optical waveguide coupler.

V. IN-SERVICE OTDR MEASUREMENT OF L-BAND
TRANSMISSION LINE

We carried out in-service line monitoring with a 1650-nm
OTDR. The experimental setupisshowninFig. 9. A 1620.5-nm
wavelength communication light from a distributed feedback
laser diode (DFB-L D) was modulated using aLiNbOs intensity
modulator driven by 23! —1 nonreturn-to-zero (NRZ) pseudo-
random bit stream (PRBS) dataat 9.995 328 Gb/s. The commu-
nication signal with a power of 1.6 dBm was coupled with an
OTDR pulse with a peak power of 17 dBm using our proposed
crossed optical waveguide coupler. The OTDR pulse width and
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Fig. 10. BER measurement with in-service line monitoring.

pulse period were 1 and 225 us, respectively (duty: 0.4%). The
OTDR pulseswere asynchronous as regards the communication
signals. The resultant lights were launched into a 10-km dis-
persion-shifted fiber. The OTDR pulse was rejected at the FBG
filter adjacent to the receiver. The insertion losses of the FBG
filter at 1620.5 and 1650 nm were 2.2 and 43.4 dB, respectively.

Fig. 10 showsthe BER measurement resultswith and without
OTDR testing. To investigate the effect of the OTDR pulse on
transmission quality, optical pulses were emitted by the OTDR
for the whole duration of our measurement of the averaged
BER of the communication signals. In this experiment, there
was hardly any deterioration in the BER of the communication
signal when the OTDR testing was carried out. To be precise,
the communication signals are depleted by Raman-induced
crosstalk between the communication light and the 1650-nm
test light, and it is important to investigate the transient effect
[20]{23]. However, the transient effect that originated from
the OTDR pulse is negligible in access networks even if the
OTDR pulse is launched so that it copropagates with the
communication signal such as in this experiment [21], [24],
because the length of typical optica fiber lines in access
networks is less than about 10 km [5] and the effective length
of the fiber is short. When we test a fiber of more than 40 km
in length, such as in a metro-access network with an OTDR,
counterpropagating OTDR testing is an attractive way to sup-
press the transient effect. This is because the effective length
is corresponding to the OTDR pulse width, e.g., 100 m, and so
too short to induce the Raman crosstalk. We also confirmed
experimentally that there was hardly any degradation in the
BER of a C-band transmission at a wavelength of 1552 nm.

Fig. 11 showsan OTDR trace that we obtained when we mea-
sured the in-service line of a 10-Gb/s transmission. The OTDR
pulsewidthwas1 ;is. There wasno ghost signal to indicate mul-
tireflection in the OTDR trace, which agreed with the above de-
scription, and the OTDR trace was the same as that obtained
with offline testing.
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V1. CONCLUSION

We proposed an extended optical fiber line testing system
using ultra-low-cost crossed eight-channel optical waveguide
couplers with L/U-band thin dielectric film filters for L-band
WDM transmission. We described the design of the return loss
required for optical filterslocated in central offices. We also de-
signed and confirmed the effectiveness of the configuration of
a crossed optical waveguide coupler and a thin dielectric film
filter with a steep optical spectrum to separate a 1650-nm test
light from L-band wavelength light. There was no degradation
in the OTDR trace caused by multireflections at optica filters
when using our new L/U-band crossed optical waveguide cou-
pler. We also demonstrated the in-service line monitoring of
a 10-Gh/s transmission without any degradation in the C- and
L-band transmission quality.
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