APPARATUS AND METHOD FOR COMMISSIONING AN OPTICAL
TRANSMISSION SYSTEM CROSS-REFERENCE TO RELATED
APPLICATIONS [0001] This application claims the benefit of United
States provisional patent application serial number 60/515,968 filed
October 30, 2003, the entirety of which is herein incorporated by
reference. BACKGROUND [00021 Aspects of the present invention
generailp pelata T/ BN WETRHTSS PO RSZtemsida atingas esregis of
the present invention relate]rRAF0SANSE HGS 8vd Tmgthod for testing and
optimizing the performance of an optical transmission system. [00031
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h@@@@{gy@sd%g@wIrechlrg%gpication links, for example, transoceanic
communication links. [oooal To achieve optimal performance of the data
channels, first at initial loading (IL) and then at full loading (FL), a

%@@%Egmﬁ/stem undergoes a series of complex optimization routines

“KNOW I the art as commissioning tests. One such routine relates to
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capacity upgrades in the transmission system may require repeating
costly and time-consuming commissioning tests. [0005] Therefore, there

(3804 In&kastin fREETTor SRl prEoBa RISt BT IRetHiRl foPvesEngiandlivision
nORtipNZing aVaDiDak#aRSAISSIaD SYSHRMit a plurality of data channels via a

common optégal path comprising single-mode optical fibers and such means for

optical ampiificetion and filtering as needed to maintain acceptable data channel
powers and signal-io-noise ratios. Such 'sys‘(ems can provide long-haul

communication links, for example, transoceanic communication links.,

[0004] To achieve optimal performance of the data channels, first at initial loading
(iL) and then at full lcading (FL), a transm%ésion system undergoes a series of
complex oplimization routines known in the art as commissioning tests. One such
routine relates to defining optimal settings for chromatic dispersion compensation for
each data channel. However, conventional commissioning tests are performed
using fime-consuming, invasive procedures that substantially increase the overall
cost of the transmission system. Addiionally, in operation, imiplementation of
multiple channels at installation or implementation of capacity upgrades in the
transmission system may require repeating costly and time~consumihg

commissioning tests.

f000s] Therefore, there is a need in the art for an improved apparatus and method

for testing and optimizing an optical transmission system.



2 SUMMARY OF THE INVENTION [0006] Embodiments of the present

invention generally are directed to an apparatus and a method for

commissioning (i.e., testing and optimizing) an optical transmission

system. [0007] In accordance with @ne aspect of the present invention,

there is provided an. apparatus for testing and optimizing performance of

an optical transmission system having a transmitting terminal, a receiving
ngﬁﬁ\a\%aﬂ@aﬁgg@ﬂ@&optic transmission span. The apparatus

Includes at Teast one broadband dispersion compensation unit (DCU)
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removing the at least one broadband DCU from the fiber-optic

transmission_span. [00001 in accordan ith an of : ;
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fimetoot conpesEasRovignsg atRRieOnbsiessRriTtionadsiidng and receiving
denpladzingHataycthod further comprises providing at least one broadband

dispersion compansation unit (DCU) coupled 1o the fiber-optic transmission span,
performing a dispersion sweep, testing the performance of data channels of the
fiber-optic transmission span, defining an optimal amount of dispersion
compensation for each data channel, configuring the transmitting and receiving
terminals {o the optimal amount of dispersion compensa‘zbﬁ for each data channel,
and removing the at least one broadband DCU from the fiber-optic transmission

span.

10009} In accordance with another aspect of the present invention, there is provided
a method for testing and optimizing performance of an optical transmission system.
The system includes a transmitting terminal, a receiving terminal, and a fiber-optic
transmission span coupled between the transmitting and receiving terminals. The
method comprises providing at ieast one depolarization device, depolarizing data
channels transmitting from the transmitting terminal, performing a dispersion sweep,

testing the performance of the data channels of the fiber-optic transmission span,



channels transmitting from the transmitting terminal, performing a
dispersion sweep, testing the performance of the data channels of the
fiber-optic transmission span, 3 defining an optimal amount of dispersion
compensation for each data channgl, and configuring the transmitting and
receiving terminals to the optimal amount of dispersion compensation for
each data channel. in an embodiment, the method may include removing
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transmission system such as a long-haul undersea or terrestrial
[fiber-opfic fréhensissmnadisstiagram of an apparatus for testing and optimizing an

optical transmission system in accordance with one smbodiment of the present

invention;

[0012] FIG. 2 is a schematic diagram of a broadband dispersion compensation unit
(DCU) of the apparatus of FIG. 1; and

[0013] FIG. 3 is a fiow diagram of a method for testing and ppt'zmizing an optical
transmission system using the apparatus of FIG. 1 in accordance with cone

embodiment of the present invention.

0014] To facilitate understanding, identical reference numerals have been used,

where possible, to designate identical elements common 10 the figures.

DETAILED DESCRIPTION

10015] Aspects of the presant invention are generally directed to an apparatus and a
method for commissioning an optical transmission system, such as a long-haul

undersea or terrestrial fiber-oplic transmission system.



4 [001s] The term "dispersion sweep" in the context of the present
invention is to be understood as varying the dispersion compensation
common to two or more data channels at the transmitting terminal, the
receiving terminal, or both, by use of at least one broadband DCU and
measuring performance of the two or more data channels for each value
(or set of values) of dispersion compensation. A one- dimensional

ispersian sweep is performed whe ly, is i0 ensation i
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106B. In a _further alternative embodiment, the apparatus 100 may include =~ |
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transmitling terminal 101 and a receiving terminal 103,

[0018] in cne exemplary embodiment, the apparatus 100 comprises a broadband
dispersion compensation unit (DCU)} 1068, an oplional broadband DCU 1064, and
an opiional depolarization device (or depolarizer) 114, Alernatively, the apparatus
100 inciudes both the broadband DCU 1068A and the broadband BCU 10688, in a
further alternative embodiment, the apparatus 100 may include a depolarization
device 114 only. This device 114 can be included on the transmit side of the fiver-

optic transmission span 102.

