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Abstract. Optical low-coherence interferometry is one of the mosidigpadvancing measurement techniques. This techniquapalie
of performing non-contact and non-destructive measurémed can be used not only to measure several quantities,ssutdmperature,
pressure, refractive index, but also for investigation mfier structure of a broad range of technical materials. Wesgmt theoretical
description of low-coherence interferometry and disctssimique properties. We describe an OCT system developedriDepartment for
investigation of the structure of technical materials. tdev to provide a better insight into the structure of inigged objects, our system
was enhanced to include polarization state analysis clifpabMeasurement results of highly scattering materiaty €LZT ceramics and
polymer composites are presented. Moreover, we presergureaent setups for temperature, displacement and rig&#@utlex measurement
using low coherence interferometry. Finally, some advdrdetection setups, providing unique bene ts, such as nadaction or extended
measurement range, are discussed.

Key words: low-coherence interferometry (LCI), optical coherenceagraphy (OCT), polarization-sensitive OCT (PS-OCT).

1. Introduction 2. Analysis of two-beam interference

Low-coherence interferometry (LCI), also known as white2-1- Two-beam interference { time domain description.
light interferometry (WLI), is an attractive measurement€l US consider interference of two beams emitted from

method o ering high measurement resolution, high sens® quasi-monochromatic light source located at a point P, i.e

tivity and measurement speed. Unlike classic interfereypet & Source for which:

where ambiguity of measurement result often exists, LCI can < o 1)

provide unambiguous (i.e. absolute) measurement redult r& here:
. ; : . i ere;

atively easily. When implemented using optical ber, low-

coherence interferometers can perform remote measurement

whose results are independent from external disturbambes.

{ spectral width of the source, { mean frequen-

We introduce an analytic sign¥ll associated with electric
eld vector E of a beam

principal objective of interferometry is the measuremeht o r
the optical path di erence (OPD) of interfering beams and o 4 4 o
determination of the values of the physical quantities Wwhic E@Q )= " —ReV(Q: )] @

give rise to measured OPD. First reports of optical ber im- here'E = iEi ; hich th | Eisd
plementations of low-coherence interferometers appemedw_ erg. = JE, Q { plomt _at whict t _evafue 0 dl's eter-
1986 [1]. Since then several sensors of physical quantitie@Irle 1 {ime, * { electric permittivity of a medium, {

such as temperature, pressure or refractive index, have bégagnetic permittivity of a medium. Intensity of ligh(Q, t)
developed ' ’ at pointQ can be expressed as:

Low-coherence interferometry has found a widespread use [(Q;t) =<V (Q;t) V (Q;t) >; 3
in optical low-coherence re ectometry (OLCR), employed to _ ) )
measure optical return loss of optical ber systems, to feca Where:< ::: > denotes time averaging over a period much
re ective features in these systems as well as to determif@"9er than the period of any component of the signal, symbol
the re ectance of these features. Attained spatial regitis ~ Means complex conjugate value. _
on the order of micrometers [2]. Applied to two-dimensional Analytic signal of beams whose electric eld vectors are
measurements, OLCR forms the basis of optical coherenEa andEz, interfering atQ, can be written as:
tom_ogra_lphy (QCT) { a method allowing non-destrug_tive in- V(Q:t)= KiVi(Pit  L1=9+ KoVo(Pit Lo=0: (4)
vestigation of internal structure of a broad range of biaab
and technical objects [3]. Currently, a rapid progresskinta  where:L,, L, { optical paths of the rst and second beam,
place in LCI, OLCR, and OCT. respectivelyc { vacuum velocity of light,K 1, K, { complex
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constants describing the attenuation of respective bedms, Then intensityl (Q, t) becomes:

V, { analytic signals of respective beams. @
Using mutual coherence functiony( ), de ned as: 1(Q; 1) = 11(Q; )+ 12(Q; t)  2K1K:2Re @2 12()
12( ) =<VaQt+ ) Vo (Qit) > (5) (13)
where: = L=c { delay between interfering beamsL =  Where: % +
L, Lq, intensityl (Q, t) is given by [4]: L 2 _
2 VI bisg v [4] 11(Q;t) = K? —@%/(P; )t — ; 1=152
HQ) = 1(Qi) + 12(Qi)+2Rd 1()]; () @ c a
wherely, |, { intensities of the rst and second beam, re- ) ) )
spectively. and coherence function;o( ) is calculated inP, rather than
Similarly, autocorrelation functions; ( ), can be de ned N Q as it was in (6).
as: It can be shown that (12) and (13) reduce to (4) and (6),
i()=<Vi(Q:it+ ) V (Q:t) > @) for a quasi-monochromatic source.
’ 1 1 1
wherei = 1;2. 2.2. Two-beam interference { spectral domain description.
Introducing the complex degree of coherengg( ) de- Equations (6) and (9) are fundamental equations describing
ned as: two-beam interference of quasi-monochromatic optical sig
_ 12( ) . nals in the time domain. Spectral densiti®g(Q, ) and
12()= pP————+= (8)
11(0) 2,(0)° S22(Q, ) are Fourier transforms of autocorrelation functions
equation (6) can be rewritten as: () and 2( 1) of respelctlve beams, viz. 7]
Si(Q; )=F *f j ;o i=1; 2 15
1(Q: )= 11(Q; )+ 12(Q; 1) Q) 19 4o
9) whereF If :::gdenotes inverse Fourier transform. Similar-
D 9)
+2° 14(Q; t) 12(Q; )R 12( )]: ly, mutual spectral density (or cross-spectral densitylds
ned as
For a quasi-monochromatic light whose central frequen- 1 o o
cy is o and condition (1) is ful lled, the complex degree of Sj (Q: )=F *f j()g ) =1;2 16 (16)
coherence 12( ) becomes: Following, normalized mutual spectral density (or mutued d
()= 2Oexdl (12() 2 o) (10) gree of spectral coherence) is de ned as:
S ;
where ua( )= P _lZ(Q ) — 17
2()=2 o +ard ()] (11) 5:(Q ) SAQ: )

