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(Vt-7)V(t-7)=(V{t-7,)Vt-2)=(VO)-V' 1) @9
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ERIND, LiBo Tt — LU ABEIINIFEDONRT =27 N T LD 7 — Y T4
Bz, RO T —THIKILLIZbDTH D,
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L%, 2L, RLAEEE . BHREL . ZHREREE HET5, ZInbo
NEFE @) & B V(OIX
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fT exp[ j®(t)]- exp[ jO(t - 7)|dt

y(r) = lim
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. | f f
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LM%, EOEH = e — L AR OREEIT,
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2
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r= fﬂ Slc) =1 @41
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10 km 100 km

OTDR km
20 km
Optical Network Unit (ONU) cm
[91-93] 32 NTT Automatic optical
fiber operation support system (AURORA) [91] AURORA
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&
To
FTH
Fiber Fiber g Cont-
selector e T e
. | L3

Office ||y, gt LM
channe| ?0ptical [F]:: —1 Test equipment modulef—
unit coup | ar i
— I (i)ﬂptical cable
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maodu | &
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modu | e

3.2: Automatic optical fiber operation support system (AURORA)
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OTDR [94]
OTDR
m OTDR
OTDR
OFDR
[99]
10 cm m
OFDR

cm

[100]

FBG
[95] OTDR
cm
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1 km
km
km
1 km
0.1 THz/sec
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OFDR

10 m

[86]

[86]

km

OCDR p-OCDR

[84-86] OCDR p-OCDR

km

OTDR
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[84]
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p-OCDR

5 km

11 cm 1 km

(p-OCDR)
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3dB

3dB
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fa
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Modulation

Injection Circulator

current 3dB coupler Fiber under test
LD C ) @
_—
\/\ N\
PM
OFS
0
fot2fg 8
f0+ s
LD:Laser diode fo
ot 3dB coupler
PM:Phase modulator ° fo-2fs
PD PD
OFS:Optical frequency shifter
__| Phase
PD:Photo detector modulation
0,126
BPF:Band pass filter 85H0, ] BPF
8o (fa)
SQD:Square low detector ) |
07Vs
0y-26, sap

3.3

| =a’(V(t)- V' (t)+b*(V(t—7)-V'(t-7))
+ ab<V(t)-V*(t —r)>exp[— jorf ,(t—7)]+ ab<V(t)* V( —r)>exp[j27zfA(t —7)]

=1, + 1, +2/1,1, Re{y(r)-exp[- j24,,(t—-7)]} (3.1)

a b <x>

(3.1)

P=1Lp)] (32

33

2.6
(3.2)
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| 2N+1

s 2.33
‘ 2N +1 )sin(7f .z ) (233)
0z=0.8269- ¢ =0.8269- 3.3)
4Nfs total
ftotal
2=—2C (34
5 ftotaJ
(2.33)
34
Cc
D= 3.5
21, (3-)
(3.5)
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(a) Peak spacing < Measurement Range

Peak spacing

>
Signal path
Measurement Range
(b) Peak spacing > Measurement Range
Peak spacing
<
I I Signal pat:
< >

Measurement Range

3.4: @
(b)

p-OCDR

p-OCDR
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km

3.5
3dB
3dB
3dB
3dB coupler Circulator .
Fiber under test
. N @
P LD > osw \/\ \.J
| > PM
Modulation |
OFS
% OFS 8
(Af) 3dB coupler
Modulation |+ (
OAMP
JJJJJ 3dB coupler
PD
OSW:Optical switch
OAMP:Optical amplifier BPE f .+ NAF

sQD

3.5:
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p-OCDR

km

V(t)= zN: At—nT)-exp[j2z(f, + T )t] (3.6)

n=1
fo f. n
A(t) At
1(0<t <At)
t)= 3.7
Alt) {0(t<0,t>At) (3-7)
i(t)

i(t)=V(t—7)-V(t)exp(j27f At)
:ZN:iAt—nT 7)A" (¢ — T )elize(fa s fkoi2allus sion] (3 gy

n=1 m=1

9m m fA

- Gopw(z-)'j/o(z-_KX2 (3.9)

33



3.6:

3.6

3.5)

Gopw()

Gop(7) = (At)- A'(t—7))  (3.10)

p-OCDR
oo
ZfS 2
1
f—>At (3.11)
100 m

Peak spacing > Window width

(3.4)

Optical pulse window

=

0

34
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3dB

3dB

3.8

OFS l
(a1
) ()

3.7

3.7

3.9

3.10

n = N+1

n = N+2

[
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3.8:

OFSs
(Af)

OAMP

3.9:

Loop length > Window width

[

Loop length < Window width

Signal path

[

Signal path

Bandwidth of PD

Bandwidth of PD

v

v
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Optical pulse window "~ N n =N+ n = N+2

>
Signal path

Bandwidth of PD
|mmmmm e e — e — e — - =

fArNAf  fA+(N+1)AF A +(N+2)AF ¢

3.10:
3.11
DFB-LD [101-103] 1555 nm DFB-LD
(Acoustic optical modulator; AOM) AOM
3dB
LiNbO; 1.5 GHz
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3dB coupler Circulator .
Fiber under test

3-electorde AOM @

DFB-LD
(1555nm)
PM
I
AOM
(100MHz)
|
AOM
EDFA (-80MHz)
< 3
Filter
(1nm) 3dB coupler
|
AOM
(100MHz)
\ AOM 3dB coupler
(-80MHz)
PD(DC-1GHz)
ESA 20MHz+ nx 20MHz
3.11:
100 MHz -80 MHz AOM
20 MHz
100 MHz -80 MHz
AOM
MHz
(Erbium doped fiber amplifier; EDFA)
EDFA
(Amplifier spontaneous emission; ASE) EDFA I nm

ASE
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1 GHz

3.3 MHz
800 MHz
10 cm 33m
nsec 6.8 kHz
300 nsec
e 361V
10 cm
m
20 MHz
50
5km
5 km 10 km
5 km 100%
3.12 Sinc
10.8 cm
2 cm
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100% Mirror

L] \
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|I |.| | II| I|
|
40 lll Spatial Resolution )
10.8 cm
=40 =20 L] 20 40
Position [m]
3.12: 5km
5km
1 km
5 km 450 m
1 km
40 m
40 MHz 2 -31dB
cm 492 m
340 MHz 17 -40 dB
11 cm 971 m
660 MHz 33
-21 dB 11 cm -50 dB
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km
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Mtor 1 Connector 2 Fiber end
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Reflectivity [dB]
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1] 2040 400 &00 Bk 1000

Position [m]
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International Telecommunication Union
Telecommunication Standardization Sector (ITU-T) Recommendation
[104] L. 25 (Optical fiber cable network
maintenance) L.40 (Optical fiber outside plant maintenance support, monitoring and testing
system) L. 53 (Optical fiber maintenance criteria for access networks)

L. 41(Maintenance wavelength on fibers carrying signals)
ITU-T  Recommendation
FTTH
FTTH

OTDR  OFDR

4.1
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Measurement Distance

v

Test n n
equipment

Measurement Range

[
»
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A

0 A
T Spatial Resolution
>
-"§' Dynamic Range
=
(&
Q
Uy
[0}
o
v
T >
Position Accuracy Position
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4.2

FM
4.2

4.2

Spectrum

analyzer

Delay fiber

Delay<Lc X ~— | Delay>>Lc[— \

A delta A Lorentz

P P
> >

- b )\l h rJ

4.2:
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AM FM

AM FM
V(t) AM
V(t)= A explilg, +4,()]} (@4.1)
V(1) R(T )

(Ve (tv(t+7))

R(r)="—"——"F (42

(r) e (4.2)
R(T ) (2.11)
@4.1) (4.2

R(z)=(exp[jAg, (7)) (4.3)

Ap ()=, (t+7)- 2;zj (t')dt'  (4.4)

(exp[ 127G e (1)) = exp( - 27°G e 1)) (4.5)

oy =(Ady(c)') = 47rj j Q(t' —t")dt'dt”  (4.7)

Q(t) fa(t)
Qt—t')=(f,Of, ) (4.8)
(4.7)  (4.8)
ol = 87z2j(: (r-t)Qltxt (4.9
FM Sk(f) 0](9)
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Q(t)= | Sr(F)cos2aftdf  (4.10)

4.9)  (4.10)

_4j )(sm—J df  (4.11)

4.6)  (4.11)

4.2
AM

(4.1)

V,(t)= Aexplilg, +4,0)} (4.12)
V, (t)= Aexplj[g, + 4, (t—7,)} (4.13)

| =2A"? +2cos{g, (t)-¢,(t—7,)} (4.14)
La(t)
L (t) = explilg,(t) -4, (t -7, )} (4.15)

La(t)

R,(r)=(15(t)-15(t+7)) (4.16)

b(t+7)-g,0)=27[ " f, () (@4.17)