[0018] When the fiber-oplic transmission span 102 is relatively short (e.g., about
500-1000 km), either one of the broadband DCUs 106A or 1068 may be oplional.
The broadband DCUs 1064, 106B and the depolarization device 114 are
electronically operated devices illustratively controlled using CPUs 108A, 1088 and

a controller 126, respectivaly.



a controller 126, respectively. [0020] The DCU is a broadband optical
device that has a controllable amount of chromatic dispersion. The term
"broadband" in the context of the present invention is to be understood as
the ability of the DCUs to change the dispersion compensation value for
many channels at the same time with approximately the same amount, In
other words, the dispersion compensation value is common to all

[ andW| h%%@gvgygmm%aqwg@%@% thegRlicALbie amount of

e transmission system. This is different from dispersion
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channels), [0021] Herein, the broadband DCUs and their components
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cam@rbgwmjopediwaeﬁewpmaram@ﬂner, a Raman fiber-optic amplifier, and
the like. In the depicted embodiment, the fiber-optic transmission span

196331 Iugtatvely preWdssRPIDEISRAIAL GRANESHER 4R8N BHEIREEY in detail with

embodiment (not showni the fiber-optic transm|55|on S §g 102 ma
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vtﬂtatmmatqmmemﬁﬁm shﬁmnels, and a computer 112 administering
operation of the TX terminal. Herein, N is a sum of a maximum number of

16318 channelsangiontionahsaniceschannels propagalingrimshediber MSeaiity of
The unit 104 generally includes a block 134 for pre-co nsatln%
SRR 45 daBS RS HEHABIO G 28] AT A HAR SrARTE] 50 km fioer

fpRiveleelsanis modulaioss (@-aifldNEdS Maeh- as an erbium-doped fiber-aptic
amplifier, & Raman fiber-optic amplifier, and the like. . In the depicted embodiment,
_the fiber-optic transmission span 102 iflustratively provides point-to-point connection.
In an alternate embodiment (not shown), the {iber-optic transm&ssion!span 102 may
additionally comprise at least one branching unit (e.g., add-and-drop branching unit)
or be a portion of a fiber-optic network.

100231 The transmitling (or TX) terminai 101 iilustratively comprises a transmitténg
terminal equipment unit 104, a2 transmitters module 110 including N Eéser
transmitters of WDM channels, and a computer 112 administering operation of the
TX terminal. Herein, N is a sum of a maximum number of data channels and
optional service channels propagating in the fiber 105. The unit 104 gensrally
inciudes a block 134 for prae-compensating dispersion in data channels, channel
optical filters, and data channel opto-eiecironic modulators (e.g., LINbOy Mach-
Zehnder modulators) operating at about 2.53-40 GHz, among other davices.

Spacing, in the frequency domain, between adjacent channels is generally about 25-



Zehnder modulators) operating at about 2.5-40 GHz, among other
devices. Spacing, in the frequency domain, between adjacent channels is
generally about 25 6 100 GHz, and the channels are disposed proximate
- to a central wavelength of about 1550 nm. [0024) The receiving (or RX)
terminal 103 illustratively comprises a receiving equipment unit 124, a
receivers module 120 including electronic demodulators of the detected
tica| signals, and a computer. 1 minister erati f the RX
R L e B R R 08 g or ot
1£86 for.post-compensating dispersion in data channels, channel optical
filters and photo- electronic receivers selectively detecting the optical
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Those skilled in the art will recognize that, for e&se ol)erexpla,nation, the
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dersatadl d8ilcandidheif e terminaliost sray cackhmconiiguredaastan of the RX
transceiver terminal to. perform _both transmitfing and receiying functions .. . .
57 Vaeective MM EH s BRI com e U IR R oR 136 or
matftecdibepoptictrafisprssion ispdakotthersyistechd'bte! [ORG) Atcoptiazad! photo-
input 220A and an optical out th . r
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ciimslitahtng RXeedainess03, respectively. Accordingly, an optical input

220B and an optical output 2248 of the broadband DCU 106B are

[eeplethie ARIGILB U Bfothe T teapiakd Hailhe dapslarzation SRACERr system
depolarizer 114 has an optical ,gutpuyt coupled to the optical input of the, .
%éﬂb&?&ct‘}éw‘1%@@.”&1@'(??8{]{}8@]%%“-oﬁif%%%ﬁ%ﬂ%f?ﬁe‘ terminai 101 and
tHepRiarizativndeviceni} 4oy e coufedstd an inpuhfibeivd3erafithe to perform
fiber-optic transmission span 102. Such couplings are ileved using a

R BT e L A e K eCts UL mHaelgy s el as
denpriFE RGiccemaettogs 0020 Rerforatcaismaeasusedrovet thgimeiem 150,
time interval when it is desired to optimize certain parameters. When

(698 SO, ANe MAust RyeregEavenalbataterof doglatizatandSOP hwitipahd DCU
'ESC?GergpegégSglégqg gr? %‘&'t%ﬂtz%%%g «9 :?é/ igF ’r%el ?ié?e&optio transmission span 102 and
an input of the RX terminal 103, respectively. Accordingly, an optical input 2208
and an optical output 2248 of the broadband DCU 1068 are coupled to an output of
the TX terminal 101. The depolarization device or depolarizer 114 has an oplical
output coupled to the optical input of the broadband DCU 106B. Alternatively, an
optical output of the depolarization device 114 may be coupled to an input fiber 130
of the fiber-cptic transmission span 102. Such couplings are achieved using 2
known splicing technique or, altemnatively, known fiber-optic connectors {e.g., FC-PC

connectors).

0027} Performance is measured over a given time interval when it is desired to
'optim%ze certain parameters. When doing sc, one must average over all States of
Polarization (SOP) within a sampling time. The depolarization device 114 is g
device for modulating an SOP of the propagating light or _signai transmitted on the
line, within a cerfain time constant. Specifically, the device 114 should significantly
change the SOP on a timescale substantially fasier than the characteristic time



device for modulating an SOP of the propagating light or signal
transmitted on the line, within a certain time constant, Specifically, the
device 114 should significantly change the SOP on a timescale
substantially faster than the characteristic time 7 constants of the system,
including the relaxation time of the erbium-doped fiber-optic amplifiers
116 in the fiber-optic transmission span 102 and performance sampling

intervals of the RX termin in tem.o ation proc
R B e B P WM LR 8 Qo RN et sk der-ot
mmﬁﬁ?ﬁnm@emaﬂasntd@scﬂb@drﬂmammeted prhcamnaby I}deﬁb&aanc@ sampimg

ergano Da\ud on, entitl d Channel M Transmls [
Rt GVRr AT e BB 7 A RET B A 221

xperlm Zeanic Distance, aper eetlng
Opticalirgrsifiens oM mamacatuermmmmmmm ema’mlyhog dev;ce is

