;e3e| $| | X6T$Ki DE- EMBEDMVENT OF OPTI CAL COMPONENT CHARACTERI STI CS AND
* CALI BRATI ON OF OPTI CAL RECEI VERS USI NG RAYLEI GH BACKSCATTER BACKGROUND OF
THE | NVENTI ON Techni cal Field of the Invention The present invention is
related to the de-enbeddi ng of optical conponent 5 characteristics from
optical device neasurenents and, in particular, to a nmethod and system for
de- enbeddi ng the optical conponent characteristics using Rayleigh
backscatter. Background of the Invention lIdeally, an optical signal
entering one side of an optical conponent such as a 10 connector or splice
energes fromthe other side at the sanme signal level. In actuality,
however, sone NEBEMBEDMENTOF OPTICALICOMPONENT CHARACTERISAIES ANB When
anal yzi ng an opti GALBRATION OF OPTICALRECEIVERS USING RAYIEIGE] t he signal
| oss or other characteristics of BWCKSCATIERconponents that nay be
present. Rayl ei gh backscatter (RBS) neasurenents can be used for
de- enbeddi ng 15 20 optical conponent characteristics such as signal |oss.
When neasur i NBABRGROUND @F THEANVEDTION be expressed in terns of the
reflectivity RRBS of the optical fiber as follows: RCS =S~a~~z where S is
t he RBS capt ure r dieclmicabField of the Imiehtiomuat i on coefficient due to the RBS, and
[err]z is the spatial resolution of the RBS neasurenents. The capture ratio
S and t he att enuatlherpresaefifivenii@nis ralated eo thieadecarbeddisg iof sptivhl tdmepoagtti cal
fiber.

characteristics from optical device measurements and, in particular, to a method and

5 system for de-embedding the optical component characteristics using Rayleigh

backscatter.

Background of the Invention

Ideally, an optical signal entering one side of an optical component such as a
10 connector or splice emerges from the other side at the same signal level. In actuality,
however, some loss in signal strength will be incurred. Therefore, when analyzing an
optical device, it is important to first de-embed the signal loss or other characteristics
of any optical components that may be present.
Rayleigh backscatter (RBS) measurements can be used for de-embedding
15  optical component characteristics such as signal loss. When measuring RBS, the level
of RBS can be expressed in terms of the reflectivity RRBS of the optical fiber as
follows:
Reyps =8 -a-Az (1)
where § is the RBS capture ratio, « is the attenuation coefficient due to the RBS, and
20 Az is the spatial resolution of the RBS measurements. The capture ratio S and the

attenuation coefficient o are characteristics of the optical fiber.
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| ~~~~~~~~ *1591i9* 1 (1) | ~~~~~ W-W The spatial resolution [err]z, on the
<other hand, is partly a function of the frequency span of the optical
signal. In heterodyne nmeasurenent techniques, the best spatial resol ution
theoretically possible is given by: ¢ 2n~At~ 5 where ¢ is the speed of
light in a vacuum ng is the group index of the fiber) and da is the total
frequency span of the optical signal. Thus, by expandi ng the frequency span
dv, the spatial resolution of the ItBS neasurenents may be inproved.
Unfortunately, using interferonetic measurenment techni ques, the detected
RSS has a noise |ike behavior that exists at all input power levels. This
noi se |ike 10 behqid gpatiaBietsiutidn i, fdn thel dthér thafltie rpattiyea thtuection fof @ieence in
the I evel of RBS fromone side of the optical conponent to the other. To

conpensate f %reqﬁéai;%ssgaﬁ e bptical HGARVin RbteRphelRealiRbménTtdenifhs, the B | evel
accurately, the It si gnal nust be averaged over the length of a fiber.

Various tiney gpge%l&%gm%fﬂgﬁllggggmeqy%e,h@ye been used to conpensate for
ehavior and a '

the noise lik to I nprove the neasurenent dynam c 15
range. However, these techniques cannot bg used to directly neasure optical
conponent characteristics such as cobne | oss. Another challend®@in
maki ng RBS neasurenents using interferornftt % measur ement techniques is to
ensure that the magnitude response of the photoreceiver is flat over the
desired fBseqouderey is thagpeed NOlight inmreeaciuny, 7 i thhgropmindex efgbeé fikar, andglgdnse 20
results in variations in the photoreceiver output that prevent an accurate
measur ement the total frequency span of the optical signal. Thus, by expanding the frequency span
Av, the spatial resolution of the RBS measurements may be improved.
Unfortunately, using interferometic measurement techniques, the detected
RBS has a noise like behavior that exists at all input power levels. This noise like
10  behavior makes it difficult to determine the difference in the level of RBS from one
side of the optical component to the other. To compensate for this noise like behavior
and to determine the RBS level accurately, the RBS signal must be averaged over the
length of a fiber. Various time-domain averaging techniques have been used to
compensate for the noise like behavior and also to improve the measurement dynamic
15 range. However, these techniques cannot be used to directly measure optical
component characteristics such as connector loss.
Another challenge in making RBS measurements using interferometic
measurement techniques is to ensure that the magnitude response of the photoreceiver
is flat over the desired frequency range. Non-linearity in the photoreceiver response
20  results in variations in the photoreceiver output that prevent an accurate measurement
of the RBS levels.
It is also important to ensure that the input optical signal is swept at a constant

rate. A constant sweep rate means that the frequency of the input optical signal,

typically from a tunable laser source (TLS), is changed at a constant rate. A non-

2



of the ItBS levels. It is also inportant to ensure that the input optical
*signal is swept at a constant rate. A constant sweep rate neans that the
frequency of the input optical signal, typically froma tunable |aser
source (TLS), is changed at a constant rate. A non ~z) 2 constant sweep
rate can broaden the beat frequency of the reflections that form RBS. Such
broadeni ng can nmake it very difficult to detect individual, closely-spaced
reflections. Because of the above difficulties in maki ng RBS neasurenents,
optical 5 conponents characteristics neasured based on RBS are sonetines

i naccurate. As a result, the optical conponent characteristics can be

incorrectly densiiPSouds daté Eabrdaden P béat Hequefdy SfahdRASHOARY AR fSrm RBSOT di N9l y,
it would be desirable to provide a way to i nprove the accuracy of RBS based

optical conpggbroadeidCtar nskd & VERRIUTIOUIERS YetedDinGiviipslC icfok&%hﬂa?ded_ it would
be desirable to be able to conpensate for the noise |like 10 behavior of the

RBS si gnal s, réflegtidng. correct for any frequency response non-linearity in the
phot orecei ver, as well as any non-constant sweep rate in the TLS. SUMVARY

OF THE | NVENTI ON B&gudenyfCihi! dbve iffduitRs (i Omiiing? RBS! Hesburnifdni3y peRa f O
de- enbeddi ng optical 15 conponent characteristics fromoptical device

Measur emeRt s corgbnlRs thardtteistics imtRaur MR IRBS 8% somBHHRNRICHATRIAR AV er agi ng
of the RBS on both sides of an optical conponent to determ ne one or nore

of its opti Calsulf iR Gt cbmpdneskt charbiReri3tiesiah b InchiRRif ab-emb&ided o | abl e for
averagi ng can be increased by expanding the averaging windows to include a

| arger porti gpticaf devite nidBBremdhis € ABSSrdiHg@Y it whi@ be eskeble &f previdicia whly RO Nt s

avai l abl e for averagi ng can be increased by expandi ng the wavel ength range

of the TLS wWihprévese Récithcy BERBY 85sdd Opial compodenthirhot@idtic bMuRmette. RBS has a
slope (e.g., as in the case of a lossy fiber), a frequency domain | east

square fit cMordspetiiedlly] @ whaldehiendesicable @ belibieCta! comPerisats Est!the helselieer | Sti Cs.
In addition, the invention uses a reference DUT to correct for variations

in the fnequbshayior 6SthORBS sighalb,had ¥ et for Rnefraq@Ency Aespifse meifearity
interferoneter is used in the invention to correct for 3 sweep
non- | i near i t in thé pioreeckivér, ashiell a3rhy nan-constam ewedptrate retheaTLEr i stics are then de
enbedded from optical device neasurenents to provide a nore precise
anal ysis of the optical device. As such, the invention is able to overcone
the limtations and drawbacks of
SUMMARY OF THE INVENTION
The invention is directed to a method and system for de-embedding optical
15 component characteristics from optical device measurements. In particular, the
invention uses frequency domain averaging of the RBS on both sides of an optical
component to determine one or more of its optical characteristics. The number of
RBS data points available for averaging can be increased by expanding the averaging
windows to include a larger portion of the RBS. Alternatively, the number of data
20  points available for averaging can be increased by expanding the wavelength range of
the TLS while keeping the measurement windows fixed. Where the RBS has a slope
(e.g., as in the case of a lossy fiber), a frequency domain least square fit can be used to
determine the optical component characteristics. In addition, the invention uses a

reference DUT to correct for variations in the frequency response of the

25 photoreceiver. A reference interferometer is used in the invention to correct for

3



5 prior solutions by inproving the accuracy of RBS neasurenents, and al so
rcorrecting for any non-linearity in the photoreceiver and/or the TLS. BRI EF
DESCRI PTI ON OF THE DRAW NGS The di scl osed invention will be described with
reference to the acconpanyi ng 10 draw ngs, which show i nportant exenplary
enbodi nents of the invention and which are incorporated in the
specification hereof by reference) wherein: FIG 1 illustrates an exenplary
optical device analyzer according to enbodi nents of the invention; FIG 2

il lustrates an exanpl e of Rayl ei gh backscatter neasured using the 15
optical device analyzer according to enbodi nents of the invention; FIG 3

i | lustrates aswiep aomplieastyf e ThSIuTle: eptical cdmponentocharabtedstice ateshenfdet he
invention; FIG 4 illustrates an exenplary optical device analyzer set up
to correct phmbeddeddionesptital depieeoeasurasgists praviie-almore precise/analysio oftherg t o
enbodi nents of the 20 invention; FIG 5 illustrates an exanple of spreading
due to non-| iaoptieal dewice. n t he sweep rate of the TLS; FIG 6 illustrates an
exenpl ary optical device analyzer set up to correct sweep rate
non-1linearity accdsduesly thednentiodis mbletts ovércanmethe ivatatiorsrand drawbadk&.of 7

Il lustrates an exanpl e of RBS nmeasurenents with correction for sweep rate
non- | i nears t yprioFsaBitiods by impovisg the acenragyk ef iRB S measupeniepts) andalsoceorrecting yzer set
up to determ ne pol arization dependent |oss according to enbodi nents of the
i nvention; for any non-linearity in the photoreceiver and/or the TLS.