, ) whereS; andS; { spectral densities of the rst and second
The complex degree of coherence( ) is proportional to beam, respectively.
the visibility of the interference fringes [4]. Applying Fourier transform to (6) or (9) we obtain a for-

In recent years optical sources have been developed, {15 describing interference of two beams in the spectral
which (1) is no longer valid. Having coherence length of the,;4in:

order of several micrometers, these sources use non-linear o ) )
phenomena in bulk materials, waveguides or in optical bers S(Q )= SuQ )+ S(Q )

{ especially in photonic crystal bers and holey bers [5]. p - — . .
The spectra of such sources are so broad that the dependencéL2 SUQ ) S(Q Djuz(icos[2() L
of K1, K5 in (4) from optical frequency has to be taken intowhere:

account in any description of interference with these sesirc 12( ) = arquaz( )] (19)

Such description can be relatively easy formulated in tke fr 5g { phase di erence of interfering components of fre-
guency domain, as shown in the following sub-section. In th&uency of both beams.

time domain the formulation becomes overly complex. Ongyten, especially for a Michelson or Mach-Zehnder interfer
of few exceptions is a case where the transmission coe C'e’Bmeter, we have
increases linearly with optical frequency, e.g. when pBirg

(18)

placed in a center of a pinhole and interference takes piace i SUQ ) S(Q )= S(Qr ) (20)

apointQ inthe far eld. Then the analytic signal becomes [6]:and (18) becomes:

V(Q, t) - K-l_@vl P, t E +K-2_@V2 P, t E : S(Qa ): SO(Qa )f1+JU12( )J COS[ 12( ) ]g (21)
@t @t (12) It should be noted that (6) and (9) are valid only for

quasi-monochromatic sources, while the spectral dens8y (

where:K'1, K> { complex constants describing the attenuatioris valid for both quasi-monochromatic and broadband saurce
of respective beams'1, K, are proportional to the optical Investigating interference of beams from broadband saurce
frequency of the signal. one can in principle use (13), but comparing it with (18) or
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(21) it can be concluded that the spectral description is lesvhile the spectral domain description covers a more gener-

complicated. It is also worthwhile to note that mutual deal case of broadband beams. These descriptions provide the

gree of spectral coherenae,( ), given by (17) and complex insight into operation and unique features of sensors,ce e

degree of coherence»( ) given by (8) are related [8]. tometers, and OCT systems discussed in the following sec-
Let us consider interference of two beams at the output ¢ibns of this paper.

a Mach-Zehnder (or Michelson) interferometer, whose com-

plex amplitudes can be expressed as: 3. Optical low-coherence re ectometry

Vi( )= Ai( )expliL: ()] . The main objective of optical re ectometry is measurement
Vo( )= Ax( )expliLz ()] (22)  of the total loss of the optical system, location of re eetiv
features, such as discontinuities and inhomogeneitiesgpit
whereL 1, L > { optical path in respective arms of the interfer-jn optical systems and measurement of their re ectance. To
ometer, () { propagation constan1( ), Az( ) { spectral date a several re ectometric techniques have been dewelope
densities of amplitude of the beam&i( )A; () = Si( ),  Apartfrom OLCR, which is discussed in detail later in this pa
i=1;2). per, techniques such as optical continuous wave re ectomet
When spectral density of amplitude of the sourcéé¢ ) (OCWR), direct detection optical time domain re ectometry
and spectral transmission coe cients of both arms of the ingDp-OTDR), incoherent optical frequency domain re ectom-
terferometer ard( ), T2( ), the amplitudes (22) become:  etry (I-OFDR), photon counting optical time domain re ec-
_ . tometry (PC-OTDR) as well as coherent optical frequency
V() = Aol )Ty )exp[le 1 )] : (23) domain re ectometry (C-OFDR) have been devised [10].
Va( )= Ao( )T2( )expfiL 2 ( )] Compared to other techniques, OLCR has broader dynam-
Spectral densitys( ) is then given by [9]: ic range of re ectance measurement, can attain high spatial
resolution and its implementations are relatively uncoos

S()= So( )1+ uz( )cos(2 L= ) (24) " ed. An example OLCR setup implemented using ber optics

where: is shown in Fig 1. Light from a broadband source is launched
B . o o into the ber coupler, which divides it into the test and ref-
So( )= Ao( )[T2( )i+ iT20)jL; (25)  erence arm. Re ected from re ective featuR; (re ector)
in the device under test (DUTP(,) and from the moving
L=Ly, Ly; (26) mirror in the reference armP(es ), the light returns to the
coupler, where it is coherently combined, and illuminates t
and iTo( )T2( )] detector.
upp( )=2 )2t 27)
JTl( )JZ + JTZ( )JZ ;"l')'o-,l:-*I
Total intensity! of interfering beams can be found by inte- Fiber Olptlc L RURy R
grating (24) [9]: ource C"“P e Test Arm
= st e DI e AR R
0
which in the time domain can be written as: Fig. 1. Schematic diagram of OLCR

1) = Toll+] 22( )jcos(2 o 120 DI (29) Interference component of the signal corresponding to
where: th re ector in the DUT will be observed by the detector only
2 when the absolute value of the optical path di erence betwee

lo= Ao )?[jT( )j?+ jT2( )j%ld; (30) the light re ected fromR; and from the mirror is smaller than

the coherence length. of the source.