%E&%E%Wﬁ%‘@%ﬂ?é’dpp‘?fﬁ I IEAES. [%%? J‘%rﬁ%’ ghoul ?Qéﬁgéntmed

In @ manner as to progress tates O Iarlzatlon Idea‘l

W@@mn@ﬁwwbﬁ@aﬁam@@f aveaging AlSePNatacaagiveRistance, Paper
Sl ﬂ“ﬁe@ﬂrgﬁﬂ'@H?Pcé?%%m!ﬁé@%ﬂeffﬁ?{g&aﬂﬁsii{%&ﬁo‘?ﬂ%%st 1094, the

chann one would take samples over time for about Several msecs or
agishoe’ DEPIP OREEXRAPRO HEHBY 6BIFRISH depolarization device is
a polarization scrambler, One such polarization scrambler capable of
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invention. Examples include a high PMD (Polarization Mode Dlsper5|on)

device (or a cascade qf devices) that will cause a polarized signal of a
98 GaP ot fo 0% SUS R B SRR GERIEE i ey arizator

differendrspenteakeomuonenitof tesignat epasiuns difféteming the function of
ﬁ)%lé;ldatlon éates An xample of such ade |ce s Mo
AFP

AR oA, AR R T D 5 Vs GreBes o0 Frigenines 2
MepeldrizeP 6r depolasivaitionedeviver 184 a85/Isdh $hve1 cosenissidnmngof it should

5rg§§¥o%%&é%9ya%@bﬂ%zmzﬂs%mn&? fidaa eanaels that PIerwWISe. e of
depolarizing a transmission signal are contemplaied and within the scope of the
present inveniion. Exampies include a high PMD (Polarization Mode Dispersion)
device (or a cascade of devices) that will cause a polarized signal of a2 finite optical
bandwidth io be depolarized at the device ouipul by forcing different speciral
components of the signal {o assume different polarization states. An example of
such a device Is Model No. M-9708-AFP3688, available from EXFO of Vanier,
Quebeg,

10030] The depolarizer or depclarizaiion device 114 assists in the commissioning of
the system 150 by stabilizing performance of data channels that otherwise may
exhibit larger fluctuations in time due to a polarization hole burning (PHB) effect in
the amplifiers 116, polarization dependant loss (PDL) and polarization mode
dispersion (PMD) effects in the fiber 105 and optical components of the fiber-optic
transmission span 102, as well as due o inter-channsl interactions. in the fiber-

optic fransmission span 102 having narrow channel spacing {e.g., 50 GHz or less),



exhibit larger fluctuations in time due to a polarization hole burning (PHB)
effect in the amplifiers 116, polarization dependant loss (PDL) and
polarization mode dispersion (PMD) effects in the fiber 105 and optical
components of the fiber-optic trangmission span 102, as well as due to
inter-channel interactions. In the fiber- optic transmission span 102 having
narrow channel spacing (e.g., 50 GHz or less), 8 such inter-channel

inter tlo_n enc rally ari S erating t L 109410 8he fibar 4
SheR- m%ra{r:mo €. [8{% ﬁq&% Q%d% F%citioér(s%c é%ﬁgt?cgagra of tﬁ!éb @ fiber 108
itheoadibdind D Cldd«9D6 (e.g., broadband DCU 106A) of the apparatus 100
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switches 230 of the same type as the attenuators 214 and switches 204,
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100331 The attenuators 214, 228 and the switches 204, 230, as well as amplifying
modutes 208, each may be seiectively controlled using the CPU 108 (eg., CPU
108A). In the depicted embodiment, the broadband DCU 106 further comprises a
test input 222 and a test output 226 that, in operation, are used fo verify settings of
the switches 204 and 230 and optical performance of the ampiifying moduies 208,
In one embodiment, the gain in amplifving modules 208 is selectively adjusied 1o

compensate for losses of the light propagating through the broadband DCU 1086,

10034] Each of the spools 208 has, at a central wavelength of data channels in the
fiber-optic fransmission span 102, dispersion of the pre-determined sign and value.
Herein, the term “dispersion” refers to chromatic dispersion (L.e., dependence of the
group velocity in the light-propagating medium from a wavelength or frequency of
the light).



[0034] Each of the spools 206 has, at a central wavelength of data
channels in the fiber-optic transmission span 102, dispersion of the
pre-determined sign and value. Herein, the term "dispersion” refers to
chromatic dispersion (i.e., dependegce of the group velocity in the
light-propagating medium from a wavelength or frequency of the light). 9
[0036] The dispersion range of the broadband DCU 106 can be from at

least about, +/- 100 ps/nm to,any dispersion r eded to Qptimize a
e e B i S e R T gt abou
+0f thelorosdivand. &QUJidP6rscboangd- 8580qusmmoatichaelispersitam.  In one
ize i s/inm, In. this;.& iment, the broadband DCU -
R S s R B QRS msdoand ooy
Tifglimatepspd6is3206 haliny aispersiopsriosSmyirans sL0885pgiama In this

S86905 section @Qgﬁﬁwr@cﬁﬁ%%&%gam ﬂ%@ﬂﬁ%%ggﬁ%%g%g%%m 224, 3

and -1632 ps/nm; a third section 216 including spools avi
g pasion <8 nEisinariposiy Panieving Higrsesabn 208 nekigingand -1088
o0l 298 Paving:dispersien 244 psipnyANd E1RS Rl AN I gs nejnm

“section 216 including spools 206 having dispersion +68 ps/nm, +34 ]
aﬁ@/ﬁﬁﬁ?&nasmr’ﬂ:p@/igﬁfsﬂré@ﬁ%%ﬂv%m wgé%m@r?%o&ea%f@ﬂ@w disgiation +544
;{c@f/rawpmessm @@Qﬁﬁi%@@w’?ﬁm@@@rﬁm@ﬁiﬂﬂ@ﬂhgfﬁ%@d@%w%mﬁﬁwgperséon
for commissioning the optical transmjssion system 150 usjng the .
PR 1o G, T HSTeh LA AR, e APaRieea.890 having
disgladesthé Hradoivard DEeri C6A, 406 8Anch thesdepilatization device