BRIEF DESCRIPTION OF THE DRAWINGS
The disclosed invention will be described with reference to the accompanying
10  drawings, which show important exemplary embodiments of the invention and which
are incorporated in the specification hereof by reference, wherein:
FIG. 1 illustrates an exemplary optical device analyzer according to
embodiments of the invention;
FIG. 2 illustrates an example of Rayleigh backscatter measured using the
15  optical device analyzer according to embodiments of the invention,
FIG. 3 illustrates a data processing module according to embodiments of the
invention;
FIG. 4 illustrates an exemplary optical device analyzer set up to correct
photoreceiver frequency response non-linearity according to embodiments of the
20  invention;
FIG. 5 illustrates an example of spreading due to non-linearity in the sweep
rate of the TLS,;
FIG. 6 illustrates an exemplary optical device analyzer set up to correct sweep

rate non-linearity according to embodiments of the invention;



5 FIGS. 9A-B illustrate exanpl es of RBS nmeasurenents used to determ ne
*pol ari zati on dependent | oss according to enbodi nents of the invention; and
FIGS. 10A-10B illustrate two difference fiber types are connected to
together and the RBS neasurenent resulting therefrom 10 DETAILED
DESCRI PTI ON OF EXEMPLARY EMBODI MENTS OF THE | NVENTI ON Enbodi nents of the

i nvention provide a system and nethod for making nore accurate optical
conponent characteristic neasurenents using RBS. The optical 1 S conponent
characteristics can then be de-enbedded from optical device neasurenents to
provide a nore precise analysis of the optical device. The accuracy of the
optical conponent £RAMAMHIEhleS b &aﬁﬁ@%&immﬁ&ﬁu&msﬂm HfeRI0R o RivebgPr OVi NQ
t he accuracy of the RBS neasurenents. The accuracy of the RBS nmeasurenents,
in turn, can bg. | dRERYES: by frequency donain averaging of the RBS within a
predefi ned 20 mfﬁﬂg&/oﬁgboth sides of the optical conponent. The averaged
RBS may then be USpg tg0jRfafes HnSexbmpiasy daﬁéaﬁfrd@m@aﬁaiﬁ?%ub@u%&eeﬂn@l t her

side of the optical component. In song enbodi nents ‘of the invention, the

averagi ng W ndgig, ¢8R diRn@RPRANREbriiRg R effbbdiments BEE AREntloRe nNumber of data
poi nts avail able for averaging. In sonme enbodi nents of the invention, the

nunber of data poi piGs. MMaB | ifliate’ Sample oA RBII medtirehfints NEEE AS YeteAsindY
expandi ng the sweep wavel ength range whil e keepi ng the measurenent w ndow

fixed. \Were LhRriHen 4@éRdenPBsstictdiihg Bl efiBodimetD8F P inveRlonCMAPONENt 'S
sl oped) a 5 frequency domain | east square fit may be applied to the RBS.

The optical conpongys, §64108 iRisiratk b differénde HbBr @?@s‘iﬁé Ednbdpaho frbgethet he
difference in the Y-axis intercepts of the resulting curves. Al'though the

invention is desht RBSGnAfI&Ehdht Wsliling tR&BRsH. t0 Optical Frequency 5 Domain
Refl ectonmetry (OFDR), other reflectonetry techniques may certainly be used,
such as Optical Tine Domain Reflectonetry (OIDR), and the like. In general,
sweepi ng over a wi de wavel ength range in OFDR results in substantially the
sane spatijgl DEJAMEDODESCRIPTION OB EXEMPLARY FMBODBMENTS O tremn,

al t hough the IRVENTION i s described primarily with respect to measurenent
of transm ssion | oss, other optical 10 conponent characteristics may al so

be measured. For ex@Abddients éTahd MVENIb HAVIERY sPeendiidl h&fod Rr FRRRE kRMENt S Of
optical reflectivity, dispersion, and other characteristics of the optical

conponent . Fugdcifitd BptRal édhhohéht DRhrhQEHSHB Yndairéiddts Bind RB%AT TR Spiickpes of
optical conponents including, but not limted to, optical connectors,
splices, qpti gahponkitt @hdracténstitd PdaBiX Biehi, beOABleMBEdIed AROmt Nptibdl K @evibed! | owi ng
is a description of the I Sinvention as it pertains to the de-enbeddi ng of
si gnal | o0ss dueasufenfits @PproCidé a A EEdiR analiAed 6 the oigichladbvice Fhéacciracyan
optical device anal yzer 300 according to one exenplary enbodi nent of the
invention is sfawoptichlodotnpbitet chafstetigtichméatifrumeants cande imp@vEEbEiniproving refer to
a single optical conponent, or to several optical conponents connected
together. In geecuedth ofthetRBSSmedstremens.i Ti aco@idyCsT theRBS Aftasuséifientss inan 20
optical interferonetric (heterodyne) optical device analyzer. The optical
devi ce anal yzsitn, 3&ibel improvelbby fréquently @bingin @uEhgitg fQRe RBS mathiiva pradefind

di versity photoreceiver 304, and a signal processing unit 306. The

i nt er f er oget ewindo® oh hath sidesofttheopicalsomponestf Ghe aveeagad RBSGihy thencheaisédest ar m
310. The reference arm308 is termnated by a mnor 312, while the test arm
310 i s term netneate preciselyDifferfint. the&RBS IElvel obldifhe3 Side of the bptical cmgpenent.nl udes an
Ml ength optical fiber 320 that is to be characterized, although other

opti cal devi cesmerempodierentaofithy inventiencttle ateegihigrwindgwstcan be expanded in order

to increase the number of data points available for averaging. In some embodiments
of the invention, the number of data points available for averaging can be increased
25 by expanding the sweep wavelength range while keeping the measurement window

fixed. Where the RBS level on either side of the optical component is sloped, a



the optical fiber 320 is a connector 316 (indicated by the arrow), the
‘transm ssion | oss fromwhich needs to be de-enbedded fromthe nmeasurenents
of the optical fiber 320. 5 A second connector 318 is connected to the
opposite end of the optical fiber 320 that may be used, for exanple, to
connect additional optical devices to the DUT 314. Note that the first
connector 316 is located further down the test arm 310 by a distance L
conpared to the mrror 312. A TLS 322 provides an optical signal that is
swept over a wavel ength (hence) 10 frequency) range of interest. The

wavel ength range of interest may be, for exanple, 1550-1560 nm at a sweep

rate of 40 niieuerdatiih febl shfl Rl b3 3fnild 1S BORES! ot 5@1&&“{ Béaf ence_arm

308 of the int r ome e Irsolator 324 serves to |soI ate the TLS

opt i L;?msf'g‘ﬁahf‘*%?%naﬁ i il i ASREEYEH uEUakPHIRERSEE, O 506
di vi des the T &ﬁ“ ]cfrir@é gnal into the test arm 310 and the reference arm

308. The opti cal er 326 aI so conbi nes any reflected porti ons of the

opti cal s'gna'.trgytg;wgnqhebas o081 heln STRe308 (& Bk} Drealliy COTPOS t

signal is provided to a Second |so at or {hat Ts conhect eq he t est

arm 310. fhe D%%ﬂﬂieh&?&:ﬁ&-? @%ﬁ? Sﬁl&e%ﬂgaod'l% ?Jcﬁm{d%? niui}t €errtfaﬁ\ gP ter 302

fromthe photoreceiver sec terodyne opti cal “devic 0 anal yzer

300. Due to 'ueéao Q;ag%aéaﬁ%mwbém gﬁec&ﬁla& '(@PDR{ afd HE ik th def@l of RBS

will be generaté e opti cal bers Up to the second connector 318.

e way to ”@%ésl&'ir% Wé?a'\ﬁ&?lna\%fenﬁg ih ©FDR ?e%ul&%'s&bs%ﬁalﬁpﬂpg n{)e si gnal

into its variou ari zation co nts. Accord |ng Yy, In sone e odi nent s

of the inveniggg, refcﬁtﬁxo%%sﬁ ?uﬁ 9 Rshpefdgx‘ﬁbﬂeaqh& h3hk iRnkiGR|

pol ari zing beam splitter 330 (thr second isolator 328). The

optical pol agg Jesaﬁ,e@sampwlaltr&rpeéapm%ure&enmym%mgs&al10.490&@&loyldag beam
splitter such as a rutile crystal that splits light into orthogonal

pol ari zatjipon cempareRIRhacterisfits MH MR YeaRcaSurbd! IR eRfmpld, e iRAdnAbN faf bON
components will be referred to herein as X-polarized and Y-pol arized

conmponents. FHMiRd td Medsti@ments of optical reflectivity, dispersion, and other characteristics of

the optical component. Furthermore, the invention may be applied to various types of
optical components including, but not limited to, optical connectors, splices, optical
filters, multiplexers, combiners, and the like. Following is a description of the

15 invention as it pertains to the de-embedding of signal loss due to an optical connector.
Referring now to FIG. 1, an optical device analyzer 300 according to one

exemplary embodiment of the invention is shown. Note that the term “device” as

used herein may refer to a single optical component, or to several optical components
connected together. In some embodiments, the optical device analyzer 300 is an

20 optical interferometric (heterodyne) optical device analyzer. The optical device
analyzer 300 includes an interferometer 302, a polarization diversity photoreceiver

304, and a signal processing unit 306. The interferometer 302 includes two arms: a
reference arm 308, and a test arm 310. The reference arm 308 is terminated by a

mirror 312, while the test arm 310 is terminated by a DUT 314.



5 e‘xerrpl ary enbodi nent of FIG 1, the optical polarizing beamsplitter 330
~splits the conposite signal into X-polarized and Y-pol arized conponents.
The X-pol arized and Y-pol ari zed conponents of the conposite signal are
subsequently provided to the polarization diversity photoreceiver 304. The
pol ari zation diversity photoreceiver 304 contains a nunber of optical 10
conponent s includi ng photodetectors 332a and 332b. The phot odet ectors 332a
and 332b may be phot odi odes, for exanple. Each pol arized conponent of the
RBS is incident on a separate photodetector. For exanple, the X-polarized
RBS conponent is inRci n Lhe firs o !

Y- pol ari zed RBS coﬂ%eoﬁgﬁ?l?’sm fh' cﬁa%feﬁ’ffugﬁqﬁ tﬁé’-ﬁ’e@é@gﬁﬁ&bﬁ%%%é%ﬁ%& (%orhgeS32b. The
phot odet ect ors, 332a. and, 332 ut put .1 hot ocurrents that -haye beat signals
Woh phase an;ﬁl;%%wﬂaﬁwﬁ et i %afcfwsbﬁzégﬁ’yaiﬁedu ot e
signals fromthe i udi n e .1 ect i gnal s,. such as . e
phot ocurrent s tm%élgpgrgﬁb & ‘i?g“eé’f?ﬁ ai]{é‘ﬂﬁ?'fﬁ g’ﬁ aﬁgag(?&’ittb%mfm‘ﬁﬂﬁ‘fﬁfsec ei ver
functions such as filtering, .a i Vi and the |ik sh e ally at
5505 Ot put - Seghhieh jeEis B3k 47 Phiekd £3h s e SpentssF et SBFLRG s
conmponent s _20 ,from.t he photqr.eceiver, 304 are.the ovi ded.to si gnal
processi ng’unft* 8 cf’?)'fegﬁoﬁ% ‘éP’W?‘gﬁdetggﬁ‘%@msftﬁé’"‘g?g‘h&f’mﬁg@’é’ég#&ng’%nit 306
has a number of functignal co nent s_ i .udi ng. dat a. acqui,sitJ dul es
335a-and 3asbmetis e doneaiPE f Gt afFuteL S OIS BB BLRIIP (0 03
capture the Xspol.ari.z and Y-pol ari zed nen 25 of onposite

si gnal , respeB{%&\}gﬂt%ﬁf%rcgmgﬁtggﬁﬁ%fgﬁ?ﬁﬂlﬁ'ﬁ%%‘ﬁ?%géeéis Ssilb!%gﬁ%ﬁ%fﬁ es 8
336a and 336b.det ecg {gﬁ?out Pg} signals fromthe photoreceiver 304 and
convert the sf“d’ﬂﬁ”gq oons B gz'to digital signals. In this regard, the

q ST be i mal ._ thodi
Combi pati on of har ke S2? BRydes L oS R I ERRRLIIC VAH ChliFe. 5 The
and 3405, Wnerpptrings Shinttioh st S bl Blest TS om0 -
and 340b. "The rtrans m a~an erconfiglred to