An important parameter of a re ectometer is its spatial
12() = Epfj Ao( )j?Ta( )T, ( )g; (31) resolution z. In re ectometry one-point and two-point res-
lo olution is used. One-point resolution is the resolutionhwit

0

which a single re ective feature can be located. Two-po@str
12()=2 o +argl 22()]; (32)  olution is the shortest distance between two re ectivelfezs
andFf :::g denotes forward Fourier transform. (usually of equal re ectivity) which are still resolved bye
Since the time domain and spectral domain descriptiorgystem. The two-point resolution is a convenient perforeean
are complementary, equation (29) can also be derived froBgnchmark and it depends on the spectrum of the re ected
(6) and (9). signals incident upon the detector. For quasi-monochriemat
Presented formulas form a concise description of the tw@ources, this dependence can be expressed as [10]:
beam interference in the time and spectral domain. The time )
domain description is valid for quasi-monochromatic beams z= 2_ng, Lei (33)
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where:ng { group refractive index of the DUTL . { co- The receiver noise can be expressed as thermal noise in
herence length of the source. Coe cient depends on the a resistance-limited receiver with transimpedaRge viz.:
spectrum of the light and equals 1.38 for a Lorentz spectrum,

. 4kgTB
1.32 for Gaussian spectrum and 1.20 for rectangular spectra &= in (40)
density. €
The photocurrent at the detector is given by: where: kg { Boltzmann's constant,T { temperature,B {

bandwidth of the detector.

The photon shot noise is caused by the quantization of the
light. Thus, random arrival of photons results in noise that
can be expressed as:

p—— .
lg= (Px+ P+ Pn+2 PiPmj 12( )jcosko L 120 )
(34)

where: { detector sensitivity,Px { optical power inci-
dent on the photodetector backscattered from the DUT where $h=2j0 1B (41)
j Lj>L¢, Pr { optical power incident on the photodetector
re ected from the reference arm of the interferometey,

{ optical power incident on the photodetector backscadereE
from the place of the DUT wherg Lj L, ko { mean

where: q { the charge of an electron,qc { mean detector
hotocurrent.
Xcess intensity noise is a product of random arrival of pho-

wavenumber of the optical source, { optical path di er- tons from the broadband, incoherent light source and isgive

by [11]:
ence between the reference arm and measurement arm. B
In most implementations of OLCR systems the mirror in 2= 21+ (P + Py)r— (42)
the reference arm is translated with constant spgedh such
a case interference fringes appear on the detector at a &opp¥here:  { degree of the polarization of the source, {

frequencyf p given by: e ective spectral width of the source.
o Two kinds of detection setup { balanced or unbalanced {
fp= —7; (35) can be employed. When balanced detection is used, the ex-
0 cess intensity noise is suppressed. Such a system is shown in

where o { mean wavelength of re ected light. Since re- Fig. 2. When the signals are subtracted in the balanced de-
ectors for which  L>L. do not contribute to the interfer- tector the intensity terms are cancelled while the interiee
ence signal, the useful interference signal can be obtdiged terms remain. The cancellation of the intensity terms @rpla
band-pass Itering the signal from the detector. Such Jterwhy the excess intensity noise is suppressed. Howeverethe r
ing removes also 1/f noise and drift, markedly improving thenaining interference term gives rise to another noise sourc
signal-to-noise ratio§NR of the system. It can be shown { beat noise { described by [11]:

that maximum measurement sensitivity can be attained when B

using a bandpass Iter which has central frequefigyand 2,=2 2(1+ ?)PPy—: (43)
bandwidth f given by [10]:

- 2V |

Hence, in a balanced system the total photocurrent noise is
T (36) replaced by:

: FT Gt St ke (44)
An envelope detector connected to the output of the lter
produces a signal whose amplitude is proportionaRsz, Therefore, by using a balanc_ed detection, the excess mise i
whereR; is re ectivity of i-th re ector. reduced down to the beat noise level.

From (34) follows that amplitude of the interference com-
ponent can be increased by increadigallowing the use of
this technique even for Rayleigh back-scattering measeném
The main limitation of the sensitivity level of low-coheten

U)l,l‘
measurements depends on B8R given by: C°
Isz ]RL\T
SNR = — (37) '

where:

e=2 " PP (dicoske L 12( )] (39)

is _the signal phOtOCU”ent_ or the interference term cpfa_nd Fig. 2. System with balanced detection. LS { light source1BBS2 { beam-
i is the input-referred variance of the photocurrent whiah casplitters, M1, M2 { mirrors, Sl { sensing interferometer, znfeasured dis-

be expressed as: placement

2 2, 2, 2 . .

' th™ sh™ ex (39) From (34) follows that any changes of the intendity
where: 2 { thermal Johnson noise,?, { shot noise, and 2,  of the source appear as disturbances of the acquired inter-
{ excess noise. ference component. Principal sources of these changes are
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backre ections into the light source, vibration and noisekp a)
up. Using a balanced detection, measurement of interferenc
componentl s (see (38)) with respect tby results in low
signal-to-noise ratio that cannot be easily improved [1£2].
a band-limited signal is to be acquired (e.g. in low-coheeen
interferometers) a method based on subtraction of phodedio
current can be used, whose example implementation is shown
in Fig. 2 [13, 14].

Part of the optical power emitted by the source LS, sam-
pled by beam splitter BS1, is incident on detectar, Which
produces currernity 1, forcing currentsc; andic, of transis- b)
tors Q and Q. Detector B, illuminated by the light from the
sensing interferometer Sl, produces currigiat The current-
to-voltage converter based on operational ampli er éon-
verts the di erence betweeit, andip; into voltageUqt:

Uout= Rr(ic2 ip2): (45)

Feedback loop, consisting of the inverting integratortuil
with operational ampli er A, followed by the R, R, di-
vider, maintains the ¢xs base potential at the level at which
the DC components dt, andip, are equal. Equality of DC
components of these currents guarantees subtraction fom i ©)
of all components related to uctuations of the power of the
source LS. Therefore, the current at the input of the cufrent
to-voltage converter is a high-pass lteregh iwith removed
those noise components that result from the excess noise of
the light source.

This detection method not only o ers substantial improve-
ment in signal-to-noise ratio, but it allows sources hawng-
stantial excess noise, such as supercontinuum sources, to b
used in low-coherence interferometry.