114, The process 300 illustratively includes the processing steps

ipsdprened o testiend apimizedesiamance, (i fodiaasmission aally) it one
data channels of the, optical transmission system 150. To best o
SReRIEREY PhistembatiRitst S1THEDiesTHMUSHRN thé R SIdicshsRasmission

sginsn rofey (B FISH] Ak (R03h rerpcess 00 iarts ASERIAman, the
and proceeds to step 302. At step 302, the optical transmission system
B e RS0 Ante AR TR D ATt |HeSign Bafiagagiarization
cantbsettingst Adhatrine s evopersting the mxdesnina plasdntheidds performed
~terminal 103 in an initial loading (IL) configuration of the system. 15 .
e R B2 EEg oo 108 & et by SRR GAutF' ©f e
afaicechmmseissdton system 150, To best understand this embodiment of the

present invention, the reader should jeintly refer to FIGS. 1 and 3.

[p037}] The process 300 starts at step 301 and proceeds fo step 302, At' step 302,
the optical transmission system 150 is operated in accordance with initial, or default,
design parameters and settings. That includes operating the TX terminal 101 and
the RX terminal 103 in an initial icading (IL) configuration of the system 150, where
the fiber-oplic transmission span 102 is loaded with relatively few data channegis. it
shouid be understood that the terms "initial loading” includes oparation of the optical
ransmission system 150 during partial loading of channels as well. That s, when
referring to an L configuration, this includes but is not limited fo the initial
commissioning of the transmission system as well as partial loading of the system at
any time during the life of the system where the system is not fully loaded with datg

channels.



should be understood that the terms "initial loading" includes operation of
the optical transmission system 150 during partial loading of channels as
well. That is, when referring to an IL configuration, this includes but is not
limited to the initial commissioning;@f the transmission system as well as
partial loading of the system at any time during the life of the system
where the system is not fully loaded with data channels. 10 [003s] In one

embqdiment, such data.chanpels.are,s iV istribu e -
G e A
opihbdimentstatdetst Gherfoptingacisarinebmagy e electivejHaRpogEgodiment,

jacent the. hannels, (00391 Speciatinesitiananskapticpfawehe data

aﬁ]q{gg(s: 8§ a Egr%@é’é?ngﬁc annel r%gy individuallyﬁbe controlled at the TX

crermigial 101, by modifying wavelength and output power of individual
transmitters and/or loss of the optical path through the TX terminal for

dpstividualanticiahennsis. AgditionallysatithedtX teatinal 1fdiadorhannel may
,factor (i.e., shape) of a data pulse,, a choice, of a modulatio i t
TG e oF B . S8h0 (RO, & Nops R A B ate kg and

ofapmatoaEhipiedivRetsr rdosfetie (CREZ) dornsst of Retoiptice-Zeto through the TX
Differential Phase Shift. Keyi RZ- DRSK) format . 7
PG BT ey (R TS TN (e caner 48 a form
facarulationhapeias usetkinYpacal raitsnisSiGIPSystERTS P aRat @rlarfbififtst one
f 10duylat] y:srieatively be- eentielied e eaonrdaiaehamned. Chirpad
oguazﬁ%%@g?g%rﬁr@ag?ﬁﬁ% 1%?%%5%%? t,lﬁfeshqldghfor éfti al , w
Reprarsrhoduls RDATARE e 8 CROME SRIKARS (RIBAIE B30} 1Ray serlickvelpe (RZ-

hesgonirolled for eaah-datar ghannel. irreRseaiadisweEhal Bepr30NRZ-DPSK)
the data channels, optical signal-to- noise ratjo éOSNg& is equalized a?éj s)) and
e BimGRRIBY PHEEETRGHIAABAGE S (56 DI hORRTTe tRAPRHEPonaS 1o

AHlklpadina{rirzeenditions it diffesenilum o[ 0@40) Atstep BOdah data channel.
dispersion sweep is, performed n the apparatus 100, In.one _embodiment, . e
RHENREPerSiGH eéﬁdéfmé‘§305§t§ﬁ%|9%|5§§é{%”§p |¥r§zglg|5rﬁegé SRR o,
Compensadicnotispegsials settingis (120) dirswsieﬁisem r@qmﬁ@%w for _each data
t%rr?ilrnf}l gauipment 104) for the data shanpels,. The diSPSIOR SWARRISIgnal-io-
ciyplcasfy perPormea ‘ T

noise ratio (OSNR) is equalized and the amount of phass modulation is setto O ora

value that corresponds to full loading (FL) conditions if different from Q.

" 10040] At step 304, a dispersion sweep is performed in the apparatus 100. Inone
embodiment, the dispersion sweep defines substantially clese fo optimal pre-
compensation dispersion setiings (i.e., dispersion setlings in the TX terminal
equipment 104) for the data channels. The dispersion sweep is typically performed
initially as a series of coarse steps (e.g., about 100-200 ps/nm sieps) followed by a
series of fine steps (e.g., about 10-40 ps/nm steps) depending on the bit rate of the
data channels. Prior 1o the dispersion sweep, the data channel power is increased
by changing the relative ?ower betwean loading channels and data channeis to
increase the . sensifivity of transmission performance to changes in dispersion
compensation values. The increased power of the initial channels to values above
their normal cperating point allows for better identification of the optimum disparsion

setiing.



initially as a series of coarse steps (e.g., about 100-200 ps/nm steps)
followed by a series of fine steps (e.g., about 10-40 ps/nm steps)
depending on the bit rate of the data channels. Prior to the dispersion
sweep, the data channel power is increased by changing the relative
power between loading channels and data channels to increase the
sensitivity of transmission performance to changes in dispersion
compensation values. The increased p itial chaélnel

PR SRR £% T o S 1P IREY ol Jmaged by

entification o
afgeniimunn dispersicacaettings 13 i{0A1hBwingtet thwenfijdnatisy channels

stage, the system.150 may be initially loaded b yi Iti ;
EERAAEET0 (MG EHERTET BN 01T SRl IRUL e e ont
cbﬁeim_ Qégﬁmﬁi;!wsommhmsimmdwmgwEtiwi'sy_gstémna@ls/vhgvmi@xamw.@mmjgh optical
pcgvrt?'%rtx%(:hE‘é%u{(?ﬁa'%%'dsﬁndéla lying.loading.channgels havingrelafively stem with
Righ optical power and wide ciannel spacing: Another technique s to _
nitagl. thErsystetsavitiynbise2TRERS 215H hayibe DERABBHY GPeREaRRs techniques

