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Allowable Received OTDR Light Power for
In-Service Measurement in Lightwave SCM Systems

Fumihiko Yamamoto and Tsuneo HorigugcBienior Member, IEEE, Member, OSA

Abstract—To measure in-service optical transmission lines in of the in-service measurement system proposed in [9]. A syn-
optical video distribution systems using subcarrier multiplexing  chronous transfer mode (STM) signal with a wavelength in the
(_SCM_) technlqu_es, we clarify how measurement light _from an op- 1.32um region and an SCM signal in the 1L&n region are
tical time domain reflectometer (OTDR) affects the signal trans- . L . .
mission performance when the light enters an optical network unit multlplexed by WaV‘?'eﬂgth division mqupIexmg (WDM) tech- )
(ONU). We describe the additional noises induced when OTDR Nigues, and these signals are sent to ONU'’s via optical transmis-
light is injected into the ONU and analyze the relationship between sion lines. In these WDM systems, the splice losses and reflec-
received OTDR light power and carrier-to-noise ratio. Moreover, tjvities of optical connectors are measured with only one optical
we use the analysis to provide a technique for estimating the al- e qomain reflectometer (OTDR) which is installed in a cen-

lowable received light power in lightwave SCM systems and show . . - .
the dominant factors determining this allowable power. Finally, by tral office. Ameasurementlightfrom the OTDR is launched into

using the estimation technique, we clarify the required rejection @ tested line via an optical switch and an optical coupler. Since
ratio for a filter designed to prevent OTDR light from entering  the service quality is degraded by injecting the OTDR light into
ONU's in wavelength division multiplexing systems. the ONU, the light wavelength is set in the Juf band which
Index Terms—n-service testing, optical time domain reflec- IS different from the STM and SCM signal wavelength regions
tometer (OTDR), subcarrier multiplexing (SCM), wavelength-di- and a short wavelength pass filter (SWPF) is inserted in front
vision multiplexing (WDM). of the ONU to prevent the OTDR light from entering it. There-
fore, we must estimate the required rejection ratio of the SWPF
for in-service measurement, which means it is very important
] ) o  to clarify the allowable received power of the OTDR light at the
R ECENTLY, optical video distribution systems usingoNU. Although the effect of the OTDR light on STM signal
subcarrier multiplexing (SCM) techniques have been I'uality was studied in [10], it has yet to be reported in detail for
searched and developed in many organizations for high capagigiwave SCM systems.
optical access networks [1]-[5]. This is because lightwave | this paper, we present a way of estimating the allowable
SCM systems, employed in conjunction with passive opticalcejved OTDR light power in lightwave SCM systems and de-
splitters, can help us to build low-cost broadband networkssribe the dominant factors for determining the power. Section i
and they have great flexibility to respond to consumer demangigcusses theoretical estimates of additional noise caused within
for rapid increases in channel capacity since individual chage scm signal band when OTDR light enters an ONU. The
nels are independent. To make the systems compatible Wifhityres of the additional noise is also clarified in this section.
existing equipment, amplitude-modulated vestigial sidebafgl section 111, we measure the quantitative CNR degradation
(AM-VSB) video signals are transmitted over optical fibers i ,sed by the OTDR light injection for a 40-channel lightwave
the SCM systems [6]. When providing high quality service t8cm system. We also calculate its value using the analysis of
customers in such analog fiber-optic systems, optical netwafie additional noise mentioned in Section I1. Finally, Section IV

units (ONU's) installed on customers' premises must receiy@cusses how we obtain the required SWPF rejection ratio in
optical signals with a high carrier-to-noise ratio (CNR). Thergyppw systems.

fore, the splice losses and reflectivities of optical connectors
must be reduced in optical transmission lines [7], [8]. In other
words, the service quality depends on the splice losses and
reflectivity. This means that supervisory systems which testFig. 2 shows one example of a measured OTDR pulse spec-
these lines are very important as regards maintaining servigém with a width of 100 ns received at an ONU. Since OTDR
quality. light is a train of pulses with a quasirectangular shape, lobes are

To provide effective preventive maintenance and the promiermed at periods of the reciprocal of the pulsewidth. When the
location of faults in optical transmission lines, NTT has desidelobes are superimposed on the subcarriers in the frequency
veloped in-service measurement systems which can be applieénain as shown in this figure, the video quality of the SCM
to lightwave SCM systems [9]. Fig. 1 shows the configuratiogignals is degraded.