Fig. 3. Schematic diagram of a low-coherence interferometisplacement

4. The application of low-coherence sensor (a), detection setup with processing in the phase)(tdomain (b),
' detection setup with processing in the spectral domainSEk}, sensing in-

interferometers as sensors of selected physical terferometer, PI { processing interferometer, z { measuisplacement
guantities

Low-coherence interferometry can be used in sensors #fl. Optical processing in the phase domainProcessing
several physical and chemical quantities. Such sensors pgé the optical signal in the phase (or time) domain is well
dominantly use two-beam interferometers i.e. Mach-Zehndelescribed in literature (e.g. [15]). An example detectietup
Michelson or low- nesse Fabrydtot. An example of dis- working in the phase domain is presented in Fig. 3b. The pro-
placement sensor using a Michelson sensing interferomeg&ssing interferometer Pl compensates the OPD of the gensin
Sl is presented in Fig. 3a. Light from a broadband source ilnterferometer SI. When the absolute value df is smaller
luminates the sensing interferometer via the lead-in Gére than the coherence length. of the source both beams in-
OPD L between the reference and measurement arm of tkgffere. By introducing a linear scanning of the OPD in the
sensing interferometer depends on the measured displaten@yocessing interferometer, the signal presented in Figs4a
and is selected to be always greater than the coherencélengptained. The fringe of the largest amplitude in the interfe

L. of the source. The light returns from the sensing inteigram, called central fringe, appears foL. = 0.

ferometer via the lead-out ber to the detection setup. 8inc  The main problem encountered in phase domain process-
the L > L (, no interference would be observed on a deing is reliable identi cation of the central fringe. Oftehis
tector placed at the end of the lead-out ber. The detectiotask is di cult as the intensity di erence between the cealtr
setup must introduce additional optical path length dirge fringe and the rst order ones (i.e. those for whicl. = )

in order to make the beams interfere, thereby allowing thise so small that the noise present in the system precludes cor
measured displacement to be determined. This can be accaext identi cation of the central fringe. ImprovinBNR often
plished with a detection setup working either in the phasep to 50{60 dB is not always possible or desired. Therefore,
(time) (Fig. 3b) or spectral domain (Fig. 3c), as discussed ialternative approaches must be employed to address this pro
the following sub-sections. lem.
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a) where:llg =211, ar=2 1 2=( 1+ 2){meanwavelength,
m=2 1 2=( 2 1) { modulating wavelength.

Interference componemt, given by (47) was calculated
for selected sets of wavelengths and coherence lengthsx-An e
ample result of such calculation, presented in Fig. 4b, show
clearly the amplitude modulation of this signal, arisingrir
the use of the two sources. As a result, the amplitude di er-
ence between the centrdb§) and the adjacent §;) fringes
was markedly increased.

Minimum SNRof the system needed for correct identi -
cation of the central fringe is:

b)

SNRmin =

; (48)
lo1
where lo1 = (lgo lo1)=loo. When SNRis greater than
SNRhin , identi cation of the central fringe can be performed
by a simple analog circuit.
Fig. 4. Interference component of a signal acquired by tietesetup from In order to take full advantage of this approach, the authors
Fig. 3b. (a) sensing interferometer illuminated by singberse (Gaussian set out to devise a method of choosing optimal wavelengths
spectral density), (b) sensing interferometer illumidaly two sources 1, 2 for which requiredSNRhas its minimum [17, 18].
For simplicity of analysis the wavelength is assumed
4.2. Identi cation of the central fringe in the interfero- to be xed and the value of, = 1+ , minimizing the
gram. In order to enable the operation of detection setupgquiredSNRis sought. Let us also assume that the coherence
with low SNR, a light source must be used for which thdengths of both sources are equal, i.e.:
di erence between the amplitudes of the central fringe and L= L= Lo (49)
the adjacent fringes is signi cantly greater. Since the am- ol @ “
plitude of fringes is related to the coherence function, thEinally, let us introduce following quantities, shown irgF#b:
coherence function of the source, must fall rapidly when g) |0 = 1,(0) 1. aw=2) { peak-to-peak value of the cen-
j Ljissmaller than few wavelengths and stay below a certain {rg| interference fringe,

threshold (e.gj j < 0:8) everywhere else. Note that this req) |4, = |, an) lad aw=2) { peak-to-peak value of the
quirement does not stipulate that the coherence functisst mu' jnterference fringe of the rst order,

rapidly fall to zero, allowing for several methods of shapinc) |,, { peak-to-peak value of the highest interference fringe
the coherence function. One of such methods is a so-calledqf the next group of fringes.
summation method, investigated by authors in detail in.[16

Being relatively simple and inexpensive, this method uaes t gupposing that:

mutually incoherent light sources having mean wavelengths l10 <1 o1; (50)
1, 2 and coherence lengths;, L respectively to illumi- the SNRis given by:
nate simultaneously the interferometer. 1

SNRmin = (51)

Assuming Gaussian spectral density of the sources, the 10

interference componert. of the intensity at the output of l10 = (loo 110)=loo. However, condition (49) is not

the interferometer illuminated by such a source is given by:always ful lled. Expressing 10 andl o; in terms of it can

2# be shown, that1p( ) is monotonically increasing function,
L 2 L . ) . . .
lacl L)= l1exp > o cos while lo1( ) is monotonically decreasing. Their graphs, ob-
" %1& (46) tained by computer modeling, are presented in Fig. 5[19. Th
L 2 2 L optimum value of is the value for whicHg; = 119 and
+ 12exp 2 Lo cos 3 ; SNRreaches its minimum. Such value always exists and is
C.

uniquely determined.

where:l 1, |, { amplitudes of central fringes for illumination Let us now consider, using (46), the case when condition

with single source, 1, > { mean wavelengths of the sources,(49) is not met, i.e. Lc = Lz Lo, Performed comput-
La, Le { coherence length of the sources. er modeling demonstrated that whemg, is constant o

decreases with increasingL. (Fig. 6). At the same time,
g small increase ilBNRyin with increasing L. can be ex-
pected { as shown in Fig. 7.