RIe é?&S'yomsmH&%G techniques. and;are.copemplatac:y thrpregert "oading

invention. When referring to "loading_channels" throughout this patent
chppheiiot sl BisuRaERIoBPETORE oft SrfiHI SKHTATRICAT tht one of

AnaneRiithe teehniguss:mentionedabereiesamyuedUivalentiachitiquesor any
may be substituted for the term "loading, channel' and that. . "loading ., .
COMAYRIRM (KRB GEeT T %WEW%%%/.@qH?ﬁIQ?f% {ER M SdIRGRE 2nd that
"hannelshalsemay bein§ used tocareiplriyyacegptatiieteliof fbadiagn "loading
 loading the to iuw technique, c-un system during the 1L stade having a _ ... 4
iAol 1Y Eridite FL Sorditions [0
sTbedispersipiewie ptagy heviverfermdativeingseite s theubtoadbaid thearels o
106B, or.the br nd DCU 106A or a combination of both depending on
e@%@?ﬁ e%?gn.[ hen the system is non-linear, to define the optimal ratio
between post- compensation dispersion settings (i.e., dispersjon settings .
(096 el RS SRl L G B THRY B RETRPRASHON G EhERSi dRes BtRRGE="d DCU
theslispeisionswespisnarfamaedor a combination of both depending on system

design. When the system is non-linear, fo define the optimal ratic between posi-

Fatitivety ShEIEobtt oro'e e

compensation dispersion setlings (i.e., d%spersibn setlings for the RX terminal 103)
and the pre-compensation dispersion settings, the dispersion sweep is performed
using both the broadband DCU 106A and the broadband DCU 106B. In this case,
the broedband DCU 108A and broadband DCU 106B define the post-compensation
and pre-compensation dispersion settings, respectively, and ihe optimized setlings
for the Broadband DCUs are derived from a two-dimensional matrix of the {est data
for the data channels. If the system ig linear, 2 one-dimensional matrix sweep may
be performed using either broadband DCU (108A or 106B) to determine op’timum
net dispersion compensation. In this case, the split ratio between TX and RX

compensation is not a performance determining factor.

[0643} At step 306, the process 300 queries if all data channels have met the
acceptance limits (i.e., data transmission performance requirements). If the gquery of

step 306 is negatively answered, the process 300 proceeds to step 308,



using both the broadband DCU 106A and the broadband DCU 106B. In
this case, the broadband DCU 106A and broadband DCU 106B define
the post-compensation and pre-compensation dispersion settings,
respectively, and the optimized setjings for the broadband DCUs are
derived from a two-dimensional matrix of the test data for the data
channels. If the system is linear, a one-dimensional matrix sweep may be

erformed using_either broadband DCU (106A or 106B determine
3R 8 AT GhAToEhaoN Ut AL IR Shif i “EPeratus 100
abetweenshXtand R comperisationiys motdéfiperforsizmeat detesininirgg of several
factor. [00431 At step 306, the proce ies.if.alld ha .
CHQ‘JQ’FA&QW@ §%§ 'ﬁaﬁ%@ﬁfﬁﬁgg?i&? gaiggﬁgﬁgﬁqiiﬁ Ser or@gnpé]é&l‘%’mai test
srequireihents)iviithe quarix of step 806 isnisgatejrahisiediet ity procedures of

i@c%ocnggﬁtgﬁg g{\%ﬁ%ﬁﬁ 105180808, 4210244 tﬁ%ﬁ@%r@%?%%égstem 150,

etting nents of the apparatus 100 and the system 150 are
eselestivasly hrddiien pesinepaINeastbpR anddveraP eBRIPRSIDHiIfp BssHngsetings,

deghugues,ihattlogethen RN & anHErdimeasiond tesl SpACemphasis), spacing
lllustratively, a matrix of such technlggﬁeo‘s may include iterative procedures

bstvimereRiiAtARACRARGIAQ-IRE PRlforfiaRtBdei i g AT e methe opiical

SISesn AR, 2Bt anatio between post-compensation and
" pre-compensation dispersion settings, channel power, a data/loading

channel power ratio {j.e., pre- asi ing _beatw; ta and R
§835irr:§“c@1” n%{%?thébgmEﬂ%ﬁ%a@%@%ﬁa&ioﬁ?@he%%qln%a% pulsesequenizauy
istrgrecated thethkea (00481 1 MRgaste f1BO8Y Bivtifidd parafietersfargance of the

Balfings are seqpentially implementeddndhe apparatus:hRand f&cribed above

system 150. Then, performance of the data channels is repetitively tested

wi i enfsecoistriRe s Sihg S wdisdlsahe b SWE-Rith FOfBRIISHCIS SIS 208, 304,
a4 Gyclisattests ing sebdeapcamprising sepscBafnd@4mant 308-determined

continue until performance of the data channels meets pre-determined
AEEEBANEL TTMifts. [0046] If the query of step 306 is affirmatively

answered, the process 300 proceeds to step 310. At step 310, the optical

[ miskion systarnstSo eonfijlired fue e musatiigbibeafiorc s shelfproceeds

tlcg)%qérﬁgé%) cgpf'g%gag%; kﬂéhbﬁaﬁﬁ%@’t@ﬁéhission system 150 is configured jor
emulating operation in the full loading (FL) configuration. in this siep, -the}!L :
configuration is operated to reflect channel power and a modulation format that
corresponds to the FL configuration. The FL configuration corresponds fo the
system 150 fully loaded \;vith data channels generally having fower oplical power per
channel, narrower channel spacing and a modulation format chesen fo

~ accommodate the narrow channel spacing of the FL configuration.