The extra noiseorpr(t) at an ONU depends on the funda-
mental OTDR pulse waveform.is.(t) and intensity fluctua-

Manuscript received April 23, 1999; revised October 20, 1999. tion nOiSEnf(t) as shown in the following equation:
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Central Office SWPF Customers’ Premises WN€N we express the OTDR pulsg) ... (t), as the sum of the
X repeated solitary pulses:
o>
n?)ulse(t) = Z fpulse(t - 7’LT) (3)
n=—oc

¢, €an be expressed as the following equation:

1

STM Sg M OTDR 7

1.6

: -Fpulse (nfO) (4)

STM: Synchronous Transfer Mode “n
SCM:  Sub-Carrier Multiplexing

OTDR: Optical Time Domain Reflectometer
SWPF: Short Wavelength Pass Filter

13 L5

wavelength (um) where FLuse(f) is the Fourier transform offpuse(t). If

ONU:  Optical Network Unit the OTDR.puI.se waveform is rectangular with a pulsewidth
OLT: Optical Line Terminal 7, fpulse (t) IS given by
Fig. 1. Schematic illustration of an in-service measurement system in a WDM 1 (=7/2<t< /2
system in which synchronous transfer mode (STM) and subcarrier multiplexing fpuse(t) = { ( h/ - = /2) (5)
(SCM) signals are propagated in an optical fiber. 0 (otherwise)
T T T T T T T T and thusf s ( f) becomes
SCM Signals .
| _ sin(n f7)
— Fouse(f) =7 - W (6)

The transfer functiorH (/) of the BPF is assumed to be

OTDR Light

_ et (f. < |f| < fo+ Bw)
H(f) = {0 (otherwise) ! @)

wheretg is the group delay time of the BPF, is the subcarrier

frequency andyy is the bandwidth of the BPF. Combining (2),
20 ' 6'0 ' 1},0 l 10 130 (4), (6), and (7), the response function of an OTDR pulse in one
subcarrier band becomes

Power (20 dB/div.)

Frequency (MHz)

no «
Fig. 2. Experimentally observed spectrum of OTDR light with a pulsewidth ni (t) — Z 2. T, M
of 100 ns and SCM signals. pulse = T anfor
=ni
-cos(2mnfo(t — to)) (8)

There are two types of fluctuation noise. One is intrinsic inten-
sity noise caused by thg intensity flugt'uatlon.of the OTDR IIgr\Where integera; andn. are the closest to the transmittable start
source [11]. The other is mode partition noise induced by ﬂ%\‘ﬁd stop frequencies of the BPF, respectively:

OTDR light propagation in an optical fiber [12]. These two types ’ ’

of noise are sufficiently large to make the effect of the shot noise ny = fo)fo+ e

caused by the OTDR light to become negligible.
y g gid ne = (fe + Bw)/fo +e2, le12] < 1/2. 9

A. Fundamental Pulse-Induced Noise ]
Fig. 4 shows the calculated and measured output waveforms

_ Fig. 3 shows an example of a video image affected by OTOf, 1, the BPF. In the calculated waveform, the output response

functionn] . .(#) can be given by the following equation with

) culate the peak power, and (8) is very effective for estimating
the transfer functio ( f) of the BPF

the fundamental noise.

i ' Sincen,, .. indicates as the sum of the cosine waves in (8),
Nputee () = Z en - H(nfo) - 727 fot) (2) the fundamental noise pow&},..i. in a subcarrier signal band
n=—00 can be defined as

wherec,, is the expansion coefficients of complex Fourier series 1 . 5 )
and f, is the reciprocal of the OTDR pulse repetition cy@le Ppusse = 5 (max - [|npuse®)|])” - (pPpear)*RpG  (10)
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Fig. 3. Example of video image in which there is OTDR pulse induced noise. The pulsewidth and repetition cycle are Luandesp@ctively.
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Fig. 4. (a) Calculated and (b) experimentally observed shapesefQTDR
pulse at the output of a bandpass filter wth = 50 MHz and By, = 4.2

ONU, Ep is the input resistance of the ONU, a@ds the elec-
trical power gain of the ONU.