For sources having equal intensities € 1,) and coher-
ence lengthsl(; = L = L¢) function (46) can be expresse

as: RequiredSNRcan be reduced by about 30 dB for a source
_ L 2 2 L 2 L. having coherence lengthy; =16 m by introducing the sec-
la L) = loexp 2 L¢ cos " cos ar | ond source of equal coherence lengith = L and wave-
(47) length , = 1+ , as shown in Fig. 7. In principle it is
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also possible to use three or more sources. However, expe$t-is collimated and illuminates the diraction grating. &h
ed further reduction oENRIs relatively small and results in second lens collects diracted light and forms the image of
substantial increase in the complexity and cost of this phrt its spectrum on the CCD detector. Signal from the CCD is

the system [19].

Fig. 5. The variation of normalized fringe intensity; andl 1o with wave-
length di erence for the laser diode type considered after Ref. 19

Fig. 6. The optimum wavelength di erence opt for two laser diodes with
di erent coherence lengths Lc = Lz L1, ( 1 = 635 nm) (after Ref. 19)

Fig. 7. SNRyin as a function of the coherence length dierencd. ¢ =
L L (Ler =16 m) (after Ref. 19)

4.3. Optical processing in the spectral domain.An exam-

digitized and recorded for subsequent processing.
Spectral density of the light illuminating the CCD, given
by (24), can be expressed in terms of wavenunkber2 =

and assuming that;( ) = To( ) = 0:5, andu = 1 (i.e.
intensities of both re ected beams are equal), as:
1
S(k) = ESs(k)[1+cos(k L)] (52)

where: Sg(k) = jAoj?(k) { spectral density of the source,

L { measured OPDk =2 = =2 =c { wavenumber.
An example signal corresponding to a given value df is
presented in Fig. 8.

Fig. 8. Spectrum of light from sensing interferometer froig.RBa recorded
by detection setup from Fig. 3c. The envelope is the spectiithe source,
k' { spacing between adjacent maxima

From (52) follows that maxima in the recorded spectrum
exist for thosek, for whichk L=2 is an integer. Therefore,
the spacing between adjacent maxima is:

k=2 = L: (53)

Consequently, information about measured OPD is encod-
ed in wavenumbek rather than in intensity, making the sys-
tem largely immune to uctuations of the power of the source
and attenuation of the ber optic components of the system.
It is also worthwhile to note that when the spacing given
by (53) is much smaller than the spectral width of the source,
the amount of power reaching the detection setup is almost
independent of L.

Interesting implementations of low-coherence interfero-
metric sensors with processing in spectral domain are de-
scribed in literature. For example, in [20] a sensor capable
attaining 1 nm OPD measurement accuracy without the need
for calibration was described. In [21] sensitivity and aeeu
cy of low-coherence interferometric sensors with detectio
the spectral domain is discussed and the optimal measutemen
range of OPD minimizing measurement error was determined.

4.4. Dispersion compensation in low-coherence interfer-
ometry. Dispersion of refractive index can reduce longitu-
dinal resolution of low-coherence interferometers. Ineord
to mitigate this problem the design of the interferometer
must follow certain guidelines. Furthermore, signal pesse

ple detection setup working in the spectral domain is priesering techniques can further reduce the in uence of dispersio
ed in Fig. 3c. Light re ected from the sensing interferommeteon the measurement. Both these issues are discussed below.
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For most materials their phase refractive indexand is accomplished by ensuring that dispersion in both arms is

group refractive indexig given by: equal, either by using identical components in both arms, or
dk dn by introducing a dispersion compensating element into the
Ng=Cyr=n q (54) reference [24] or measurement arm.

- _ However, in a properly designed interferometer the dis-
where! =2 , depend on wavelength. Therefore, opti- persion introduced by the sample cannot be ignored. This
cal paths in both arms of an interferometer |Ilum|nated W'”?Jispersion is di cult to compensate, because the propertie
a broadband source also depend anWhen optical path f the sample not only depend on the scanning depth but
di erence of interfering beams is a function of, visibility they can vary from point to point and they are not known
of interference component is substantially reduced whi t 5 hriori. While dispersion compensation methods employing
interferometer behaves as if it were illuminated by a sourGg 5 4qditional wedge pair inserted in the reference arr tha

whose coherence Ieggthn is given by [22]: compensates measured object's dispersion can be used, thei

dn 2 performance is far from ideal.
Lm= LZ+ d_gdg : (55) Since dispersion itself does not change the amount of sig-
nal captured by the detector, numerical dispersion cdomct
where: L. { coherence length of the sourcdg { geomet- methods can be applied.
ric distance,  { wavelength span of the source. Since the There are several numerical dispersion compensation
second term under the square root in (55) is never negativeethods described in the literature. A method used in the
Lm L¢, and longitudinal resolution is always reduced. \CLEAN" program uses an iterative point-deconvolution al-
The group refractive inderg can be expressed by a Tay-gorithm developed originally for use in astronomy [25]. The
lor series whose coe cients correspond to consecutive digdeconvolution kernel is derived from theoretical pointesyul
persion orders [23]. It can be shown that depth resolution infunction of a low-coherence interferometer system. It deise
proves when rst-order dispersiotik=d! increases, because on the properties of the system, as well as the scattering pro
of decreasing of the group velocity of a temporal light pulserties of the object under test. Having the estimate of the
with wavenumber&(! ) centered aky. Second and higher or- point-spread function, reconstruction of optical cohegeim-
ders dispersions degrade the measurement resolutiom&ecage is performed. Examined object is assumed to be a collec-
order dispersion of the materials is de ned as: tion of M re ectors with di erent backscattering coe cients.

d o The reconstructed object distributiofz) is
dng _ dn,

d d 2’