; h i : ¢ . nolari zed
component s fr SCPHE0 pmAEh SbERkEBER A AISplcaRiRlt 25 Blfealod8 | 275 o1
facilitat t | ysi ' f ' f.
domi 1. ho ¢ SeF a5 108 8P heGRERTRRLAT Y drdhRRhiiAhRE RIRITCY, o
f FIG 1 i j ; 1 \ f
IC:)ou (rj i e_rl_ ht r%ﬁs?’ébr:?r? ?gﬂgﬁé ls{l g%?’gtt% Ies)(gomu&’F%Pdt'?rg‘lr?‘sl?%?%ghe%é}?éfetwgﬁﬁflgsbgzz
used. e for . f. .
nas 2 45 degr SEh BpmiRSH BRSNS, A dcal Eplep B eI Bfclly P
to say, the rgsim inkdhe bt M Modhi R TeRRboeYarRos! 'rrz.@gpm%qumz% o€ assumed

to have substantially equal magnitudes. Where the signal fromthe TLS has

varying pol ar&&@iﬁ&&n{ &mc@@ltpﬁgbm# 28 opfidal sagﬁqmming%am FokE thePdd

corrected or conpensated so t the polariz on cohponents are

substant i al | yufaigh ahds IROFHe ohiflichite H BYREAEM 813 AR REIRGIHETIEE DY the

signal processing unit 306 1n a nmann own to those inthe art.
20 Preferably gbge?c i i emrftor i thoe t kd ansform
nodul es 340a %Orrllﬁ Og.r h’%ﬁt{e‘=§ ?Jrhgnglfogr rfé’g at gpir%elgpresagsnts?ﬁgf?ﬁédo&gepgfeari zed

and Y- pol ariz?‘w P85 Frof i SHURkH %L : -and 342b,
respectivel y,l a te?ﬂe%orrecfﬁntgePgé{ 50 ar %%?:ﬂoﬁi eiq%‘ ne egétfé#ﬁ%l unction
of the squ@riggiandgbes 342a 25 and 342b is to square (e.g., x2) the

magni tude of thé data. The respective outputs of 9 t he squaring nodul es

342a and 342b ar e mRidhs GdRBEdn¥itiEY PVthe SpticaPfibers ANetRd 16REISF RBS willdde | S
configured to add the squared X-pol arized and Y-pol arized conponents

toget her. Thegengial ialtilg AR optiedNTibds Qb tb iR scbid acths&&r % OnB Uyl foz ed

conponents provides a polarization diverse signal. The result 1S an RBS

wavef or m t hatméasurgithé el 8f RBSt 0! ARSspR RS e5Mpi® ManiiNintd §6&s vArious

polarization components. Accordingly, in some embodiments of the invention, the

25 composite signal is provided to an optical polarizing beam splitter 330 (through the

7



In the chart of FIG 2, the vertical axis represents the nmagnitude of the
+RBS, while the horizontal axis represents the Iength along the optical
fiber up to and after the connector 316. The spike 400 in the mddle of the
chart represents the beat frequency that is due to the connector 316. The
noi se like signals 402 on the left-hand 10 side of the spike 400 represent
the RBS in the optical fiber before the connector 316. The noise |ike
signals 404 on the right-hand side of the spike 400 represent the RBS in
the optical fiber after the connector 316. As can be seen, there is a snal
drop in the RBS I evel on the right-hand side of the spike 400 conpared to
the RBS | evel sevond hsoldt@fI28nalhe sptidd. polkikzing GBsin gplitten 380 @alRBS ang \opfical
represents twi ce the signal |oss due 15 to the connector 316, which | oss
can be expr espoldrizifig fbehrh cphitterdutinas @-utikocpsit thit sphisssligld Bhto—orthogha)
However, because of the noise |ike behavior of the RBS, it is often

difficult to aeltzatiof|c¥mPéictisN Fe coMRnidR@Npuirptdes, dhe polEiAhen gempinédiput sonme
ki nd of averaging. Therefore, in accordance with the teachings and

princi pl es of yilnBe réforeddl tb Mrein RAEX-PolariRl ard YRjoReREd ttbporérits. ‘BRUS, inukd her

i ncludes a data processing nodule 346 that is capable of averaging the RBS.
The data psocesenplgy FRbodidem4t FIG! T, dhedptitdl oladisilig Gbanh ¥titROBIWsplisithy t he
data fromthe sunm ng node 344. Because this data was previously
transforned f compdsie signalintel Xrpolarizédant Yepdldrizedieonponetnsrelhe, X-pblarizad endagi ng i s
10 perfornmed on the frequency content of the RBS. Mre specifically, the
averagi ng i s Nepdloizaddompoinents tofl ehensugrpositedsigmb aecsubiequkently tphovixed to akie t he
frequencies in the RBS. As can be seen fromFIG 2, a data wi ndow 406 is
defi ned ar oungolarizu€ioi diversityephgroreetivér3oguenci es to the left of the spi ke 400.
A simlar data wi ndow 408 is also 5 defined around a certain range of
frequenci es to therke plirizafior Biversipi [skotdto&iver Be4 [SBfaihe v lundes of bpticeld Wi t h
each frequency contained in the data wi ndows 406 and 408 are subsequently
aver aged. 10hecémponkits igluding photodetactdrs 8324 1dd 382b. t The plkddeteatont 3senasv 406 i s
i ndi cated by the horizontal [ine in the mddle of the window. Likew se, the
resul ti ng aveBibemayabelphotddiodesrfot &ampleghEach potirivédnchavpodé&ft of shel RBIS ¢t ed by
the 10 horizontal line in the mddle of that window The change in the RBS
| evel s can noiucidentdmtacseparate phatodepdetor. bForsaxihplacthe Xgpdldrzed RBSaumpagatis 410 and
412. The resulting difference will be twi ce the connector loss. FIG 3

il lustrates thencdddna oprtixcirssphotpdetectod 2323 44mdi the Yopetariked RIHS. cohpondhaisa
processi ng nodul e 346 has a nunber of functional conponents including a

wi ndow 15 def innident@n tigoseqamd photodefitor I32b. Viiha ghavtodbedctons 3320 andc3B2poapatt 500 i s
configured to allow a user to manually define the size of the data w ndows
406 and 408 (pletochiréits that havh deati sigialsy vathzphasehend | maghitudeuwhicls cemyirisy thear ge t o

i ncl ude enough data points to ensure accurate approxi mati on of the averaged
RBS | evel . Geplssabidy/magnithilebiothe signide froof thel DT, joclwdisg thel reflected Lsignals,n nor e
accurate approxi mati ons. The nunmber of 20 data points that are avail able

f or aver agi ngsushyas (RBS. ndihe phetdcursents xpayntheregfter e gihamced fthrohgh edditionsli ndow.
The size of the data wi ndow shoul d not be expanded so far, however, that it
i ncl udes adj aphetarecsiyapfunctionssuck acfiltesiag, tamplifingo anil the tikee(sh@wn Gherally at

Al ternatively, the wi ndow definition conponent 500 may be configured to

det er mi ne t he33).zGuipnt signalsdepresenting davspectiye oagof the golarized RBS,compbnentse dat a

w ndows 25 406 and 408 nmay be determni ned based on one or nore predefined
criteria. 2&uchom the photasersivendQs are ithea rprevidedyto ithecsignab processing uait 306 forni ni num
nunber of data points, optinmmnunber of data points, or other simlar
criterion. F T@rofengpati al resolution Az, the nunber of data points in
a w ndow depends on the size of the window. This relationship can be
expressed as; 5 #ddgtsigngk procesging junig 306) has a number of functional components

including data acquisition modules 336a and 336b. The data acquisition modules

336a and 336b are configured to capture the X-polarized and Y-polarized components

25  of the composite signal, respectively. More specifically, the data acquisition modules

8



Using this relationship, the wi ndow definition conponent 500 nmay adjust the
- data wi ndow 406 and 408 until a certain specified nunber of data points is
satisfied. For exanple) a wi ndow size of 56 cmnay be sufficient to satisfy
a certain data point requirenment for a spatial resolution of 69 pm 10 O
course, higher spatial resolutions will result in nore data points and nore
accurate approxi mations than | ower spatial resolutions for the sane size

wi ndow. Thus, where the size of the data wi ndow nmust remain fixed or where
expansion is limted (e.g., due to the location of an adjacent connector),

th nb f t ' be i d, by, i s t i al
rosol uti on [ e¥PR2nd RedcHefeof Y oriBu sHonE FFo PROpREG T 909 b Gond e ot on
f the.RB . pnend ' the fr
arr]v of t ncesa Bo SRHGHER SiBial Spa i 0 B s oAb 0 Heen gt
h , I 1 th tjal | Ut | d t wlh nb
of dat & ot nie BRRarER L bame ofibeditiisdy «5EP I ERE bR GEo 4 e above
di scussion is vvltp respect tﬁHG:DR’ a simlar outcome 20 nay be obtained
with OTDR RACAPFHPHE sgm HCover a wide wavel ength range in OFDR

[ OTDR  The 17 oqilbh el Rcenip Wit S0k, B aoss RS Fyvows ool |
ol o ur t nooh 35 3G Bctouged Rinslpbain Gtir P SO SOMEAd. The |
bt ox mi e STRRRTRAAERDPRS Frrser pe 4t Fanb gt Rkl PPl o
vavel ongtn  aiogh RRE AT R el RBRR, B % Silirtn AAAPECER, 0 oncy
pati al v osol RV SREPRLAREE el MK Bedbooch SRR,  TnBRE SR sbilfecp°' "

oot 10 Aol 6438 B, SRRoiEH Wt BanloBOHHG! Oft o M Bl TrERRER PO

fipl
nunber of " data nt's avallable ¥n a given size w nd or aver agl ng.

A i f i t . adi . In 10

Averag ng o hFB, SHRub oBBLABHR e B SRR BBl |01

for the averjgagcgﬁﬁmg%gﬂ%and 412 (see FIG 2) for the data points in each
an )

data w ndow e data averagi ng nodul e 504 thereafter subtracts

connect or L ose. | A4 RResRlR Al MRS v b uha A BB ITSB LA, ) be
det et m ned b3aade Bladail Bhéy L AUEIO U onfilr Eihdr 248 01 Lo wbTBuRAR" L e bY

the signal pro I'’ng uni ern t he "aver age val'ues- 410 and
412 f h . W . i |£ : 1 ned.
Atotal aer ZGEPH 08 YAl RR Loniebt] S abRf 10 R FBaly BT T O
fromthe avern?agﬁitﬁ@. u@'ﬁerta e s?guﬂ ﬂ"olﬁf“thg‘f‘hs 'hQJ Wﬁfﬁo@tﬁizatiom the polarization

will need to be tracked and corrected or compensated so that the polarization

components are substantially equal in magnitudes. The correction may be performed

by the signal processing unit 306 in a manner known to those skilled in the art.