1) Noise Dependence on Duty Ratio of OTDR Pulba.

5(a) and (b) shows the observé},;.. data atf. = 50 MHz

in an experiment where OTDR light propagated through a
few meters of optical fiber when the pulsewidth and repeti-

tion cycle were varied, alternately. This figure also shows the
theoretical prediction we obtained from (10) using the ex-

perimental conditions. The numerical results are in excellent
agreement with the observed data. Therefore, (10) is very
useful for representing the dependence of the fundamental
noise power on the duty ratio. Even though the pulse rep-
etition rate was varied, the noise power remained constant
as shown in Fig. 5(b). However, the power depends on the
pulsewidth in Fig. 5(a). For example, the noise increased
more than 5 dB when the width was broadened from 0.1 to
1 us. These results show that we must take particular note
of the pulsewidth when we estimate the allowable received
OTDR light power.

2) Noise Dependence on Channel FrequenEjg. 6 shows
calculated and measured results of the fundamental noise power
as a function of the channel frequency. The theoretical data
shown by the thin solid line were obtained from (10). At fre-
guencies above 50 MHz, the difference between the theoretical
and experimental results increases with the frequency. This can
be understood by noting that the actual pulse waveform deviates
from an ideal rectangle because of the longer rise and fall times
of the directly modulated OTDR light source. If the actual data
are used as the solitary pulse waveform as shown in Fig. 7, the
calculated results will agree with the measured ones. The solid

MHz. In the calculation, the BPF transmittance is assumed to be 0.9 whicHiid€ in Fig. 6 was obtained by using the above procedures, and

the same as the measured value.

wherep is the responsivity of the photodiode in an ONEJ,. i,

it represents the quantitative behavior of the noise power very
well as we expected. When evaluating the noise power in the
higher frequency region, it is necessary to include the effect of

is the optical received peak power of the OTDR light at thine response properties of the OTDR light sources.
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Fig. 6. Fundamental pulse-induced noise power... as a function of
T ————T T T — frequency. Symbols show the measured power whers I9TDR pulses
propagate through a BPF wif,, = 4.2 MHz. The thin and bold solid lines
(b) show the calculated power for ideal rectangular and actual pulse waveforms,
B respectively.
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Fig. 5. Fundamental noise powE¥,..... as a function of the duty ratio of the ' - : ' I
OTDR pulse through the BPF with. = 50 MHz and By = 4.2 MHz. In (a), Time (500 ns/div.)
the pulsewidth is varied when the repetition rate has a constant value pfs100

By contrast, the repetition rate is variedrat= 1 psin (b). The solid line and fig. 7. OTDR pulse waveform emitted from the FP-LD used in the
symbols show the theoretical and experimental data, respectively. experiments. The form is quasirectangular.

1 1
B. Intensity Fluctuation Noise

Intrinsic intensity noise arises in a laser as a result of in-
stantaneous optical power fluctuations in the laser. In addition,
mode partition noise occurs due to fiber chromatic dispersion
if multi longitudinal modes are emitted from the light source
and the light propagates into the fiber. Since a Fabry—Perot laser
diode (FP-LD) can easily provide high output powers, itis com- &
monly used as an OTDR light source. The FP-LD has many §
longitudinal modes as shown in Fig. 8, and the distribution of =
power among the different longitudinal modes fluctuates ran- ©
domly even when the total emitted power is constant. Moreover,
optical access networks are commonly composed of:in3-
zero-dispersion single-mode (SM) fibers and the typical disper-
sion value of SM fibers is 24 ps/nm/km at the wavelengths fg. 8. Average optical spectrum of the FP-LD employed in the experiments.
the 1.6xm band. The FP-LD is directly modulated into pulse trains with a pulsewidth fsl

Fig. 9 shows the measured intensity fluctuation noises for tﬁgc?ngeipsegzogrft:n%ftfgafi'lIm%&g:%wxgﬁnmm'?ngm itshg_?ﬁgf
OTDR light source with the spectrum shown in Fig. 8. The rel-

ative intensity noise (RIN) of the FP-LD decreases with an "Rat in the 2-km fiber. The extra noise due to the intensity fluc-

crease in frequency because it is well below the relaxation QSation of the OTDR lightrox(t), corresponds to the second
cillation frequency of the laser [13]. Since the amplitude of t rm in (1) and is given by

mode partition noise depends on the total dispersion of the prop-
agated fiber [14], the RIN in the 10-km SM fiber is larger than nRIN(E) = np(t) - Npuise(t). (11)

ower (10dB/div.)