For a beam having Gaussian spectrum, coherence length

L. and traveling through distance in the dispersive medi- _ _ _
um, second-order dispersion leads to measurement resolutivhere: (:::) { Dirac delta function,z { the coordinates of

(56)

X
o(z) = bi (2 Zi) (59)
i=1

deterioration by factof (L, = L f) [23]: theith re ector, and ; { backscattering coe cient of the
S ith re ector. From the de nition of the point-spread funatio
472 o2k ? in the linear systems theory image of the object distributso
f = — (57)
L4 di2
Dispersion in low-coherence interferometry is seen as s(z)=  ofz)h(z z)+ n(2) (60)

phase change of light waves exiting the interferometer. The =1
coherence function ( ) of the interferometer is a Fourier where:h(:::) { pulse response of the system(z) { system
transform of spectral densitg(! ): noise.
2 The main goal is to derive the best estimate off)
( + o= S(1)e it ot awe it g (58) from _s(z), by choosing correctvgr!ables de ning point-spread
function to match the characteristics of the system andlthe o
! ject under test.
where ¢ in the coherence function gives rise to phase= Another method uses a space-variant convolution kernel
I . In order to take account of dispersion in the interferomto correct dispersion in low-coherence interferometry][22
eter a coe cient gisp(! ) is introduced which depends on theThis method corrects dispersion by convolving the signal at
properties of the interferometer and the dispersive santiple various points on the axial scan by a point-spread function
can be expanded into a Taylor series, describing the disperswith the conjugate phase to the dispersion:
of material and allowing future dispersion compensation. _ 1 i ocalll ) e
The most important sourcesp of dispersr,)ion in low- loom )= F flioca(! )& =g, (61)
coherence interferometer systems are refractive optmal-c where exponential part is the complex conjugate of the local
ponents (e.g. lenses and beam-splitters), optical berd amlispersion phase coe cient.
other ber optic components. In order to avoid the reduction As we can see, dispersion has a signi cant in uence on
of the measurement resolution, the dependence of the OFEsolution of low-coherence interferometer system [26)- O
in the interferometer on wavelength must be reduced. Thiial correction of dispersion can mitigate the problent,ibu
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di cult to achieve over a long axial scan range. Digital cor- A superluminescent diode (type 481-MP-DIL-SM-PD by
rection can be used to compensate dispersion without sca8uperlum, Russia) with a Gaussian spectral density was used
ning range problem, and also for compensation of higheefrdas a low-coherence source, illuminating the sensing ieterf
dispersions. The calculations can be perforragaosteriori ometer via the ber coupler and the lead-in/lead-out ber.
without increasing the acquisition time. Another advaatey Light re ected from sensing interferometer, which form&th
possibility to change dynamically parameters of competsatoutput signall o, can be processed either in the time or
dispersion without having to re-acquire data. The only disspectral domain. Since in the latter case precision mechkni
advantage is necessity to know dispersion parameters of theanning is not needed and the sensor can be built without
measured object. While measuring biological tissue th@se pany moving components, authors developed e cient tools for
rameters are known, taking the water as a good approximatithe spectral domain analysis [27].

of a tissue. In the future additional algorithms to estintage Spectral density at the input of the optical spectrum ana-
chirp parameters from the image would make the process ger (OSA) can be expressed using (24) as:

digital dispersion compensation more exible and autordate 1

lou( )= 5Ss( )[1+ Vocos( )] (62)

4.5. Fiber-optic temperature sensor using low-coherence 2
interferometry. A ber-optic temperature sensor, whosewhere: Sg( ) = A3( ) { the spectral density of the light
schematic diagram is shown in Fig. 9a, was built. Sensor,heagburceV, { visibility of interference fringes,  { the phase
shown in Fig. 9b, consists of a low- nesse FabrgrBt inter-  dj erence between the two beams re ected from the mirrors
ferometer working in re ective mode and made from a semiof the sensing interferometer. When the light source eisibi
conductor temperature sensing thin Im deposited on the endaussian spectral density, the normalized spectrum ofithe o
of the ber. The two surfaces (\mirrors”) de ning the cavi- put signall .« ) is a cosine function modi ed by the Gaus-

ty are ber/semiconductor and semiconductor/air bouretari sian visibility pro le, as shown Fig. 10. In the limiting cas
whose re ection coe cients are R and R respectively. As of =0 the spectrum is the same as that of the source. If
Ri and R are low (few percent), the nesse of such anin- s increased, the distance between consecutive maxima in
terferometer is low and its transfer function is essentiilat  the spectrum decreases.

of a two-beam interferometer having relatively high cositra

of interferometric fringes.

a)
Fig. 10. Calculated spectral density of the output sidnal )
b)
The phase dierence between the two light beams re-
ected from the mirrors of the sensing interferometer degren
on the temperature. Since both the cavity lengtnd refrac-
tive indexn, depend on temperatufk, can be written
as:
Fig. 9. Schematic diagram of th_e temperature sensor (a)sehsing inter- - o+ 2_ n@x+ X@n T (63)
ferometer (b).E1r; Eg2r { amplitude of wave re ected from the surfaces @T @T

having re ection coe cient R1 andR; respectivelyx { length of the cavity

where: o { phase dierence for a reference temperature

Zinc selenide (ZnSe) was chosen as a sensing matefis, { central wavelength of sourcd, { temperature.