20  Preferably, the comection is performed prior to the Fourier transform modules 340a
and 340b.

The transformed data representing the X-polarized and Y-polarized

components are provided to squaring modules 342a and 342b, respectively, after

correcting for polarization (if needed). The function of the squaring modules 342a

25  and 342b is to square (e.g., x°) the magnitude of the data. The respective outputs of

9



In still other enbodi ments, instead of using a statistical nean) the data
20 averagi ng nodul e 504 nmay determ ne the connector |oss using sone other
mat hemati cal nodel. For exanple) the data averagi ng nodul e 504 nmay apply a
| east square fit to the RBS where the | evel of the RBS on either side of
the connector is sloped (i.e., non-flat). The Y-axis intercepts of the
resulting curves in dB may then be subtracted from one another to

approxi mate the connector |oss. 13 Once the average val ues 410 and 412
have been determ ned, the data averaging nodule is configured to determ ne
t he connector | oss using, for exanple, Equation (3) above. The data

aver agi ng nodyhesqubiigtdbduids 38 aEdRs a;mb@qmﬁﬁmdlemwafmmmng%wpt i cal
devi ce nmeasurenents made using the connector by, for exanple, subtracting

the connector 3u9eiut iy Qmigkied @PAdICHRE sélRded OCpHERRY AR Y0 clarizd® cddiidnBRE | MProve
the accuracy of the RB S neasurenents) correction for photoreceiver
frequency respgnager. rm_-shamgﬁﬁ& GG BRhPRIPoRFPRhnd ASpalariZddl 8snfdRef@r | 1 er,
one of the challenges in nmaking RBS heasurenents is to ensure the flatness

of the photor ?F@iidé% Tpﬁﬁﬁﬂ%ﬁ‘ﬁixleﬂé@ﬁ&ﬁﬂsﬂ\e%ﬁh ifard RBY YaléEABRECY stiRN- ANy
deviation 10 froma flat photorecerver response may result in slopes or

ot her vari ati eoge RBSWIRefdBASKWRdn RES 2l evel . One way to correct for these
vari ations versus frequency is to neasure the RBS using a DUT that is known

to have very littlg & cid dfI36. 2,A0 vertiPBiDlepiésthtsdhé Rlgritldd bEhERBSUr ed RBS
| evel may then be attributable solely to the photoreceiver. The sl opes or

variations inyhiie tHéfarikeht laxis &%s&ﬁl?ﬂi&ﬂ&ﬂﬂ%r@tﬁe Ofticallfibet tl?'fb bR Meptracted

fromthe measured RBS | evel fromthe unknown to correct for the

phot or ecei ver el mh&RTY316€ STHRNspike YD0-ih Ithe Afiddle/ of theichart Péprésedts e Bt t he
phot or ecei ver frequency response non-linearity is described in nore detail
bel ow Wi t h t hgreqieflcyothatid da-to fhre Connfebtor 316. Thé hiidellike SignaA4028n théllefdNd CE

anal yzer 600 that can be used to correct for 20 the photo photoreceiver

frequency 10es pide sfthe apike@40008sreseti e RBE ik the ofidal filker BBfdle/the bofedlod F16Si M | ar

to the one shown in FIG 1 in that it includes the interferonmeter 302 and

g gg phot or eceimiehoigAtke sighsls 10508 thé riatichand 8ide BE he 3pike W0 reprebdhf tHeFBB sput t er
are

in the optical fiber after the connector 316. As can be seen, there is a small drop in

the RBS leve! on the right-hand side of the spike 400 compared to the RBS level on

the left-hand side. This change in the RBS level represents twice the signal loss due
15  to the connector 316, which loss can be expressed as follows:

ARyys (dB)

L ©

connector loss (dB) =

However, because of the noise like behavior of the RBS, it is often difficult to
accurately determine the magnitude of the change without some kind of averaging.
Therefore, in accordance with the teachings and principles of the invention, the signal

20 processing unit 306 further includes a data processing module 346 that is capable of
averaging the RBS. The data processing module 346 performs the task of averaging
using the data from the summing node 344. Because this data was previously

transformed from the time domain to the frequency domain, the averaging is

10



al so present, but the DUT 314 has been replaced by an unknown DUT 602 and a
* known DUT 604. The known DUT 604 preferably includes an optical device such
as 25 a length of optical fiber 608 that has very little or no loss. A
connector 606 connects 14 one end of the optical fiber 608 to the
interferoneter 302. A second connector 610 termi nates the other end of the
optical fiber 608. The length of the optical fiber 608 should be |ong

enough such that the | argest beat frequency therefromw || be at the upper
cut-of f frequency of the photoreceiver 5 304. This length can be cal cul ated
fromthe follow ng equation: L-~, ~ DT .fb n~ F, where c is the speed of

light in a vaguformediéh the ﬁ*ed]l&n@rmtem asfdbexRBS mesisaltynthmderaghg:sn this
case, fiber), OT is the total neasurenent time, fb is the highest beat

frequency of peffoRh@iisingdNCmdgnitide akdaCiated ivith edchogthe fiejuenfiadinte RBE TLS 322.
10 In addition to the above, the optical device analyzer 600 further

includes a signal Ay &6®%stadidMFIG. @12 dathRenddvened isiiefifiedstiburg aldithin612 i s
otherwise simlar to the signal processing unit 306 of FIG 1 except for

t he presence rahgeCdflfieqiichicicoto ORI oF sheSshika 400.d AGsisibtar dhtacwinddw BOSdsiake nodul es
614a and 614b performthe task of correcting for photoreceiver frequency
response noHn-defin@barotind anderthih eange of fir¢qaehciba tathe Lightldfitke dpikeld00mThdoRBHer f or med
either immediately after the data is acquired by the data acquisition
nodul es 336a levedl as86ilted ovith aichdreqeenoie cantdivesd it éheldatal windywesr496iaad 408 &re unknown
DUT 602 is disconnected fromthe interferoneter 302) while the known DUT
604 i s connecdubstqiently laeeraget e The rpulehg svetiged vallie 41 or Zxeft-haddreimdeomept at
the sweep rate of interest over the wavel ength range of interest. The 20
RBS from t he 406dsvindidefEd B9 4hd borizargali linedn khe rhiddle ddittize window.s iLikeotisemhelul es 336a
and 336b, then tenporarily stored by the calibration nodul es 614a and 614b.
The known DUTesBihgi svetage rvalie 3132 rfoe tliecdglitthemd twirelown e fiseindivetedrby3®e, and t he
unknown DUT 602 is connected. The RBS fromthe unknown DUT 602 is then
acqui r ed. 10Thehodiadritdd diae incthe miskilel of shaf wirslown Thé thngs inthe RBS ri¢vels cambdw act any
sl opes or variations in
be determined simply by subtracting the two averages 410 and 412. The resulting
difference will be twice the connector loss.
FIG. 3 illustrates the data processing module 346 in more detail. The data
processing module 346 has a number of functional components including a window
15  definition component 500. The window definition component 500 is configured to
allow a user to manually define the size of the data windows 406 and 408 (see FIG.
2). The window size should be sufficiently large to include enough data points to
ensure accurate approximation of the averaged RBS level. Generally, a higher
number of data points will result in more accurate approximations. The number of
20  data points that are available for averaging may be increased by expanding the size of
the data window. The size of the data window should not be expanded so far,
however, that it includes adjacent components, such as the second connector 318,

Alternatively, the window definition component 500 may be configured to

determine the size of the data windows 406 and 408. The size of the data windows

25 406 and 408 may be determined based on one or more predefined criteria. Such
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(4) 15 the RBS neasurenents of the known DUT 604 fromthe RBS
‘measurenents of the unknown DUT 602. In this way, the RBS is corrected for
any phot orecei ver frequency response non-linearity. The corrected RBS may
then be used by the data processing nodule 346 to determ ne an average
value for the RBS. 5 Non-linearity may al so be present in the TLS,
resulting in a non-constant sweep rate. Sweep non-linearity of the TLS
causes spreading of the peaks that represent reflections in the optical
fiber. For a single discontinuity or reflection, only a single beat
frequency is expected according to Equation (1). However, due to sweep
non- | i neari t ypredefinbe citetla hdjeindRas, for QARG Y mimurA Crhudiber Wf Gefal pdifts, 2
spectrum of 10 frequencies, as shown by the exanple in FIG 5.

Consequent |y, odiimueR RuiBer V&l datd pbihisC b btheO siheAbRehidle Fobq gbaCakiainui ty or
reflection accurately. Referring to FIG 5) the vertical axis represents

the mRont t uderedluddiCa 34 GibleP 0P 4R oG ORIAON' Rheri o SERELEPBRS tNe

| ength al ong the optica e peak 700 has sprea I cate

general ly at dw S Pl rdidiRhshid cal Ikdsbegglt to determine the precise peak

| ocati on. One‘zﬁlg %y t5 corsr c%ahﬁgg’lpg\x/ekgp non-linearity is to track the
sweep non-linearity of the TLS using a reference interferoneter. The out put
of the ref®rence interferoneter nkdowdprern to resanple the o(put of
the desired interferoneter to correct far tH& sweep non-linearity. FIG 6

illustrates an optical device .anal yzer 800, that is ca | e of,,correcting 20
:‘orusvveep non- | ilr[: Hgttg}'sir%‘!“{%ﬁ""n .Wgﬁﬂf‘@&“h@e‘reeg?@rfm&w 80 ils °

imilar to th hown in FI G, 1 in that it inclydes the jnterf t
302 and the PR BPARE A0S Padts i ocarls sgsiioaimta & 8B, poityf Sthed ) ol
larizing b i tter. 330 | . Alength of optical fib

B0z carri s, (8 Bk ainsojnuf o B Rl S o SR pepyli e 1"

interferonete . . L ber 2 is coupled to a second | ength of
25 opti cal fi‘%%“?%‘ﬁﬁ‘%‘?’ﬁ’ﬁﬁ%gﬁ%%“°?88 ér 806. The optical coupler 806

divid 16 I j . . i . I h f
oIpEI: cglS 1E| er 802%g&rg%ﬁé%%hé%%%ﬁ%a%gtﬁig%@ ﬁb’gﬁ}egd&f%ﬁ{é%g a’rgé}lgfasst ge
ti | si |t f i f t 808... Th flected t put of
The. rof er enc epiitie ApbrB iR ptglebler SHeBET ieiionons for 8 st SF VP o™ uni i
b i h i . Sim | 5 h L FIG 1.
Ty e 2 O G Sl et B e P BT
acqui sition Wﬁxﬂ{éhgeﬁéﬁde t\é’%eclbfp@’oii& ﬁ%#%?@é?&%&gﬂ%e ﬂ.ﬁ&@%%ﬂé{h ﬁéiét'son modul e

simlar to the ones own 1 n I n”sone enbodr me t he data

isiti I . t _of 1h i cal t isiti
Card as tho QR SERaeTRY ilfealb e sodn bSuARTE DR BB EQHIGDET 0L 1O
Ui 1514, Dbt e ety e HHS, FreRmpnfcenpiis P o e " "

processing unit 306 of FIG 1 except for the presence of sweep

non- | i near i t \iregeanci spandiy ofshe ontisal smmel) Arcerdinglyy by expending theswgvelgngth
non-linearity correction nodules 816a and 816b performthe task of
correcting fdanesbense, fenquenicy span).tthe spstiplhyesolytionaml thay,ithe mymber phigathe 15
perfornmed either jnmmediately after the data is acquired by the data

acqui si tion ROWtAfage seesizgEndosEpay bsincieased sone ot her task. In operation,

tical si | t at desi red t def i ned
wavel engt h range AYBeeh the spoyo discussien fwieh gpsbect i OFDR & Hiisa @HtcBpe t he
optical cgupler 806 |nto, tical fiber 802 and ,804. Because the signals
ori gi nat &8 20M8,b§ '("W&é wﬁ}gﬁ:ﬁﬁg Resall that swegpipg qusy “3‘7’8?1&?‘?? TapgeR

i dentical swe non-linearity (if ) ) ) )
O%R resuits in su stan¥1algy the same spatial resolution as using a short pulse in