Ry

Ry (r) = (exp[j27G 4o (t))  (4.18)

Get)= [ ()t~ [ ()t (4.19)

—74

G(t) (4.5)
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R,(r)= exp{f az* [t -t - [ [T QL - t”)dt’dt”} (4.20)

Q) (4.10) fu(t) (4.20)

R,(7)= exp[— 47z2j0’ (r -t){2Qt)-Qt -7, )-Qlt + 7, )}dt} (4.21)
421)  (4.10)
R,(r)= exp[— 87’ J.: IOT S, (f Xz —t)cos 27ft(1 - cos 24f z,, )dtdf } (4.22)

t

2
R,(7)= exp[— 4j0°° Se(f )(sin ?J (1—cos2afr, )df | (4.23)
FM FM
S.(f)= a (4.24)
T
of (423)  (4.24)

exp(— 27k |r|) |r| <7y

(7)= {exp(— 228fzy) o> 7y (4.25)

S, (f)=exp(- 27z, )5(f)

o fo
+ e +(é’f )2 {l—exp(—Zﬁéfrd)x[cosbzfz'd —Esnﬂﬂftdj}

12 exp(— 2787, )sin 2767,  (4.26)
27 f

Td of
L >>7y  (4.27)
K d '

(4.26)
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(4.26)
of
S, f)= 4.29
d( ) T f 2 N (5f )2 ( )
(4.26) 2 MHz
100 MHz
43 (4.27)
(4.26)
43 4.4
(4.26) (4.29)
0dB '
- * 400m
Power [dB] «
-80 dB
0 MHz »° OPD [m]
Frequency [MHz] , O0m

10 MHz

4.3:
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T
0
@

6x10°

Frequency [MHz]

4.4.

(4.28)

(4.26)

4.5

100 MHz

DFB-LD

3

1 GHz

AOM

Om 10m 40m

10 kHz

0m

4.6

1 km

100 MHz

10 m

40 m

km

4.13 MHz

4.7
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DFB-LD

3

49



Power [dB]

Power [dB]
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4.8:
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(4.26)

4.9 (a)
1 km
100 Hz 1 kHz 10 kHz
100 Hz
-30 dB
dB
4.10
&
A%
ere- ]

o

E -» - —

E o = 10 kHz
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= 100 Hz
Te

Besd  ddesd odeed ]
Frequency [Hz]

(a)
4.9:
(b)

Tetl derE Bl
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4.5
4.9 (b)
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=1l
i 20
5
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Signal pulse train Reference pulse train

Coherence length L

Degree of coherence

4.10:
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2.07 MHz DFB-LD
40 MHz
4.11

100 Hz

0 Hz 500 MHz 40 MHz 4.13 MHz

Spectrum
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!
D

(-]

Power [dB]

E 23t &t osg
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43 BY 130 RO 200 240 T0) 320 Jed 400 440 40%
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4.11:
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(3.11) (3.11)
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a g
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4.13

Reflection

Nth measurement region

Reflection

(N+1)th measurement region

(b)

4.13

(b)

(@)
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L
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> s
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o
> o
Coherence length L
2 3
Signal Signal
Reference - Reference -
4.14.
4.15
DFB-LD 100 Hz
50dB 1kHz 40dB 10 kHz 30 dB
DFB-LD 2.07 MHz
3dB
9dB
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Phase noise

-. =Y
—

4.15:

4.16

km

4.17

100 MHz

AOM
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Short arm

3dB coupler

OFS

3dB coupler

PD

LD ESA
Long arm
OFS
3dB coupler () 3dB coupler PD
LD ESA
Short arm Long arm
P
fa f fa f
4.16:
5 km
10 km
5 km
4.18 4.18 (a)
AOM 100 MHz
1 kHz
5 km
10 km
4.18 (b)
1 kHz km
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Mirror

3 dB-coupler @ @
. Delay Fiber
3 Elaﬂrndj—\\_/\ (0 or 5 km)

CF B-LCx
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{100MHz) Palarization
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Delay Fiber
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4.17:
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4.18:
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fowee >Wape  (4.30)

source

WB PF

4.19
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1/e

92ua1ayod Jo aaibaq

L

Coherence length

4.19:

(3.5)
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4.20

Loop length

—p
—>
Window width signal path L

Bandwidth of PD

Frequency shift f

4.20:
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4.21

4.21

(3.8)
i(t)=V(t—7)-V"(t)exp(j2f At)
N N
ZZ A(t —nT- T)A* (t _ mT)e[jZn(fA—fn+fm)t—j27r(f0+fn)r+j5m] (3.8)

n=1 m=1
3dB coupler Circulator .
Fiber under test
O O
LD Oosw \\~_—/h\\ \\_’/
A
> PM
Modulation
OFS
ﬂJL (fa) 8
Modulation \ J
JJJJJ O 3dB coupler
PD PD
ESA