10047} In one embodiment, the FL configuration ts emulated using a comb technigus
that applies a plurality of depolarized loading channels disposed in place of the data
channels and a plurality of the data channels interstitially disposed betweeﬁ the
icading channels. The lcading scheme provides for the removal of individual loading
channels as the system 150 progresses from initial {fransmission capacity (IL
eonfiguration), through upgrades, towards the full capacity in the FL configuration.
This loading technique is described in a printed publication by B. Bakhshi, W.W.
Patterson, J. Leanza, D. Duff, E. A. Golovchenko, M. Nissov, D.I. Kovsh, M. Vaa, D,



configuration is operated to reflect channel power and a modulation format
that corresponds to the FL configuration. The FL configuration
corresponds to the system 150 fully loaded with data channels generally
having lower optical power per chagnel, narrower channel spacing and a
modulation format chosen to accommodate the narrow channel spacing
of the FL configuration. [0047] In one embodiment, the FL configuration is

emulated using a comb fechnique that appli lurality of depolarized ... .
S TéiEiiy Shoni el t8boled TEBlded of e et CRENTI S lordiy Srtec:
othe-dateshanngtsiptersitisty dishases Bebiesivthe! laditigc AMAE. Sy stems,

The loading sch provides fot the removal of individyal 1 ; R
GG SEL G Pege e e ol NN BRI eron 2002
aftl- Losfigematioi), thtdigrbipgradestitetvards thbitlil aspaeityiiniteemorated by

configuration. This |loadl ' IS desgyi in [ licati i
ST DRSS SRy S plepo e
ndedNissov, D.I. Kovsh, M. Vaa, D. 13 Sliwinski, R.L. Maybach, K. Razavi,

M. Arend, T. Becker, and S. Jimenez, entitled: Optical Test Equipment for

oogrformange Fvaldation otinstadresh WA SystemsncteichmeDigp@ratis 100 to
2002, paper TuY.3, pp. 166-168, A aheln;TCaIlfq[nla ﬁiIxr/l]?ﬁ]ch 2002 1and Umuiated
Qi NI BOT4T B L RRtPURENS wHItH abd! R eotporated by
Jreferenees Heanakernate enbadirentotifi loation lnhasiilelstareaeplaced’ the 1L
with nojse, [0Q48] At step.312, another dispersi [ 0, i )
AL HELrhus 108 & Ao Shotho LA s LCHEER, SR e i hal pre
cyi'ete:{attte:ﬁmiraad ammmgdng%M§m@'§|§@ﬁc§er§ﬂaﬁ ‘@mmgtégtg@banneis in
ugonfguration bl with haselne.of thad sanfiguaiag. PaRGHHRRISng the
sweep defines substantially close to optimal pre- corzggnsatlon and post- ,
regthpsnealioteaRedi GhREnGS fritiertadedfneidn hagFL configuration

£9nfiguration. of the, sysiem- Q. ardmay-he performed using the

methodology described above with reference to step 304. The FL

configuration includes channel power and modulation format, [0049]1 AL . ...
E%%)B 3"'\1:{4,5%?8 sy’/éém%i@ tﬁgﬁt?@céﬁf%’uer%drgr‘bopnétt%[fée fo?r};héql?r%t“J or "he i
copnfigrerttion fsoiin termss of cieammell powvesranddnodalaiidafofenagt) using FL
o%%'rr;]l%nﬁl‘dispersion compensation values derived in step 312,

r0056] At step 318, optimization is again performed. The performance of the data
channels in the IL configuration with FL dispersion compensation values is
selectively modified by iterative adjusiments of channel powers, pre-emphasis,
phase modulation oi"puése shape. At this step, the channel allocation is not
modified. The modified parameters of step 316 are sequentially impierﬁemed in the
apparatus 100 and the system 150, Then, performance of the data channeis is

repetitively tested to define optimized 1L setlings.

00511 At step 318, the process 300 queries If the performance‘is acceptable. That
is, if all data channels have met the acceptance limils (l.e., data transmission
nerformance requirements), if the query of step 318 Is negatively answaered, the

process 300 proceeds to step 320.



optimum dispersion compensation values derived in step 312. [0050] At
step 316, optimization is again performed. The performance of the data
channels in the IL configuration with FL dispersion compensation values is
selectively modified by iterative adjystments of channel powers,
pre-emphasis, phase modulation or pulse shape. At this step, the channel
allocation is not modified. The modified parameters of step 316 are
sequentially i nted,in th par. 150
L peorminie Dt B chanrele P el (e 1 Jefrg muleted
disptinizedHusetings 0052 e stels 318, theproptiss B0y llefiedfgyraiion (step

Sag%r:fgir‘m%%c r'c?g%&%%%%@@dg H?Eié% #-all data channels have met the

cceptance’limits (1.e., data transmission performance requirements). If

the query of step 318 is negatively answered, the process 300 proceeds ,
(005 Bielh DSRG0S AL L0of5 SIOTIRGVEY A X FarrH RIS By S o S able to
cEpHigureshwith resomidatedti dispsisivryaligedesivecines previqudisteinat wil

ta be optimum for IL configuratipn (step 304) and.the process proceeds ta
Vi&En 4”‘.“'{6&5%?”?5’3‘&%&5‘/ of St&p IS%?%ff’i?#‘la%‘r\}g}& %‘r%sv‘@”e‘fegﬁ: @é%eﬁﬁ oF
ctheEsysientistable1a \gith theclnuoatfiguitien o woek it o itk del be optimum for

dispersion values are appli il yield opij afion. The
t an%)ﬂnﬁl’éé?rﬁ?rqgﬁsere nﬁ ngrﬁﬁ%e@%%g%rﬁ%g%gﬁos%gﬁszz with
accumulated dispersion values found to be optimum for the FL

(85K fbir &t (step BeAFaRRITHE ot BeeSs PRECOEES P St 2P [BEBaATAL 00, the
158384 Hhe ApRAIUS RO is iscennsieteddromdbie systenrbUxtherminal 101
fiber-optic transmission span 1oaj§__c£9upleg.geé%. spliced) tothe TX
afinial 6T "d R tEinar 165 5RA e defREd Gt ed Sefingl g™ 2
iRarameters aretimplemented; i thedentinal SO lcae tH8nTde datiormance is
channels perfoymance is._optimized in the IL.configurat ' ina :
e R G P
cadjpstisgitbe peiED dleisrabrilp el sl e 16 JUGsTEAr Steip3abinEEEp 318,
system is commissioned to commercial operation in its final IL