OTDR.
The frequency span may be expanded by expanding the sweep wavelength

range of the TLS. Thus, in some embodiments, the data processing module further
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any) relative to each other. The optical fiber 802 and 804 carry the
"divided optical signals to the target interferonmeter 302 and the reference
interferoneter 808, respectively. A conposite signal fromthe reference
interferoneter 808 is then provided to the photoreceiver 810, resulting in
a beat signal having a nunber of beat 25 frequencies. This beat signal is
subsequently acquired by the data acquisition nodule 17 81Z. The acquired
beat signal is then provided to the signal processing unit 814 where it is
tenporarily stored by the sweep non-linearity correction nodul es 816a and
816b. At the sane tinme, the RBS fromthe target interferonmeter 302 is

acqui red and jpeQyds GesiveeP \Jahaer%uﬁﬂﬂ&e KinfoBént 508 ThRE kweehiwavtiefgth WRRE
u

non-linearity correction 5 no es 816a and 816b of the signal processing

unit 814 cor r@alpsndn®502 oA tb AteiniRAtht bppréfimhtd @widpSwarkengthlrimge nat i vel y,

i nstead of using the reference interferoneter 806) a waveneter may be used

as a referencguliRd 48lobfaln £\66r8#n SsRall feltfion¥r b ivel izklwindew. IMhemeut put of
t he waveneter may be used by the sweep non-linearity correction nodul es

816a 10 and &lLftdifentOHeCslee) WavalbiRP rd@8 chinpiiRht 502 ks IElRatich @5t
interferonmeter 302. nF1 Ge ?eieél Jgtrat eg g gha?(tﬁﬁof t he Is?B rreas%?e(r)rents from

the targets | MaRihlRidloy 34 (HlE 1AbHgH Fanfd) Gt hroli® 1R ibdefto biihhe chart

in FIG 5, except the 'spreadi ng ep non-linearity has been

corrected. Aspdqidedspatiall REIRARAKIor A GiveR sTRWiHBIWE AnSiRrbase 7 thd Rrkep 15 A
common paraneter that” plays an inportant part 1 n the performance of optical

networks is RolakhdRdn@dintieReHR IPatinOresoiitioRlwhicH ibres@tht ambér g t he use
of angl ed-pol i shed connectors to connect optical devices. Angled

pol i shed- conngiOivailadlean @ giveR siksRRdAR fR Uo&Gagifg t hei r very low return |oss.
However, connecting an angl ed polished-connector to a flat connector can

result in PDL |eV%'v§ra%(iH§‘Bf%'Rﬁj}éeﬂe§t€ﬁ%d%} 8¢ 4Ra lavérBBin® YRlAk |sopeHh or mance
of the optical network. Therefore, to be able to properly analyze a devi ce,

the PDL |gvelsomt eMBS&dimeRS, ithdhvefad ARG e S04 detchRinaiCe Stadstitd! Yméd@ teriagdded from
devi ce neasurenments. | n accordance with enbodi nents of the inventi on,

Rayl ei gh baclksérage values 8104@012 (se8BRS 2) for ikecdalioirk£ivicdach datBwindbw Go6 8
illustrates an exenplary optical device analyzer 900 for neasuring PDL. The
optical devi afd a8l Theatataideraping Modulk 304 therehffes sattatts the averdpecmhivsally zer 800
(see FIG 6), except a polarizer 902 is used to vary the polarization of
the optical sh@aH frém ofie irddther topprdRimatd e GoHnPdtér 16ds. TR SorémbiddaentsP02 i S
then provided to the 5 interferoneter 302 through an optical coupler 904. A
DLTT 906 is gqhdverpedalied 410@and @B may b dekbimfdedtbasedi ot £4ifglé Mavdferm, 302. The
DUT 906, in this case, includes two | engths of optical fibers. A flat
pol i shed isonmacd @f tRORBS n@ptaredabyoihe digastl probsa niie 06 Afethativdly)ehié t he two
optical fibers together. The resulting conposite signal fromthe
i nterferonet averafeXaluss 410ad d EZifor each ldsta didowad06 and 408 inindtigleaicesmby t t er 330.
10 The output of the optical polarizing beamsplitter 330 is received by
t he pol ari zabe detehinell SR toral svevagé valié forogach pimio®s408Ccand 408 mdyothed ber ocessi ng
unit 912. A waveneter 914 serves as a reference unit for purposes of
correcting swusepatedbfior tieasérageyvalubhfor whihe piltiple tibds. per f or ms substantial |y
the sanme function as the reference interferometer 808 (see FIG 6). 15 In
operation, the polnastillzetherO@@bodiments; insiendpofl asingz at staistical rhéaa, dhet datal si gnal
fromthe TLS 322. A control signal from for exanple, the data processing
nmodul e 926) nveraginge miogluleh 804 ohayr idetetniinen the aosneofor tloss meingr samer o882 f or each
sweep of the optical signal. Wen the optical signal passes through the
angl ed pol i smsthemativabmodel. By@xaraplelithd dateateraging nmidulef SOK asay applyla least i ncur r ed
for each polarization state. The

square fit to the RBS where the level of the RBS on either side of the connector is

sloped (i.e., non-flat). The Y-axis intercepts of the resulting curves in dB may then be

subtracted from one another to approximate the connector loss.
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20 connector loss is neasured by the signal processing unit 910 for each
sweep. Specifically, a data processing nodule 916 of the signal processing
unit 910 neasures the connector |oss using Raylei gh backscatter in a nmanner
simlar to that described previously with respect to FIG 6. The data
processi ng nodul e 916 then determ nes the PDL by subtracting the m ni num

| oss fromthe maxi mum | oss. The difference 25 between the m ni num and
maxi num | osses is the PDL of the DUT 906. 19 The nunber of polarization
states, hence sweeps) that is used can be sel ected as needed and shoul d be
sufficiently large to ensure an accurate maxi mum and m ni num | 0ss.

Preferably, all pofc Elecavefigarvaiaé 420 i 412Shdvie Cheéfi edbtdrined, theVdua SVeep
wavel engt h range. In sonme enbodi nents, however, rather than stepping

through a 5 bhafrgingdmoMae istlonfgirél foZdtetifie SHeadofitecton lok® Dsifg, ot éxampleMiel | er
matrix, or the I'tke may be used to determ ne the maxi num and m ni num

| osses. | n soggatRAlgs)CbERt Bhe datacaveidbifg Rio@61e HfekdaferndecimbrdOthe comettor t her
configured to determ ne the output power profile of the polarizer 902 for

each pol ari zgss fbmahpbgicall déiaé m¥asuief@ntd tiadisingakedonéetdr b, fopéamplacr 902
shoul d be constant for all polarization 10 states. In actuality) however,

the out pus peydiractivig thdnfikior lds? £6m Aedpudal Hevicrmeasheditenes. ng on the particul ar
pol ari zation state selected (due to variations in the polarization of the

optical signal frpsnfirther ihpPovele -accacyl Of QHéTRBS rhéasureriénts)tcoftstioh for of il e, a
phot or ecei ver 918 nmay be connected to the optical coupler 904. The

phot or ecei vephdidrdediver Helitendy rdsfonkd) Ao lidafifyeasi V€ perféithed.5 Akesilided fr
previously, and is configured to receive the optical signal fromthe

pol ari zer 902arkiérporieloftiBRhilleages (roniking RIBY dhcashiements isto ensufe thé\fatiidaobdr ecei ver
918 is then captured by a data acquisition unit 920. Data fromthe data
acqui sition theighodPeiver frdyaereq frésponsprover ol desliget fequemcydsphm  Ang adesiationg nodul e
916. The data processing nodul e 916 uses this data to determ ne the
pol ari zenooufrpmta Aaphotgréceiver fesponie ay Mespldlimsiopest orosthert vakiationa Gn Tliee out put
power profile may then be used to adjust the RBS neasurenents for each
pol ari zat i onmeisaied RBS et C iOng &lay to botrectfos theseyvariations versachequadop ifd. nay be
det er m ned.
measure the RBS using a DUT that is known to have very little or no loss. Any slope
or variation in the measured RBS level may then be attributable solely to the
photoreceiver. The slopes or variations in the RBS level from the known DUT may
15  then be subtracted from the measured RBS level from the unknown DUT to correct
for the photoreceiver frequency response non-linearity. This correction of the
photoreceiver frequency response non-linearity is described in more detail below with
the aid of FIGS. 4-7.
FIG. 4 illustrates an optical device analyzer 600 that can be used to correct for
20 the photo photoreceiver frequency response variations. The optical device analyzer
600 is similar to the one shown in FIG. 1 in that it includes the interferometer 302 and
the photoreceiver 304. The TLS 322 and the optical polarizing beam splitter 330 are
also present, but the DUT 314 has been replaced by an unknown DUT 602 and a
known DUT 604. The known DUT 604 preferably includes an optical device such as

25  alength of optical fiber 608 that has very little or no loss. A connector 606 connects

14



The PDL determ nation is graphically illustrated in FIGS. 9A-B, where two
‘charts of the RBS neasurenents are shown. In FIGS. 9A-B, the vertical axis
represents the nagnitude of the reflections in dB and the horizontal axis
represents the 25 length along the optical fibers. The spike 1000 in the

m ddl e of each chart 20 corresponds to the DIJT 906. As can be seen, the
difference in RBS levels in the top chart (FIG 9A) represents two tines

t he maxi num | oss determ ned by the data processing nodule 916. On the other
hand, the difference in RBS levels in the bottomchart (FIG 9B) represents
two tines the mninumloss determ ned by the data 5 processi ng nodul e 916.

The PDL can tdieRnder helopfich R6E 608 1d MNelit¥RerdhdlerBl: ARleomt bdaRsHor 610"

Loss,a", In addition, Raylelgh backscatter |evels can vary depending on the

type of fibenehgffles thsothdtdhEtthophral FBLIF0BON (1) above. Therefore, RBS
| evel s that are neasured w thout knowi ng the capture ratio S and the

attenuation coef f TGk RAkthdf He obfk@l A8kr o Mould B8 tongRNough Stdhithat TheJhrgPEOUS
connector | oss neasurenents. This scenario is denonstrated in FI'G 10A-B,

where two di fifgriiihedcy Rifefim @ilmélhfdﬁ%ggoﬁ'ﬂiqﬂn B fhe pR6tBrebeiRe- The

connector 1100 is known to have about | oss. wever, the RBS | evel
from FI BER B 303 k9 Wngth cin G&aivuﬁ&arfmmﬁafohb@in?%@ahs&el from FI BER A
Therefore, a direct calculation of the connector |oss using the RBS 15

|l evel s woul d erroneously result in a 0 dB I(}ss t hrough the connector, as
shown in FIG 10B. In accordance w L se+ddif enbodi nents of the i @ention,
a lookup table is used to store the par8metérs (e.g., S) c~ R-9) for
different kinds of fibers. The |ookup table can reside, for exanple) in the
si gnal proceddierege imihe spaed oftlighhin & ypawm; gp is theeroup isdexapbtransmissian ¢ he

| ookup table can then be used by the data processing nodule 916 to

cal cul at e t henediysr Gp thinease, Kiber)] &7 is| the fotal measurenfenbtimetfy fscthe bighest beat en
spatial resolution using Equation (1). The cal culated RBS | evel s may then
be used to offfeqeancy pfintersats andddl isRBStotab frequencyspancaf dedTLSN¥22e xenpl ary | ookup
table is shown in Table 1 below. As can be seen, there is a 1.0 dB

di fferencl® i n RBShbadditiparto the3atrve) therdptital device BEStyBr 60@ljfurther ingludesea neasur ed
RBS by 1.0 dB results in a connector |loss of 0.5 dB. Fiber T}/ aSaR, ~

(dB) ASI al - 116ESAlprocesIRIBH|612. 0Bhessignalrpressing unit 612 is gtherwise similar to the

signal processing unit 306 of FIG. 1 except for the presence of calibration modules

614a and 614b. The calibration modules 614a and 614b perform the task of

correcting for photoreceiver frequency response non-linearity on the acquired data.