4.21:
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n=m

N
i(t)=>" At —mT —7)A" (t — mT )gli2 12t inesin] 4 37)

m=1

4.31)
N
i(t)=">|A(t—mT ) el>®timl(4.32)
m=1
a(f—f, )T
Sinc
(4.31)
(4.31)
f, 80 MHz
1 500 ns 160
12.5 kHz 2 MHz
422 (80MHz)
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4.23:

Sinc

]

2]
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4.27

4.28

(4.34)
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5.1
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L |
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5.3

3dB

3dB
5.3
Injection Circulator
current 3dB coupler A Fiber under test
»| LD @
OFS
Modulation Frequency (fn)
3dB coupler
PD PD
BPF
(fa)
[
SQD
53:

(OCDR)
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2.7 (¢)

2

r(z) = J{zf—f‘sin 27Zf22'] (2.40)

4.9[cm-GHZz]

oL = (5.1)
f,
fi 6 10
fi GHz f, MHz
fo b fi

|}/(r+T)|:|}/(rl (5.2)
T (232
1
T_f_ (5.3)

2

D=

(5.4)

5.4 f

(5.4)

f

£
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5.4.
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Injection OFS
current (fa)

Modulation |- 8
[\/\j 3dB coupler

PD PD

Frequency

BPF
(f)

SQD

55:

f(t)= f, + f, sin(27,t) (2.36)

D(t)
®(t)= [ 2 (L)t

f
=27 ft— 2”} COS(2ﬂf2t):|

2

t

0

= 27f t —%cos(Zﬂfth % (2.37)

2 2

M
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V,(t) = exp j{2aft %cos(27zf2t) + % + 24 ,t+06(t)} (5.5)

2 2

V,(t)=exp j{2af,(t 17,) %cos(bzfz(t 74)) +%+ o)y (5.6)

2 2

=V, @) P +[V, () +| V0V, @) [+ Ve OV, 1] (5.7)
14(t)

=]V O]+ 00, 0)

= cos(2af j;t + 24F 74 + 2%sin af,ry xsin(2af, (t %’)) +0(t) 0t z,)) (5.8)

2

14 (t) =exp J2af ,t +274f 7, + Z%Sil’l 7,74 xsin(2f, (t %‘)) +0(t) 6t z,) (5.9

2

14(t) Ry(T )

Ry (7) =<iy Oy (t+7)>
=< exp | {24F .7 + Bsin(2A, (t+ 7 %d)) Bsin(27f ,(t %d)) 427G, (D)} > (5.10)

= 2%sin d,ry  (5.11)
2

271G, ()= 0(t+7)-0(t+7-7,)-0t) +0(t-7,)(5.12)

1
(*}zgg?f;*dt (2.5)

0

exp jﬂsin[27zf2(t+r—%’ﬂ = z Jn(ﬂ)exp j27mf2(t+r—%’j (5.13)

exp— jﬂsin[zﬂfz(t—%dﬂ: S 3, (B)exp- j27sz2(t—%’j (5.14)
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<€ij 271:(}noise(t)> FM
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S(f)= f; R, (z)exp(~ j2f7)dr
- f;{ S [3,08)° exp(j2(f, +1f)o)

. 2
sinzfr

. ) (1 cos2afzr,)df )]} X exp(— j2Afr)dr

xexp( 4[ S (f)(

- gﬁ 3.(B) exp(j2x(f,+nf,)7)

. 2
sinzfr

x exp( 4J':SF(f)( ) cos2afz,)df ]xexp(— j2Ar)dr  (5.21)

FhOxh0]= H (@) H.@) 622

h(t)=J,(8) exp(j2z(f, +nf,)r) (5.23)

. 2
sin zf 7

) (1 cos2Azy)df)  (5.24)

h,(t)=xexp( 4f "S-(f)(

S(F)= STH () *H, () (5.25)

H (1)=3,(8)°(8(f (f,+nf,))+8(f +(f,+nf,)) (5.26)
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exp( 2zdzr,)sin24A7, (5.27)
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S(f)= S 3,(B(H,(f (f,+nf,)
+H2(f+(fA+nf2))) (5.28)

H(f)*s(f —F,)=H(f -F,) (529
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