(sBfiguration sAkster 328idhe PeERsS3R0ends. {0abREItShaplstatn in its final

ndersicod by ofe o osinaly sILIn (e gt gl when parameter
[o0s6] It should be understood by one of ordinary skill in the art that when parameter
opfimization is discussed, it includes receiver parameter oplimization as well
Specifically, when paramster optimization is performed on the system of on
individual channels, whenaver there is a change fo a parameter on the transmitier
side, parameter optimization of re-optimization is performe‘d on the receiver side as
well. Such parameters inctude, but are not limited to, sampling time and decision
threshold.

ro0571 While the foregeing is directed to embodiment

ing is dir to embodiments of tha present invention, other

and further embodiments of the invention may be devised without departing from the

basic scope thereof, and the scope thereof is determined by the claims that foliow.



optimization is discussed, it includes receiver parameter optimization as
well. Specifically, when parameter optimization is performed on the
system or on individual channels, whenever there is a change to a
parameter on the transmitter side, parameter optimization or
re-optimization is performed on theeceiver side as well. Such
parameters include, but are not limited to, sampling time and decision
whihreshotddrrnn7] While the foregoing is directed to embodiments of the
present invention, other and further embodiments of the invention may be
devised without departing from the basic scope thereof, and the scope |
T thefedPRaetéPmIRENBYAME ERMETHaPTOMEWATS Wihat iSRS EATET SR
sysimethpd fostesting anchoptinnizingipe rfermasice of axvopticahtiasanissioiber-
opiEREL IS St neluding.p LansiD e prminah & I8GRIgaderminel e
and a fiber- optic transmission span coupled between the tranSmitting and
MeECEIOnE ®htinals, the method comprising: providing at least one
brogehanthdispersioncomprasatiparictDoUpectpied doit REfiHevoptc to

the ¥8 §5ug§csg%g3?%géog %r;ning a dispgrsion sweep; tes_tin_g the
performance of data chanhels of the fiber-optic transmission span;

defiPfgrE S R RIARTBUTY ST dispersion compensation for each data
chaeehy taenfigurngritedrapsnitingans recéhingjetrminalsitaititespan;

sub lally opntj nt of.dispersi ' C :

S S A Sl e g
fibefoPaE thanbhik 3R Spah 2 THENNSHBT YRRl He\THEPER Y gPtimal

amirastonekroadkanthEXckiis eoupled dbetareemanszoatical output of the

transmittin m ' ' fR i Is e MRANSAUSSION , <rnan
sparne. o %e¥%e%w§é%?%é?r#%%%%%re%&%ﬁ%a%ﬁoﬁe broadba?\dpar'
DCU is coupled between an output fiber of the fiber-optic transmission

2. spamRneh@ndptcalanput, of the:rereivingstesminal bioctie maelita of anyled
bet@@gnoatnplo% lc%!]'of:[;?pét nggg!@&%t@%§%§%ﬂ{§ 5’:(8%‘1%‘8& %%Pof the fiher-optic

transmission span.

3. The method of claim 1 or 2, wherein the at least one broadband DCU is coupied
betweaan an output fiber of the fiber-optic transmissicn span and an optical input of the

raceiving terminal.

4. The method of any one of claims 1 to 3, wherein the at least one broadband DCU
comprises a first and second broadband DCU.

5. The methed of claim 4, wherein the first broadband DCU is coupied beiween an
optical output of the transmitting terminal and an input fiber of the fiber-optic
transmission span, and the second broadband DCU is coupled between an output fiber

of the fiber-optic transmission span and an optical input of the receiving terminal.

8. The method of any one of claims 1 to &, further comprising:



comprises a first and second broadband DCU. 5. The method of claim 4,
wherein the first broadband DCU is coupled between an optical output of
the transmitting terminal and an input fiber of the fiber-optic transmission
span, and the second broadband DCU is coupled between an output fiber
of the fiber-optic transmission span4gnd an optical input of the receiving
terminal, 6. The method of any one of claims 1 to 5. further comprising: 16
proyidingra depolarizatianrdesice: haming an optical input cappdddoearptical
optical.qut f itting termi ol coupl
o P Gadhd DED . T el o are SFoiame o'
broglirthiekEomprising: providing a depolarizing device having optical input
coupled to the at least one broadband DCU, and an optical output
coupled ta an, input fi%)er the fiber-optic fransmission span. 8. The
" met oedn%?%%?/%fpnag 0 %aﬁ\é‘gﬁé ﬂﬁgﬁg{% the tegs%r%b step further
CONRERILERT SUBSRAMTEIYSHAVRE BN\ PRiSEh At SasPifo B dis Ahdravelene
bro &AL A4S PETSIO B 6OSAP B pSETi oA faNg eRXeeE tingihesangesanesie ssarinto-optic
wapidentify the optimal dispersion compensation of the at least two data
~ channels."d. The method of any one of claims 1 to 8. wherein the defining
step further comprises: defining at least one of an optimal amount of a
s dispersienpest-eompensation anmhan optimakameintof adispersion further
re-compensation. 10. The method of any one of claims 1 to 9, wherein
Cco ses. . . . . . . .
the testing step further comprises: performing testing in an initial loading
(IL) soairRyiRNorof tReseyste fesing Phdeasdthitl H16Iam M SWhefeFRTES 0N
conGhErRAeh PRIk the:Hirgharnelsds riseseaseddodevaluenbighemthasparsion
c ngo@rgégg{l)g% {meeé ower ta facilitate id%ntification of the optimum
ISpersion compensation value. 2"rhe method of any one of claims 1 to
11, wherein the testing step further comprises: performing testing in a full

o. loadiRg (hiheondgurationcobthe@systenic 8, wherein the defining step further
comprises:
defining at least one of an optimal amount of a dispersion post-compensation

and an optimal amount of a dispersion pre-compensation.

10.  The method of any one of claims 1 to 9, wherein the testing step further

comprises: performing testing in an initial lcading (iL) configuration of the system.

11. The method of ciaim 10, wherein the channel power of the [L channels is
increased to a value higher than nominal channel power to facititate identification of the

optimum dispersion compensation value.

12. The method of any one of claims 1 to 11, wherein the testing step further

comprises: perfarming testing in a full loading (FL) configuration of the system.

13 The method of any one of claims 1 {o 12, wherein the testing step further
comprises: using iterative test methodology to optimize performance of the cdata

channels.