15  This task may be performed either immediately after the data is acquired by the data
acquisition modules 336a and 336b, or after some other task.

In operation, the unknown DUT 602 is disconnected from the interferometer

302, while the known DUT 604 is connected to the interferometer 302, The TLS 322

is then swept at the sweep rate of interest over the wavelength range of interest. The

20  RBS from the known DUT 604 is acquired by the data acquisition modules 336a and

336b, then temporarily stored by the calibration modules 614a and 614b. The known

DUT 604 is then disconnected from the interferometer 302, and the unknown DUT

602 is connected. The RBS from the unknown DUT 602 is then acquired. The

calibration modules 614a and 614b subsequently subtract any slopes or variations in

15



As will be recognized by those skilled in the art, the innovative concepts
‘described in the present application can be nodified and varied over a w de
range of applications. For exanple) although the calibration nodul es and
the sweep non linearity correction nodul es have been shown i ndependently
fromeach other) in sonme 10 enbodi ments, they both nmay be present in the
sane heterodyne optical device analyzer. Accordingly, the scope of patented
subj ect matter should not be Ilimted to any of the specific exenplary

t eachi ngs di scussed, but is instead defined by the followng clains. 22

WE CLAIM 1 1. A nethod of de-enbeddi ng optical conponent characteristics

from 2 opti calpRNs GRadiPehfenfsSITRRY EnoWs DNIT B6W 1r6h GRe RBS Kifeasthdrfdnts(SBR .

conprising: 3 sweeping an optical signal at a predefined sweep rate over a

predefined 4 yauehanBUT @198 this ]gieéy,eeﬂé RES i CofEed forP Ay pidtsleivef  an

optical conponent; 6 obtaining a fréquency domai n average or a frequency

domai n | east $Qn6y fesfonde ﬁ&.tn.ies}ay.ﬁﬁfﬁe Bdtrefell RBS! HASthed bdigse@ by thedata

conponent; 8 determ ning an optical conponent characteristic fromthe

frequency don?}daes%inamaﬁ@wfode&ﬁmﬁéﬂqmagyvmmekssst square fit; and 10
de- enbeddi ng the optical conponent characteristic fromthe optical device

11 measuregents. INgn-liddafity"Rhy @lo de GRéERtNE the TES atesiliding W& mBh-Gorstaet RBS i s
detected using 2 an optical interferonetric analyzer. 1 3. The nethod

according to %@ég;ma?e. BRBepChdh-lindsritd Ifi tRETLS QaRdRY preading BRHRCHeRks &iaf C

I ncludes a predeterm ned one of transm ssion |oss, optical reflectivity, 3

and di sper si Ofeprekertt reflebfons B {he AptRACHHer | R of sihefd AdcBhtinhity Bf feflBEtioR AR/ | Si NG

defining a data 2 w ndow around the RBS on both sides of the optical
conponent, ang siaglle Bedt 'ﬁ@&leﬁfﬁig lé@egtewaccuaﬁlgd@mmwgrg@iwﬁomeh A6E RASRed he
abl e

nunber of data points avai or averagi ng.

non-linearity of the TLS, the beat frequency may actually contain a spectrum of

10  frequencies, as shown by the example in FIG. 5. Consequently, it can be very

difficult to locate the true discontinuity or reflection accurately. Referring to FIG. 5,

the vertical axis represents the magnitude of the reflections and the horizontal axis

represents the length along the optical fiber. The peak 700 has spread (indicated

generally at 702) such that it is difficult to determine the precise peak location. One

15  way to correct for sweep non-linearity is to track the sweep non-linearity of the TLS

using a reference interferometer. The output of the reference interferometer may then

be used to resample the output of the desired interferometer to correct for the sweep
non-linearity.

FIG. 6 illustrates an optical device analyzer 800 that is capable of correcting

20  for sweep non-linearity in the TLS. The optical device analyzer 800 is similar to the

one shown in FIG. 1 in that it includes the interferometer 302 and the photoreceiver

304. The DUT 314, the TLS 322, and the optical polarizing beam splitter 330 are also

present. A length of optical fiber 802 carries the optical signal from the TLS 322 to

the target interferometer 302. The optical fiber 802 is coupled to a second length of

25 optical fiber 804 by an optical coupler 806. The optical coupler 806 divides the

16



1 5. The nethod according to claim2, further conprising adjusting the 2
wavel ength range of the optical signal to increase a spatial resolution of
the analyzer. 1 6. The method according to claim2, further conprising
correcting for 2 photoreceiver frequency response variation using a
reference device under test. 1 7. The nmethod according to claim2, further
conprising correcting for 2 sweep non-linearity in the RBS using a
reference interferometer. 1 8. The nethod according to claim1, further
conprising varying a 2 polarization state of the optical signal and

determ ning an optical conponent 3 characteristic for each polarization
state. 1 9. IhGaERAtGR BRI Y922 fiotha bl Rogtht bt Bitica AP EDZ P BDL F aCt i ng
a 2 mnimum val ue the optical conmponent characteristic froma fraxi num
val ue of the opL . cal o I SLT G rya pe @ _polarization
dependence oﬁ? hsg&or%?ioggi 4 cg%)gng%é %&Ea@%eﬁu&?i %:{.Eﬁai trfﬂog [Fﬁaémmet hod

accor ding t O Rldmhcher $0£" %3 dbiiéined) SlfTh B iRl Yo ihidfFrerondZRE|aGH R Val Ue Cf

the optical conponent characteristic are determ ned using presel ect ed

one of a J On&%vﬁg& b % p&}ﬂqm@ciwﬂ %?]6, %l;hiéﬁaﬁugj Be J@nb%omaéhotopecéﬁer si-mﬁr met hod

according to claim8, erein the step varying a pol arization state is

per f or Meds USidif GndHoWlic FIS, 11 Whd difut GNP HHORIARIVEICS 101iTiHddeliter deiteLt PU
power profile of the polarizes for each polarization state, and adj usting

the 4 opticapy GORPAEMHisitidRMEEAE RIS WitfichUBhy e la GonPbhiBhH! dafmhuaaﬁg&i le. 1

12. The nethod according to claim1, further conprising storing

i nformation {ngﬁlgggigx}ifa? ?(mhﬁgﬂési shidin {ni M8 £ %@, inQBkhe I%mbéél}nﬁms,%éiddgi n%nt he

i nformation ust the optical conponent characteristic.

optical devi E&u@ﬁ@hmmefsqé ntd§ Be ¥'pdrfofdi daftb Eﬁ}sﬁéﬁlﬁ%{;u@ﬂ& &Ir@as the

phot or ecei ver,” t interferoneter recelving an si gnal at

predefined sygepqdisitRhendauRE 3552 RAESRD LPLIG. WaTRE 80 EOmthd\@% {cG@Fian opti cal
source) and the photoreceiver 4 detecting RBS in a conposite signal from

the intelfer aamhes12 & AERprvided to DsighabprocddingiM®24si Ng unit configured
capture RBS on both sides of an optical 6 conponent fromthe photoreceiver

and to transfor miesigidiprobdasing hit $1478 sidREPdothé Hgnal bmeisﬁlgq.uﬁ RGY oflOMAI N;
and 8 a data processing nodul e configured to determne a Trequency donain

average 9 fofyd HexE2pbroR thedprésbiRe oL RFlp AOMIBACArtyRBREctiDA Hididbled (SNC)Bi6d he RHS. 1
14. The opti cg d)évi ce ar??lr;zer accordi ng toy(?'laai m 13, V\/nee(r eirz the data 2

processi ng nRd18bi Srhb 4ivképeronaReLrity ubiegktibd md@lIy §icd and B16Wpdrforh thomPonent 3
characteristic based on the averaged RBS or the |east square fit. 25 1
15. The opti@a ofRbiredting fos w&F RdReshity dn tRe aiLBT 32214 ThihG&iintayt e Opti cal
2 conmponent characteristic includes a predeterm ned one of transm ssion

| 0sS) opis CaperfRrm@f ik iiminieliateBN ol i 15 Fasal 9 acqiirelOby e daRtdcqasiticEVi Ce

anal yzer according to claim14) wherein the data 2 processing nodule is
further confmedin@d3sPamdsset)oethdr Benddthéréak conmponent 3 characteristic from
optical device neasurenents that include the optical conponent 4
characteristic. Inloperafithg aipbptieal sigeal iis swaprahty  elesifsdCHVetp N@tet Oveelari m 14,
wherein the data 2 processing nodule is further configured to define a data
wi ndow ar oungtedefitedRB&vetength ragelbysth€l FES 322t The optidat signat dngietdedby tiend t o
adjust a size of the data w ndows to 4 increase the nunber of data points
avai | abl e f ogptieal @oupderr8g6 into the optical fiber 802 and 804. Because the signals originated

20 from the same TLS 322, the divided signals will have identical sweep non-linearity (if
any) relative to each other. The optical fiber 802 and 804 carry the divided optical
signals to the target interferometer 302 and the reference interferometer 808,
respectively. A composite signal from the reference interferometer 808 is then
provided to the photoreceiver 810, resulting in a beat signal having a number of beat

25 frequencies. This beat signal is subsequently acquired by the data acquisition module

17



1 18. The optical device anal yzer according to claim13, wherein the data 2
‘processing nodule is further configured to adjust the wavel ength range of
the optical 3 signal to increase a spatial resolution of the optical device
anal yzer. 1 19. The optical device analyzer according to claim 13, further
conprising 2 an optical polarizing beamsplitter configured to split the
conposite signal into 3 orthogonal pol arization conponents. 1 20. The
optical device analyzer according to claim19, wherein the signal 2
processing unit is further configured to square the polarization conponents
and to add 3 the squares to obtain a polarization-diverse signal. 26 1