al because of its high thermo-optic coe cierdn=dT The instantaneous value of measured temperatuoan
0:5 10 # K [27]. A thin Im of ZnSe was evaporated on the be determined in two stepst () calculating ~ from the ac-
end of the single mode ber by thermal deposition in a vacquired spectrunh,,( ) using (62), 2 ) calculating ofT from
uum chamber with the base pressure of alul0 © hPa. (63) [28]. Upon closer examination of (62) and (63) authors
Several sensing heads were made with the ZnSe layer havimgted that the shift in temperature changes both the frexyuen
thickness in the range of 4000 nm. The layer thickness of the cosine component &f,; and the positions of its local
and its quality were tested by re ectance spectroscopy dls wenaxima. Therefore, temperatufe can also be measured by
as by Raman and optical microscopy. measuring the shift of a maximum of the acquired spectrum.
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The sensor characterization was conducted in the terber of spectra to accurately reproduce the sensor respanse,
perature range from 25 to 400 with a 1 C step. An An- tensity measurement was performed. The spectrum analyzer
do AQ6319 optical spectrum analyzer was used to acquireas tuned to a xed wavelengthy (i.e. working in the “zero-
spectra of the output signéby( ). Time required for single span' mode) and measuring power of the output sigpal
measurement was in range 0.8{1.2 s. Temperature was deti@ra narrow wavelength span centered aroundp. Fig. 12
mined by measuring the shift of a selected maximum of thehows the signal acquired for one of sensors. The measured
acquired spectrum. The total shift measured for the ingasti response time of the sensors was in the range of: 0.8 to 1.2 s.
ed temperature range was equal to 4 nm, which corresponds Presented temperature sensor has relatively simple con-
to sensitivity of about 0.01 nmC [27]. struction, exhibiting good sensitivity, high resolutiomdeshort

The dependence of the spectra pattern of presented sessponse time. Further research will focus on optimizagibn
sor on the temperature over the range from 30 to @0 its parameters and extending the scope of its use.
plotted in Fig. 11a. Position of the selected maximum of the
spectral pattern as a function of temperature during cgolimt.6. Polarization-sensitive low-coherence interferomey.
and heating is shown in Fig. 11b. It should be noted that thEhe assumption that the states of polarization of intemfgri
change of maximum position per temperature unit is almosteams are identical, used in the previous discussion, is not

constant over the investigated temperature range. always valid. There are two classes of low-coherence inter-
ferometers where this fact must be addressed. The rst class
a) comprises interferometers whose components modify the sta

of polarization (SOP) of propagating beams, thereby redyci
measurement accuracy. The second class comprises interfer
ometers measuring the re ectance of objects modifying the
SOP of the re ected beam.

In the interferometers belonging to the rst class, stable
SOP of propagating beams is obtained by using components
modifying the state of polarization in a well de ned way.
Such interferometers, whose example is presented in Fig. 13
are referred to apolarization interferometers

b)

Fig. 13. Displacement sensor using polarization interfeater. LS { light
source, BS { non-polarizing beamsplitter, WP { Wollastonspr, M1, M2 {
mirrors, L { lens, DS { detection setup, z { measured displaeat

Light from the source LS polarized circularly or linear-
Fig. 11. (a) Measured spectra pattern change with the chafngenperature; ly at 45 to the plane of the gure propagates through the
(b) Measured temperature dependence on the maximum positispectra beamsplitter BS and is incident on the Wollaston prism WP.
pattern That prism, acting as a polarizing beamsplitter, divides th
beam into two beams { the measurement beam polarized in
the plane of the Figure and the reference beam polarized per-
pendicularly to that plane. Both beams propagate through th
lens L, which makes them parallel, and are re ected from mir-
rors M; and M, respectively. The beams return through the
lens L and fall on the Wollaston prism. The Wollaston prism
WP combines both beams. Subsequently, they are re ected
by the beamsplitter BS to the detection setup DS, where they
interfere and yield intensity that can be described by (&); s
ilarly to that at the output of the Michelson interferometer
Fig. 12. The response time of the sensor during cooling fra® 25C  Since the SOP of both beams is stable, interference contrast
Vo remains constant, and the measurement accuracy does not
The time response of the sensor was investigated by sutegrade with changes in the measured quantity (exg.
jecting it to a step change of temperature from 2250 25 C. Interferometers belonging to the second class, such as that
Since the spectrum analyzer could not acquire su cient numpresented in Fig. 14, must measure re ectance accurately fo
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any SOP of the re ected beam. This is accomplished usingiways be obtained from (64) and (65). Moreove¢z) and

a light source LS whose output has electric eld componentyz) can be expressed in terms of the phase and magnitude
Ex andE, of equal magnitude, together with a polarization-of received signal$y (z) andly(z) as [29]:

diversity detection setup (i.e. a detection setup capditpemn

ducing interference signals for any SOP of the measurement (z) = arctan jIV(Z)J: : (66)
beam). I1x(2)]
5 ' (2)

(2)= S (67)

where  (z) { phase di erence between received signals dur-
ing sample scanning at depth
In some applications, more information about polarizing
properties of investigated sample is needed. In such a case
a Jones or Mueller matrix of the sample is determined us-
ing a setup similar to that presented in Fig. 14, in which
the measurements are performed for di erent SOPs of the
measurement beam. The Mueller matrix is preferred, as the
Fig. 14. Low-coherence interferometric sensor used foectvity measure- Mueller formalism describes a broader class of objects and
ment. LS_{Iight source, BS{non—po!arizing beamsplitteB®{ pc_)larization the Jones matrix can always be calculated from the Mueller
beamsplitter, M { mirror, DUT { device under test, RF { re ective feature, . . . .
D1, D2 { photodiodes, DS { detection setup electronics. Only oneative mamx when the ass_ur_nptlon_s of the Jones formalism are valid
feature was shown for clarity reasons (i.e. for non-depolarizing objects).
Mueller matrix is a 4 4 real matrix which can be deter-
Light from LS is divided by the beamsplitter BS into themined in four measurements performed with a beam whose
reference beam and the measurement beam. The referefi€P is described by Stokes vect&s, Sy, Sp, andS, :
beam is re ected by mirror M. The position of M can be 2 1 3 2 1 3 2 1 3 2 1 3
varied, as indicated in the Figure, in order to introduceetim
HES B

delay in the reference beam. The measurement beam entt§r|§: - § 0 z; S = E 0 z
the DUT and propagates in it. Part of the beam is re ecte 0 0 1 0
from re ective features RF (e.g. material discontinuijiesd 0 0 0 1
returns towards BS. (68)