13, The method of any one of claims 1 to 12, wherein the testing step
further comprises: using iterative test methodology to optimize
performance of the data channels. 17 14. The method of any one of
claims 1 to 13; wherein the defining step further comprises: defining at
least one optimal parameter and/or setting selected from a group
consisting of: a sign/amount of phase modulation of a data channel; a
14 modtulkatiogtfosmst zaf andatafchammel; apo\iewodaidate chaitied; siep further
&:@eters defining the optical power spectrum of the non-channel
optlcal load; wavelengths of data channels; total optical power in the
fibe RIS tirERTSSith SR OPACNBiisE SHApES HRY REGHERCTLP AL
conbrtingen adjasentalatacapdssierchannels:f bddthemetizod ofclaiatiddiormat
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eturn-to-Zero ( format; a Non-Return-to-Zero (NRZ) format; a

speeififped r@ét@ﬁ«wm (R f6Aat y FeREITR Bl 286 Bifareifidpishagko
powhift Keyegr(Rd: DRS¢ ifsmaipanNotite undaizer Bilerential Rhasesing
petomift &jgg;qt% -RPRK) And-Garrier-Suppressed (CS) formats in

conjunction with amplitude modulation and/or .chase modulation and/or
polarization modulation. 16. The method of claim 14, further comprising:
15 impmm&ﬁﬁiﬁgdtbecﬁéileam enecibhstantiadly aptimaliparaneeterdd then a group
con$SHINING terainal.ang the wansmitting terminak i khe method A7 lai:. -
On§$} éqégr com R' Sing removﬁlﬂ the first DCU and crgupllng the oztglcal

Chi&ﬁ%uﬁ%?*’t’ﬁ@t hAy [ERRinaIRE e ER fitSF oraie %é?%p%‘&’ﬁ Keying
(thmnsm)is‘si@msmamoﬂuaagtbememoﬂ Dfielaimal HfasthShEORyWSINGIRZ-DP SK)
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terminal to the out optlc transmission span. 1
Dh%m@%fﬁf%%ﬁ@%ﬁﬁ@i%Bﬁﬁﬂﬁlﬁ@%ﬁmﬂaﬂce of an optical transmlssmn
system, the system including a transmitting terminal, a receiving terminal,

andﬁflbe hggt&g #{gpnsqysﬂ%g%ﬂjg%med between the transmitting and

receiving ?ermlna
implementing the at least one substantially optimal parameter in the receiving

terminat and the transmitting terminal.

17. The method of claim 5, further comprising:
removing the first DCU and coupling the oplical cutput of the transmitting

tarminal to the input fiber of the fiber-optic transmission span.

18. The method of ciaim 17, further comprising:
removing the second DCU and coupling the optical input of the receiving terminal

to the output fiber of the fiber-optic transmission span.

19 A method for testing and optimizing performance of an optical transmission
system, the system inciuding a fransmitiing terminal, a receiving terminal, and a fiber-
optic transmission span coupled between the transmitting and receiving terminals, the
methed comprising:

providing at least one aepolarization device;

depolarizing data channels transmitting from the transmitting terminal;



method comprising: providing at least one depolarization device;
depolarizing data channels transmitting from the transmitting terminal; 18
performing a dispersion sweep; testing the performance of the data
channels of the fiber-optic transmission span; defining an optimal amount
of dispersion compensation for eachglata channel; and configuring the
transmitting and receiving terminals to the substantially optimal amount of
dispersionicompepsationsoeeach data channel. 2n. The method of claim

19 \f\é@ '%Eh -fsfini &B%%‘E‘&%r @%mﬁr‘ss&&hg%ém&:ﬂl k‘?ﬁ%ﬂ%gﬁon span;

optlma aral eter an OI‘ settlng selected from a group consisting o
sigriaiRBENt bPRIASE HGHORfoR s PA S CRBFHE %{Wﬂso%ﬁam%qﬁ)ﬁ%%”e

ancof a data channel; a power of a data channel; parameters defining the

ontisalpawer saesIm ptihe ponchonacl anlical g nayelenallo ol

data channefs; total optical power In theTiber-optic transmission span;

ameyt c%lctﬁ%és@ﬁéﬁé“%@ﬁ?éﬁu%’wgﬁé’&r@aﬁ@ﬁheen adjacent data and

idler channels. 21. The method of claim 20, wherein the modulation format

20,1 STECIRG M AL ugjzﬁ@ﬁﬁm aLeA Relupsn:gero (R} farmat; a

"Non-Return-to-Zero ormat; a Chlr ed Return-to-Zero (CR2)
fornigfinenRetulPREd Qﬁ&@iﬁ@t‘eﬁ%@r‘ﬁﬁsé@mft ?@Wﬁgﬁﬁ?@ﬁ@ﬁ) & group
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of a C%HLFT‘} é d% 58\?’ %?%‘(SSC? Qr%%‘i’?’n@ gtl%q 555 éﬁé‘ﬁﬁ %nﬁllét%%cal OWeT

u lation and/or phase mo dulation an rlzatlon modulation. 2
spevﬁérmetﬁb@ BPTIIANDD), FaHRer R8N RIPIE RIS I GRRIANG ARE 2F 1638 GRécal
povestostantiabigoptimakparasriesinhe receiving: terminadantdbaesncy spacing

be transmdtgggn%e&rip naa;%ld Zd?ér Cm%éggfpod of any one of claims 19 to 22,
%r omprising removing the at least one depolarization device from

the flber -optic transmission span.
21 The method of claim 20, wherein the modulation format is selected from a group

consisting of a Return-io-Zero (RZ) format a Non-Return-to-Zero (NRZ) format, a
Chirped Return-to-Zero (CRZ) format; a Return-to-Zero Differential Phase Shift Keying
(RZ-DPSK} format; a Non-Return-to-Zero Differential Phase Shift Keying (NRZ-DPSK)
and Carrier-Suppressed (CS) formats in conjunction with amplitude modulation and/or

phase modulation and/or polarization moduiation.

22. The method of ciaim 20, further comprising:
implementing the at least one substantially optimal parameter in the receiving

terminal and the fransmitting terminal.

23. The meathod of any one of claims 19 to 22, further comprising removing the at least

one depolarization device from the fiber-optic fransmission span.