! 1 1 1
1.60 1.61 1.62 1.63 1.64 1.65

Wavelength (um)
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Since the intensity fluctuation noise does not correlate with 110
the fundamental OTDR pulse waveform, the power spectrun
PYix(f) of the additional noisern (%) is given by 120 °
®
PRin(f) = (p - Poear)*Rp@G g -1308 g
¢ &
X Y lel’Ny(f-n-fo) (12 2
it Z -140)-
, ) & RIN of FP-LD
with N;(f) given by 150
Ny(f) = RINy(f) + RIN2(f) w |
10 50 100 500

whereRIN; andRIN; are the RIN of the light source and mode
partition noise, respectively. When the transmission characteris-
tics of the BPF is ideal as shown in (7), the intensity fluctuatioflg. 9. Experimentally observed behavior of intrinsic relative intensity noise

Frequency (MHz)

noise powerPryy in a subcarrier signal band becomes (squares) and mode partition noise at the output of a 2-km long SM fiber (open
circles) and a 10-km long SM fiber (solid circles) for the FP-LD. The light from
oo ) o the FP-LD is a continuous wave.
PRIN:/ |[H(HI" - Prin(f) df
—0

= (p . -Ppeak)QRDG

X33 > [ealPRING((i = n) - fo). (14)

k=li=n, n=—0o0

(a) b

B/div.)

Fig. 10(a) and (b) shows calculated results for the pulsewidth:’,
and repetition rate, respectively. The noise power increases with
the pulse duty ratio. These calculated results accurately pre-g
dicted the experimental observations.

In practice, OTDR light power is largely concentrated within
a band of less than the frequency Bfy-, and the power de-
creases as a function of frequency. MoreoWiN,; gradually S '1(')0 . ——
varies with frequency as shown in Fig. 9. Therefoeg|?RIN;, Pulse Width (ns)
can be treated as zero whignh > Bw / fo, and (14) is given by
a remarkably simple expression

Po

1000

2
.
Prax = (p Peak)*RpG ) =RINk(fo) - By (15)
k=1

whereRINy is assumed to be constant within the signal band.

C. Total Noise Power Characteristics

From (1), the total noise poweforpr, Which is caused by
the presence of OTDR light at an ONU, is given by

Power (5 dB/div.)

Porpr = Fpukse + PrIN- (16)

10 50 100 500

Fig. 11 shows the frequency characteristic of the additional
noise power obtained from (16) when an OTDR light with a Cycle (us)

DUIseWIdth of Ips and a DU|Se repetition CyCle of 1p8 prop- Fig. 10. Intensity fluctuation noise pow&kx as a function of the duty ratio

agates through a 10-km single-mode fiber. In this calculatiog,an OTDR pulse when the pulse propagates through a BPF itk 50

the P,us. Values are obtained from the data shown with theHz and By = 4.2 MHz. (a) shows the dependence on the pulsewidth when
bold Solic line n Fg. 6, andpy s estimated from (15) using e (ePetion e 1 1092 B conuer, ) o e sepencence o e
the RIN measurement results shown in Fig. 9. The fundamenig} experimental data, respectively.

noise power dominates the total noise power. An interesting
property is that the total noise power decreases with frequency
in this figure, and thus the allowable received OTDR light
power depends on the frequencies of the subcarriers allocateth this section, we describe the characteristics of CNR

in lightwave SCM systems. affected by the OTDR light contribution which we observed

I1l. CNR PERFORMANCE INPRESENCE OFOTDR LIGHT
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DFB-LD SM Fiber

(1.558 um) Attenuator (10 km)
= Digital
= Oscilloscope
5 )
=B Multi-Signal Generator
o (91.25~325.25 MHz/ 40 ch) Spectrum
= (By=4.2 MHz) Analyzer
= FP-LD -
5 (1,629 jm) Termination
% 3dB-Coupler
oy