21. The opticgly PNl 6&uAELbAE Sk G Refipndlide® 16 R Srad protBRingi unitt i@ signal 2

processing unit is further contigured to correct for photoreceiver
frequency res . LAt [ € Egﬁ!l&pm 816 .1 22,
The opti cal dgge??:glsgtﬁé%ﬁ%@&@%?%ﬁ%@qgﬁﬁg , \\/(\:}%er el n tr?é gﬁgef erence
devi ce under t Al |.C I I . : e hi ghest
3 beat frequegnl§§' f‘ égqja{afnggﬁeh@%gp rS g‘fn({nll ng\&rg‘?ﬁ@e&ueg%gért&cau%gﬁgﬁqnﬁde%ency of
t he 4 photorece;. 230 ot ' Vi 1:FAG G ré%f'@&i o claim
13) wherein t gﬁgﬁgﬁhﬁwzgﬁP%@§§§?ﬁ qﬁﬁigﬁisq‘%?ﬁﬁgyaﬁgm I gare tébcorrect
for sweep n0ngbiNRRkL ¥nd fi6b BEME B 50 Uhi€ 814'Srfd6ts For'thd Seap f6n-

i nt erferongt QPJ?A“F24.£¥He o%pﬁcgﬁggﬁégl}og%sa%g#lyzer accgrdri ng topcfnai m 13,
wherein the qhggﬁ%ogmgﬁqgggging unit is further configured to correct for
sweep non-linearify in the optical 3 source using a wave neter. 1 25. The

opti cal device analfiyd SRl BBulifh b Melint3 inWpSEBkEr 8052 Uhldriedy 2 devi ce

anal yzer is an opti cal eronetric analyzer. 1 26. The optical device

anal yzer accoggj fisk@asd Rikdntéto debcf fWRkp fsHRehrity RIthe TRSPRL AThe Sitpit O
varying a pol arization state of the optical sighal, wherein the data 3

processing rm&uh@wh&n{ewrtnh?rbeqam b,gu;e%eépondigt;@m} RErrétRoR Holaied saNPonent 4
po

characteristic for each arization state. 1 27. The optical device

anal yzer ggcodndigéb foQofrbcd FdF'swep noh-Bh&ty ifl Medarget MitereRsmétBBoapdUl € is
configured to subtract a m nimum val ue of the optical 3 conponent

characteristic frouga7mRlisiaed wabhag of thd) REIO ineastirentéatd O/ ithe? target
characteristic to deternmine a polarization dependence of the optical

conponent 5 GhRfeekelet 383, CThelchéd® in FIGE 7P bilnblal todBY Eia® iR FIGYZ @keepE el di NG T O
claim 27, wherein the 2 mnimum val ue and the maxi num val ue of the optical

conponent chaypRG8i8g 762 e RI'sWeep AGLIRERLY s bieh RErréttddl €&Lh eGLIEAROPRKOT a
(ones matrix and a Mueller matrix nethod. 1 29. The optical device anal yzer

accordi ng to wbad nowlRoredheaneddfinkdie data 2 processing nodule is configured
determ ne an output power profile of the polarizer 3 for each polarization

state, angsto adj WStorifien Pa¥aimetel thap PR eNtimprenephreiia shd perfwinagetdfe 4
out put power profile. 1 30. The optical device analyzer according to claim

14, wherein tdpics netddtksds pul@afon degendétt loss g{mg.rmngéanqesmitifgmmdumrst ore
information regarding different optical 3 fibers in a | ookup table, and the

dat a processidngledpélished tsnnédiérs B tonfiesd lopitdl Bélide® ASigled polished-coringétors
information to adjust the optical conponent characteristic. 28

are often used because of their very low return loss. However, connecting an angled

polished-connector to a flat connector can result in PDL levels that can adversely

20  affect the overall peﬁommce of the optical network. Therefore, to be able to

properly analyze a device, the PDL level of each optical component must be

accurately de-embedded from device measurements. In accordance with

embodiments of the invention, Rayleigh backscatter is used to measure the PDL

levels.
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1 31. A nmethod of de-enbedding optical conponent characteristics from 2
‘optical device neasurenents using Rayl ei gh backscatter (RBS), conprising: 3
sweepi ng an optical signal at a predefined sweep rate over a predefined 4
wavel ength range; 5 detecting the RBS on both sides of an optical conponent
using an 6 interferonetric analyzer; 7 adjusting a wavel ength range of the
optical signal to increase a spatial 8 resolution of the analyzer; 9
obtaining a frequency domain average or a frequency domain | east square fit
10 for the RBS on both sides of the optical conponent; 11 determ ning an
optical conponent characteristic fromthe frequency domain 12 average or
the frequency dongi ¢ S WhoEEmblaty &Pg icH G £ddh 16 i cal
conmponent cha_racpzfr(}?st?@%artomt emgﬁ{yi' ?:a d%e\% cenﬁzﬁneasureneg%%l@'.&tl 32. The
met hod accor gypg 1"11% og,h@ah Bevide antfI54r oD if Hﬁmil&’r%'tﬁ{‘bptﬁﬁr&%@%ufm 800
characteristic Tncludes a predeterm ned one of transm ssion 10ss, optical
reflectivity, 3 d.di_sper si ; [ n i m 31,
further coon’F%iﬁm‘S" @éﬁ%ﬂgb@&fggggglsﬁ%gﬁa g&n‘gﬁ%ﬁéﬂﬂB%%%og%t si des of

the optical coERGRGIN. AR'AN HA! dulh B fledRlarip@ o0k lE il ovitegyhe O

i ncrease the Aunber ata polnts aval or averaging. 4. The

met hod acgor gl DaLrdferds! 3%5%3;#}‘ dnBptibYF opRiTRhk S IAPBUE X0k §F LdnREktddb tife

phot orecel ver requency response vari ation using a ref erence devi ce under

test. 29 1te§t5§rm;r§'fb 8%@‘?&1?@&&9&&11 8, UFheODBT Sa,]in_ thid r&&,e'it%cﬁﬁgpf\@oﬂ ng

correcting for weep non-Tinearity 1n the RBS using a reference

i nterferonet : t i i ,ﬂ&%at fEhe§ONPri si ng
varying a 2 %’pg%ioggpﬁl%gﬁgﬁt 29 g?@ﬂgﬂ%pwg%rgogna{aﬁ}l%n etde%r ér}%eﬁi ng an
optical conp hakR& RS twald 0 i Y . 37. The
met hod accor g@ﬁg&?%lgl al m&s‘%{%u&lpg %ai?l&ggﬁs%glhis}l E‘S‘E g%@%"r‘%%"?‘%%‘ﬁ“gz"am ni mum
val ue of tNeaBRlhe HhedeNUHRAR Y0} (CHBVAES Rl the bitical Pl g BRA BT z0C Of the 3
optical conponent characteristic to determ ne a polarization dependence of
the optiggl 4n&QPRRIEHe dplic wwiﬁgzﬁdaﬁ,-spﬁuégsonca%wmh@Eaa{zdﬁ@g to claim
37, wherein the mnimmvalue and 2 the nmaxi mum val ue of the optical
conponent chahagk flchifér 30424 ﬁ@éeﬁ‘s'é&rb?%@(i]ghﬁl' Precedsing PHESE. eAtvaenater Of a
tones matrix and a Mieller matrix nethod. 1 39. The method according to
claim3C, whoifidives a8 aStRRnQf unitofol bitgosks éf Bsiediing? Ridep Rofliddadity. STRET f or ned
using a polarizer, further conprising determ ning an 3 output power profile
of the pol ar yafdmetd?" 9RACIErRBAMAsUBRntANY Théll @meaRsheish Ust kD refeRnée Opti cal
conponent characteristic using the output power profile. 1 40. The nethod
accordi ng t Ojngdrfdtdietod B0S (486 WIEK 6)conpri sing storing 2 information for
different optical fibers in a |ookup table, and using the information to 3

adj ust the optican dpenmenand pelirienod® virksithe paltrizatdbr@®FAthe optical signal

from the TLS 322. A control signal from, for example, the data processing module
916, increments the polarization state of the polarizer 902 for each sweep of the
optical signal. When the optical signal passes through the angled polished-connector
908, a different amount of loss will be incurred for each polarization state. The
20 connector loss is measured by the signal processing unit 910 for each sweep.
Specifically, a data processing module 916 of the signal processing unit 910 measures
the connector loss using Rayleigh backscatter in a manner similar to that described
previously with respect to FIG. 6. The data processing module 916 then determines
the PDL by subtracting the minimum loss from the maximum loss. The difference

25 between the minimum and maximum losses is the PDL of the DUT 906.
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. A9Rht RQCLX"" z| | S\ *b~xsni d*XS] caU] calU] ca] cTa] ca] ca] caV] ca] caV] ca] caV] ca] ca]
ca] ca] ca] ca] ca]ca]ca] ca U] c”a]ca]ca] ca]ca] ca] cral] cal] cal cal] ca bol KR

The number of polarization states, hence sweeps, that is used can be selected
as needed and should be sufficiently large to ensure an accurate maximum and
minimum loss. Preferably, all possible polarization states are used for a given sweep
wavelength range. In some embodiments, however, rather than stepping through a

5 large number of polarization states, a Jones matrix, Mueller matrix, or the like may be
used to determine the maximum and minimum losses.

In some embodiments, the data processing module 916 is further configured to
determine the output power profile of the polarizer 902 for each polarization state.
Ideally, the output power of the polarizer 902 should be constant for all polarization

10 states. In actuality, however, the output power of the polarizer 902 will vary
depending on the particular polarization state selected (due to variations in the
polarization of the optical signal from the TLS 322).
To determine the output power profile, a photoreceiver 918 may be connected
to the optical coupler 904. The photoreceiver 918 is similar to the photoreceiver 304
15 described previously, and is configured to receive the optical signal from the polarizer
902 via the optical coupler 904. The output of the photoreceiver 918 is then captured
by a data acquisition unit 920. Data from the data acquisition unit 920 is thereafter
provided to the data processing module 916. The data processing module 916 uses
this data to determine the polarizer output power profile for each polarization state.
20  The output power profile may then be used to adjust the RBS measurements for each
polarization state, respectively. In this way, a more accurate PDL may be determined.

The PDL determination is graphically illustrated in FIGS, 9A-B, where two
charts of the RBS measurements are shown. In FIGS. 9A-B, the vertical axis
represents the magnitude of the reflections in dB and the horizontal axis represents the

25 length along the optical fibers. The spike 1000 in the middle of each chart
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109% ()-1 @ 0
T0%! (§) 10%%?'3{%138%&?? E%Glg%ﬁ% )w11 %ﬁk”‘l%%%e’fst S0 T3 f(%%k() P 100& () -

Tove () - cx GBS B 75 “Sefondl SBeget 180 S ATBYR )Y %5 P e ()- 1 510
bl MoaVK@ 10 p}edd? Yth RBS level from FIBER B is about 1.0 dB higher than the RBS level
from FIBER A. Therefore, a direct calculation of the connector loss using the RBS
15 levels would erroneously result in a 0 dB loss through the connector, as shown in FIG.
10B.

In accordance with certain embodiments of the invention, a lookup table is
used to store the parameters (e.g., S, @, Rass) for different kinds of fibers. The lookup
table can reside, for example, in the signal processing unit 912 of the invention. The

20 parameters in the lookup table can then be used by the data processing module 916 to
calculate the appropriate RBS levels for each fiber type for a given spatial resolution
using Equation (1). The calculated RBS levels may then be used to offset the
measured RBS levels as needed. An exemplary lookup table is shown in Table 1

below. As can be seen, there is a 1.0 dB difference in RBS between FIBER A and
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FIBER B. Adjusting the measured RBS by 1.0 dB results in a connector loss of 0.5

dB.
Fiber Type S a Ress (dB)
A S a; -110
B AYS az -109
C S3 (24} - 1 08
TABLE 1

As will be recognized by those skilled in the art, the innovative concepts
described in the present application can be modified and varied over a wide range of
applications. For example, although the calibration modules and the sweep non-
linearity correction modules have been shown independently from each other, in some

10 embodiments, they both may be present in the same heterodyne optical device
analyzer. Accordingly, the scope of patented subject matter shoulld not be limited to
any of the specific exemplary teachings discussed, but is instead defined by the

following claims.
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1 1. A method of de-embedding optical component characteristics from
2  optical device measurements using Rayleigh backscatter (RBS), comprising:
3 sweeping an optical signal at a predefined sweep rate over a predefined
4  wavelength range;
5 detecting the RBS on both sides of an optical component;
6 obtaining a frequency domain average or a frequency domain least square fit
7  for the RBS on both sides of the optical component;
8 determining an optical component characteristic from the frequency domain

9 average or the frequency domain least square fit, and

10 de-embedding the optical component characteristic from the optical device

11 measurements.