Trigger
Pulse Generator
(t=1ps, T=100 us)
Frequency (MHz) Fig. 12. Experimental setup used to observe the dependence of CNR on the

received OTDR light power at an ONU.
Fig. 11. Dependence of the additional noise power on frequency for a 10-km

long SM fiber. The OTDR light from the FP-LD has auk pulsewidth and a . . .
100+s pulse repetition cycle, and it propagates through the BPFRith= qecreased with an mc;rease in the Cha,mnel frequency as Sh_own
4.2 MHz. in Fig. 11. Therefore, if one channel with the lowest subcarrier

frequency satisfies the required CNR, the service quality of all
experimentally for a 40-channel lightwave SCM systen]ihe channels is maintained even though the OTDR light enters

Moreover, we clarify the way to estimate the allowable receivdf® ONU. . .
OTDR light power by using previous noise analysis. Moreover, we considered whether or not the OTDR light af-

fects the signal distortion. This is because pump depletion oc-
A. Experimental Setup for CNR Measurements curs if_ the_ power transmi_ttec_i through an optical fiber ex_ceeds
. . . the Brillouin threshold which is relatively low. However, neither
Fig. 12 shows the experimental setup. 40 subcarriers Wiy, omposite second-order (CSO) nor the composite triple-beat
frequenme_s from 91.25 to 325.25 MHz directly m(_)dulate th&TB) increased even though an OTDR pulse with a peak power
DFB-LD with a center wavelength of 1.538n. An optical car- ¢ o 4gm propagated in the fiber, and these values were always
rier from the DFB-LD was propagated through a 10-km SNLgq than 70 dBc and—66 dBc, respectively. The Brillouin

fiber and entered an ONU. The average received optical POWgfeshold depends on the linewidth of the signal light source
was always kept at-8 dBm. By contrast, OTDR light with @ 5y fiper length. However, the linewidth of the directly mod-

pulsewidth of 1:s and a repetition rate of 105 were obtained ja¢eq light source was more than 100 MHz which was wider
by directly modulating the FP-LD with the spectrum showg, o, that of Brillouin-gain profile. Moreover, the fiber length

in Fig. 8. The OTDR pulse waveform was quasirectangular §5,q 19 km which was relatively short. As a result, the threshold

shown in Fig. 7, and its center wavelength was 1.688 The  o.ame more than 10 dBm and the OTDR light did not increase
OTDR light was launched into the SM fiber via a 3-dB coug,o signal distortion.

pler and was received at the ONU. The received pulse was anya gpserved the video images of the first channel on a mon-

alyzed after it had propagated through a BPF with a bandwiqiy; \yhen the CNR had fallen by 20 and 1 dB because of OTDR
of 4.2 MHz. We measured the fundamental pulse-induced nolﬁjht injection into the ONU. When decreased by 20 dB, the

and intensity noise resulting from its instantaneous power flugzje jines induced by the OTDR light appear on the monitor as
tuation with a digital oscilloscope and a spectrum analyzer, 18;5n in Fig. 3. However, the noise can be eliminated by lim-
spectively. We measured the CNR of the subcarriers at the OI}{Hg the CNR degradation to 1 dB.

while varying the received peak OTDR light power fron85

to —15 dBm with an optical attenuator located in the front of. Analysis of CNR
the light source. The measurement subcarrier frequencies wer
91.25 MHz (first channel) and 325.25 MHz (last channel). In the
absence of the OTDR light, the CNR values were 44.2 and 44.5 CNR™! = CNRy' + Porpr/P; (17)

dB at the first and last channel, respectively. If reflected light ) o
enters a light source, the intensity noise [15] and nonlinear d¥NeréCNRy is the value when the OTDR light is excluded, and

tortion [16] become worse. Therefore, an optical isolator withs 1S the average received subcarrier signal powers written
an isolation of more than 50 dB was installed into the outp@® I Ref. [17]
port of each light source.