1 2. The method according to claim 1, wherein the RBS is detected using

2  anoptical interferometric analyzer.

1 3. The method according to claim 2, wherein the optical component
2 characteristic includes a predetermined one of transmission loss, optical reflectivity,

3 and dispersion.

1 4, The method according to claim 2, further comprising defining a data
2 window around the RBS on both sides of the optical component, and adjusting a size

3  ofthe data windows to increase the number of data points available for averaging.
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1 6. The method according to claim 2, further comprising correcting for

2  photoreceiver frequency response variation using a reference device under test.

1 7. The method according to claim 2, further comprising correcting for

2  sweep non-linearity in the RBS using a reference interferometer.

1 8. The method according to claim 1, further comprising varying a
2  polarization state of the optical signal and determining an optical component

3  characteristic for each polarization state.

1 9. The method according to claim 8, further comprising subtracting a
2 minimum value of the optical component characteristic from a2 maximum value of the
3 optical component characteristic to determine a polarization dependence of the optical

4  component characteristic.
1 10.  The method according to claim 9, wherein the minimum value and the

2 maximum value of the optical component characteristic are determined using a

3  preselected one of a Jones matrix and a Mueller matrix method.

24



100 100LMNOOOOOPzodY: 100F 10%@& ()- 10g 10g 10gS; 10%& ()-!' @
-10%g9&' ()-!,' @10% ()-!' @ @ 10%&' () - PQRQRQAQ R~RAEdY:
100S109%@&' () - 10%@& ()-109%@& ()-109%@& ()- 10%a& ()-Ys
10%a&' () - ~RS%I{ TTU UdEdY:
100yf/ " 10%@& ()-s-10%@& ()-+10%@& ()-y) 109%@& ()- ' 10%@& () - Y10%@&' () -1 UUUU;
VWWIIE: / 10@ 10@5; 10%a& () - &910%a& () - S3710%@&’ () - S510%@&’ () - L310%@&' () - Y1
10%@&' () - VWKYZ\ | JE:/ 10@ 10@ @@ 109&' ()-!N@ 10%&' ()-!3 , 10%z& ()-!'#"3 ,
10%& ()-!'63 , 10%& ()- 10@\]]]]] "~ @10@ 10&109&' ()-f3 MLOY' ()- 10z 10z
10z, ; 10% & ()-1&10%& ()-! @10%z& ()-""& m_ "\ "dE~_@

1 11.  The method according to claim 8, wherein the step of varying a

2  polarization state is performed using a polarizer, further comprising determining an

3 output power profile of the polarizer for each polarization state, and adjusting the

4  optical component characteristic using the output power profile.

1 12.  The method according to claim 1, further comprising storing
2  information for different optical fibers in a lookup table, and using the information to

3 adjust the optical component characteristic.

| 13.  An optical device analyzer for use with an interferometer and a
2  photoreceiver, the interferometer receiving an optical signal at a predefined sweep
3 rate over a predefined wavelength range from an optical source, and the photoreceiver
4  detecting RBS in a composite signal from the interferometer, comprising;

5 a signal processing unit configured capture RBS on both sides of an optical
6 component from the photoreceiver and to transform the RBS from the time domain to
7  the frequency domain; and

8 a data processing module configured to determine a frequency domain average

9 for the RBS or a frequency domain least square fit for the RBS.
1 14,  The optical device analyzer according to claim 13, wherein the data

2 processing module is further configured to determine an optical component

3 characteristic based on the averaged RBS or the least square fit.
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2 component characteristic includes a predetermined one of transmission loss, optical

3 reflectivity, and dispersion.

1 16.  The optical device analyzer according to claim 14, wherein the data
2 processing module is further configured to de-embed the optical component
3 characteristic from optical device measurements that include the optical component

4  characteristic.

1 17.  The optical device analyzer according to claim 14, wherein the data
2 processing module is further configured to define a data window around the RBS on
3 both sides of the optical component, and to adjust a size of the data windows to

4  increase the number of data points available for averaging.

1 18.  The optical device analyzer according to claim 13, wherein the data
2 processing module is further configured to adjust the wavelength range of the optical

3 signal to increase a spatial resolution of the optical device analyzer.

1 19.  The optical device analyzer according to claim 13, further comprising
2 an optical polarizing beam splitter configured to split the composite signal into

3  orthogonal polarization components.

1 20.  The optical device analyzer according to claim 19, wherein the signal
2 processing unit is further configured to square the polarization components and to add

3 the squares to obtain a polarization-diverse signal.
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3 variation using a reference device under test.

1 22. The optical device analyzer according to claim 21, wherein the
2 reference device under test is an optical fiber having a length such that the highest
3 beat frequency resulting therefrom is at the upper cut-off frequency of the

4  photoreceiver.

1 23.  The optical device analyzer according to claim 13, wherein the signal
2 processing unit is further configured to correct for sweep non-linearity in the optical

3 source using a reference interferometer.

1 24.  The optical device analyzer according to claim 13, wherein the signal
2 processing unit is further configured to correct for sweep non-linearity in the optical

3 source using a wave meter.

1 25.  The optical device analyzer according to claim 13, wherein the optical

2 device analyzer is an optical interferometric analyzer.

1 26.  The optical device analyzer according to claim 14, further comprising
2  a polarizer for varying a polarization state of the optical signal, wherein the data
3 processing module is further configured to determine an optical component

4  characteristic for each polarization state.
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1 27.  The optical device analyzer according to claim 26, wherein data
2 processing module is configured to subtract a minimum value of the optical
3 component characteristic from a maximum value of the optical component
4  characteristic to determine a polarization dependence of the optical component

5 characteristic.

1 28.  The optical device analyzer according to claim 27, wherein the
2  minimum value and the maximum value of the optical component characteristic are

3 determined using a preselected one of a Jones matrix and a Mueller matrix method.

1 29.  The optical device analyzer according to claim 26, wherein the data
2  processing module is configured determine an output power profile of the polarizer
3 for each polarization state, and to adjust the optical component characteristic using the

4  output power profile.

1 30.  The optical device analyzer according to claim 14, wherein the signal
2 processing unit is further configured to store information regarding different optical
3 fibers in a lookup table, and the data processing module is further configured to use

4  the stored information to adjust the optical component characteristic.

28



D10%@& ()-#3D m[:-@O0 ,; 109 ()-( #10%&' ()-( '10%& ()-( 109& ()-(
109 () - 109& () -' QA@O0 =~ 109% ()- =~ 109%& ()- = 109& ()- 3S10%& () -
109&' ()-1010X% [: AGO /10%&k' ()- +109& ()- 9%AO0%& ()- "310%& ()- =~ 109& ()-
©109% ()-p vU410 Y10%& ()- Y10%& ()- | 10%g& ()-101010 ; 10%& ()-
310%&' () - Vf ?BCDE{| obU410 | 3 10%g& ()-10910gl10q S; 10%9& ()- 3s-10%& () -
F#10%& ()- F10%& ()-{CGD [:-410q f;10%& ()- 3/10%& ()- F10%& () -
F10%9& ()- F10%& ()- 110%& ()-Wwta@10g 10%& ()- 109%& ()- ,109%& ()-!
, 10%a& () - 109%&' ()-10910gqU14567| [ NA410101010 ; 10%& () - y/ 109%&' () -
y/ 109%&' ()- -109%&' ()- YHO0% ()-7#|[: NA41010 /-109%&' ()- -10%& ()- 9Y40%& ()-
109%& () - , 109 ()-31." 10%@iethod#afiibdnibetdidg) optdR céhponertOlitacieristics from
&10%&' ()-101010 ;10%& ()- 310%& ()-avu4l0 @10%& ()-T @10% ()-T @
109%&' () - T1910dfticalldi¥ie Measuyehidts uing Rhyleighldekschttel (RBS) Jompdisih@%&' () - @
10% ()-T @10% ()-T @I10% ()-T @10% ()-T36789vU410 @ 0% ()- @O0%
& ()- 3910%& () - 10skeeping ;ahO3gkicd] ) signkl/ 10 ¥ dprédefintdy{wedy Wit Qoves A1pdefindd
5109%&' ()- +109& ()- 10%& ()-'10% & ()- 10%& ()-y|Jy{Z9vU410 s910%& () -
5109 ()- 410%&clongthlafgd: ()-!10% & ()- ,;10%& ()- Normal" "Heading 13]c"
"Headi ng 23] c" "Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading 63]c"
"Headi ng 78] c" " Hedethcting 8B4 RBS' Kdaatothgsi@ed] of An" bBticalllcompiiieAQ s an
Font ni W/ 6=DLSZbi qyd-) D6E8| bA2XEU ju' |l 0
hj V* A" (*, . ¢ 1r ih@feroméirid daalgkdd\\ "\ ~ @d, f gj | Q uz}' o*n{ 7#y| 6Ti nes New
RomanAri al Courier New'h Root EntryWrdDocunent $
" #SU& () *F, - . [ 0123jUsfing39: wavelength range of the optical signal to increase a spatial
<=>?@A\BCDEFGHI JKLMNOPQRSTUVWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{|}~

8 resolution of the analyzer;

9 obtaining a frequency domain average or a frequency domain least square fit
10  for the RBS on both sides of the optical component;
11 determining an optical component characteristic from the frequency domain
12 average or the frequency domain least square fit; and
13 de-embedding the optical component characteristic from the optical device

14 measurements.

1 32.  The method according to claim 31, wherein the optical component
2 characteristic includes a predetermined one of transmission loss, optical reflectivity,

3  and dispersion.

1 33.  The method according to claim 31, further comprising defining a data
2 window around the RBS on both sides of the optical component, and adjusting a size

3 ofthe data windows to increase the number of data points available for averaging.

1 34.  The method according to claim 31, further comprising correcting for

2 photoreceiver frequency response variation using a reference device under test.
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35.  The method according to claim 31, further comprising correcting for

sweep non-linearity in the RBS using a reference interferometer.

36. The method according to claim 31, further comprising varying a
polarization state of the optical signal and determining an optical component

characteristic for each polarization state.

37.  The method according to claim 36, further comprising subtracting a
minimum value of the optical component characteristic from a maximum value of the
optical component characteristic to determine a polarization dependence of the optical

component characteristic.

38.  The method according to claim 37, wherein the minimum value and
the maximum value of the optical component characteristic are determined using a

preselected one of a Jones matrix and a Mueller matrix method.

39.  The method according to claim 36, wherein the step of varying a
polarization state is performed using a polarizer, further comprising determining an
output power profile of the polarizer for each polarization state, and adjusting the

optical component characteristic using the output power profile.

40. The method according to claim 33, further comprising storing

information for different optical fibers in a lookup table, and using the information to

adjust the optical component characteristic.
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