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

P, = %(m - pPR)?RpG (18)

B. Experimental Results wherem is the optical intensity modulation index per channel

The measured CNR as a function of the received peak poveerd P is the average received signal light power at the ONU.
of the OTDR light is shown with filled circles in Fig. 13. In  Fig. 13 shows CNR estimated from (17) under conditions
both channels, the CNR decreased with the received peak powdantical to those for the measurements shown in Tables | and
Moreover, the degree of its reduction at 91.25 MHz was mohe The solid curve shows the calculated CNR as a function of
emphatic than that at 325.25 MHz because the total noise powles received peak power of the OTDR light when the additional
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50 T T l T WhenAd = —1 dB which corresponds to the video quality
(a) Ps PP puse P‘/PR;\ without OTDR noise in the image, anflyw iS estimated to
= CNR, =442 dB — be —28 dBm from (20). It should be noted that (20) shows that
w0k \ the allowable power is independent of the modulation inaex
o because CNRis proportional tan?. Therefore P, does not
S L i change for a constant value ofd as long as the variation of
ﬂzﬁ CNRy is caused by the changemf However Py INCreases
O 30k _ when CNR) increases withP.
25 . IV. REQUIRED SWPF REJECTIONRATIO
" | | . | | NTT has developed WDM systems which can simultaneously

40 235 30 25 20 15 10 transmit both STM and SCM signals over one fiber. To measure
Received Peak Power of OTDR Light, P, (dBm) an in-service fiber by employing an OTDR in the WDM system,
as shown in Fig. 1, the OTDR light wavelength must not be in a

signal band, and an SWPF is installed into an ONU input port to

>0 ' ' ' » /TP ' P p reject the OTDR light. In this section, we estimate the required
(b) s pube TRV rejection ratio of the SWPF by using (20) in the WDM system.

Fig. 14 is a schematic illustration of an ONU for the WDM

system [18]. The STM and SCM signals from the central of-

CNR,=44.5dB

= 40 fice are divided into each port by a WDM filter. A little OTDR
= 35k light enters the ONU through the SWPF since it does not have
% a 100% rejection ratio. The OTDR light is also divided into
O 5ok - two ports by the WDM filter. Because the wavelength of the
OTDR light is longer than that of the STM signal, a large quan-
251 . tity of light is transmitted to the SCM port. The OTDR pulse
peak power at the input port of the photodiode (PD) of the SCM
20 ' ' . ' ' signal,Prp(SCM), is given by the following equation with the
-40 -35 -30 25 20 -15 -10

Received Peak Power of OTDR Light, P,y (dBm) crosstalk ratia” of the WDM filter at the pulse wavelength

Ppp(SCM) = R(1 — C) - Pswrr (23)
Fig. 13. Variation of the CNR with the received peak OTDR light power from
the FP-LD at the first and last channels corresponding tg(a} 91.25 MHz  where R is the SWPF rejection ratio, ankwrr is the pulse

and (b) 325.25 MHz, respectively. The circles show the measured CNR and ; N _cAr.
solid curve corresponds to the theoretical results obtained from (17). H.@ak power at the SWPF input port. When we carry out in-ser
vice measurement&pp (SCM) must be less than the allowable

. o - ceived pulse power which can be obtained from (20). There-
noise power is given by the data shown in Fig. 11, Moreover, tl!1:1%re, the rejection ratio required to maintain the SCM signal

CNR limitation due to each additional noise is shown with the litv. RSCM). is ai b
light solid line. Both the calculated and measured results ob%aI Yy, B( ) Is given by

the P, dependence on the received peak power, and (17) is R(SCM) < 1 Panow (24)
able to show the quantitative features of the CNR degradation ‘ = 1-C Pswrpr
for the received power. Therefore, (17) is very important for es- :
timating the allowable received power. When the tolerade \é)vgerePauow 's the allowable OTDR pulse peak power at the
for the CNR decrease is defined by By contrast, the OTDR pulse peak powes,(STM) at the
Ad = CNR/CNRy (19) input port of a PD receiving an STM signal is given by
the a}llowable received peak powEr,,,, of the OTDR light is Ppp(STM) = 3 RC - Pswrr (25)
obtained from (17) as follows: 4
) 1—Ad  S.ubearrior . where the coupling ratio of the LD port side in an asymmetric
Paow = —x7 Notor -CNRy (20)  v-spilitter is assumed to be 75% [18]. In [1GF>n(STM) for
narrowband ISDN services is limited by
where
1 2 Ppp(STM)/ P (STM) < 10715/10 26
NoTpr = 3 (max- |:|ni;ulse(t)|:|) rp( )/ Ps( ) (26)
9 where P;(STM) is the received average power of the STM
+ Z :RINk(fc) - By (21) signal atthe PD for the STM. Combining (25) and (26), we ob-
— T tain the required rejection ratio for the STM sign&STM),
and as the following equation:

(4/3) - 10715/10 B (STM)

27
C Fswrr @7)

Ssubcarrier = %(Tn-Pls)2 (22) R(STM) <
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TABLE | <Central Office < >Cu.s‘romers’ Premisex>
EXPERIMENTAL CONDITIONS FOR

LIGHTWAVE SCM SYSTEM

154m
Asymmetric ¥ Splitter
Subcarrier Frequencies 91.25 ~ 325.25 MHz
Number of Channels 40
Light Source DFB-LD
Center Wavelength 1.558 um WM Bl
Optical Modulation Index per Channel (m) 0.045
Transmission Line 10-km SM Fiber
Average Optical Received Power at ONU (P)) -8 dBm
CNR in absence of OTDR light (CNR,) 44.2 dB (91.25 MHz) a -20 Lt
44.5 dB (325.25 MHz) ) ‘\\
Signal Bandwidth (By) 4.2 MHz & 25 RN for STM (27)
z .
Yy
TABLE I ©
EXPERIMENTAL CONDITIONS FOROTDR g
<
~
Light Source FP-LD 8
Center Wavelength 1.629 pm g
'
RIN of Light Source (RIN,) -134 dB/Hz* -147 dB/Hz** Qqé
RIN of Mode Partition Noise (RIN,) -112 dB/Hz* -121 dB/Hz** 30 .25 220 15
Pulse Width (7) 1us Crosstalk Ratio of WDM Filter (dB)
Pulse Repetition Cycle (T) 100 ps

Fig. 15. Required SWPF rejection ratio as a function of crosstalk ratio of a
Optical Received Peak Power at ONU (P,,,) -35~-15dBm WDM filter in the ONU.

*at91.25 MHz, ** at 325.25 MHz

pulse peak power at an ONU, the relative intensity noise of the

. L ) . OTDR light source, the light propagation length, and the sub-
In a WDM system, the required rejection ratio can be obtam@cgmer frequency.

by combining (24) and (27). Fig. 15 shows this rejection ratio grom the discussion, we analyzed the quantitative behavior

including the parameters shown in Tables | and II. In this anegf the CNR degraded by OTDR light injection into an ONU
ysis, Pswrr and s (STM) were 0 and-37 dBm, respectively. 54 ais0 verified the accuracy of the estimate using measured

Moreover, the CNR degradation tOIerange was assumed_to Bduits for a 40-channel lightwave SCM system with subcarrier
dB, SO we Sefyio, at—28 dBm as mentioned in the previousyeqencies from 91.25 to 325.25 MHz. An interesting property
section. If the rejection ratio is less than that shown by the sojidy,5; the service quality of all channels is ensured if the CNR

line in Fig. 15, in-service measurement can be carried out €[fne specific channel with the lowest subcarrier frequency ex-
ploying the OTDR. The most noteworthy feature of Fig. 15 iSeeds the required CNR in the presence of OTDR light.
that the required rejection ratio, whose value-28 dB, is in-

_ When designing in-service measurement systems, CNR anal-
dependent of the crosstalk ratio whéh< —23 dB.

ysis is useful for estimating such important parameters as the re-
quired isolation for OTDR light in a SWPF which is installed in
the front of ONU’s. The required SWPF isolation can be calcu-
This paper proposed a technique for estimating the alloiated by using the estimation technique in a WDM system which
able received power of light from an OTDR at ONU’s in opProvides STM and SCM signals. The calculation results showed
tical transmission systems using SCM techniques. If the actifa® dependence of the SWPF isolation on the crosstalk ratio of
received power of the OTDR light is less than the allowabRWDM filter installed in the ONU. By using the designed tech-
power, in-service measurement can be carried out becausentigéle, we can carry out in-service testing on WDM systems.
CNR of all channels satisfies the required condition even though
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