BS combines both beams and re ects them to the polar-
izing beamsplitter PBS, in which components of both beamghere:Sy { linear horizontal SOPSy { linear vertical SOP,
polarized in the plane of the Figure are re ected to detectdpp { linear polarization at 45 andS, { left circularly state
D, and those polarized perpendicularly are transmitted to def polarization.
tector B,. Respective components of both beams interfere on Each measurement yields a Stokes ve&o(i = 1 :::4)
the detectors giving rise to two optical signals whose feter whose elements are calculated by using magnitude and phase
ence terms (for left-hand circular polarized light sourcaye of I andly [30, 31]:

intensitiesl, andly given by: 2 .
p = Ix)+ ly)
@)= 2 cos( (@) | ()i cos@ 0); (64) 3:§“w44gf z; (69)
2_jIxj jlyjecos( ")
ly (2) = pml sin( (2)) 2 dbisint)
Y 4 ° (65) where;jly.y j { magnitude of the received signals, { phase
j (Jjcos2 o += 2 (2) ; di erence between the received signals. Mueller mabvixis
2 calculated by solving the following system of equations:
where:R(z) { re ectance, | s { intensity of the light source, 8
(z) { angle between the fast axis of the birefringent sample 3 Ru M Su=35;
and thex axis of the coordinate system( ) { degree of co- Rv M S/=5, (70)
herence of the broadband light sourcd,time delay between 3 Re M Sp=5 '
beams received from the reference arm and the measurement " RL M S =S,
arm, o { mean frequency of the source,(z) { retardation
angle. where:M { Mueller matrix of investigated sample,; S, {

From (64) and (65) it can be seen that for arfg) and Stokes vector of backscattered light from the sampg,,
(2) (i.e. for any SOP of the measurement beam) at least oRg/, Rp, andR_ { The Mueller matrix of the optics used to
interference signal is detected. Therefore, re ectdR¢e) can  synthesize required SOP.
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5. Optical coherence tomography R(x, y, z) is obtained. The choice of a particular type of

Optical coherence tomography, pioneered by Huang and ceanning depe_nds on the requirements of the application and
workers in 1991 [32], is probably the fastest developingd el tYP€ Of the object.

of low-coherence interferometry. After more than a decade o 1 N€ optical signal re ected from the DUT (see Fig. 14)
an contain power re ected from several re ective features

research, OCT is most widely applied is medicine [33, 34 : : X
where it is used as one of medical imaging techniques [3RF Present in the sample as well as ambient light. There-

At present, OCT is used in three dierent elds of optical ©0re: intensity of the optical signal re ected from the poin
imaging: in macroscopic imaging of structures which can byhmh re ectance measurement is perfqrmed (i.e. the useful
seen by the naked eye or using low magni cation, in micro_—s'gnal? can t_Je several orders of magmtude_ lower than total
scopic imaging using magni cations up to the classical timintensity of light re ected from the DUT, which may result
of microscopic resolution and in endoscopic imaging, usintj} Signi cant degradation of th&NR Preserving a goo8NR

low and medium magni cation [35]. Also increasing interest'€cessitates the use of relatively advanced processiig tec
in using OCT for measurement of nonbiological objects (e.d!dues: When depth priority scan is used, moving mirror in
ceramics [36{38], anticorrosion layers [39], syntheticire _he reference arm (or moving sample in the measurement arm)
paint on wooden surface [40], polymers [41, 42], composit@tmd“ces a poppler shift Qf the freql_Jency of the re gct_ed
materials [43, 44], papers [45, 46], optical bers [47], andsignal { c.f. Fig. 14. Magmtude of this frequenc_:y shift is
micromechanical elements [41, 44]) is observed. Using OCTP (S€€ €d. (35)). When signals from both arms interfere on
to investigate properties of technical materials is thefacea e detector, spectrum of the electric signal is shifted by

of the authors' research [16{18, 27, 48{54]. Therefore, the measured signal can be extracted using a band
T pass lter centered atp and having an adequate bandwidth
5.1. Scanning and detection in OCT systemsOptical co-  f. This makes the depth priority scanning the most often

herence tomography uses OLCR combined with one- or twéise€d scanning mode in OCT systems.
dimensional scanning to acquire two- or three-dimensional However, when measurements are conducted only for
optical image of the internal structure of the investigated Points laying on a certain constant depgh or on the surface,
ject. Depth scanning is performed by OLCR (in the time oflepth priority scanning is inconvenient and time-consigmin
frequency domain) while transverse scanning is done mechdf such a casen facescanning is the fastest and most con-
ically (i.e. by translation or goniometric stages). Depiagd Vvenient method. Unfortunately, since in tea facescanning
on the order of scanning individual points in the examinethe mirror in the reference arm is stationary and the inves-
object, it is possible to distinguish three types of scagnin tigated sample does not move in the direction of the mea-
depth priority (F|g 153), transverse priority (F|g ]_5[])3)’] surement beam, there is no Doppler shift, the spectrum of
face scanning (Fig. 15c). the useful signal overlaps with that of the unwanted signal
An OCT system working in the depth-priority mode perand the former signal cannot be extracted by ltering. The
forms a series of depth scans along the z-axis (also kno/ame situation exists when transverse priority scannipgts
asA-scan$ with OLCR for a number of points whoseco- formed.
ordinate is varied while thg coordinate is kept constant, as A solution to this problem is using an acousto-optic mod-
shown in Fig. 15a. Repeating this process for di erent valulator (AOM) in one of the interferometer's arms, introdugi
ues ofy yields re ectanceR(x, y, z). The transverse-priority @ constant frequency shift of few kHz in the respective
scanning is performed by conducting a series of scans aloR§am, as shown in Fig. 16. As a result, the spectrum of the
a line parallel to thes axis while varying depth, as shown in  €lectric signal corresponding to the useful signal is edift
Fig. 15b. Re ectanc&k(x, y, z) is obtained by repeating this by ~ , and again can be extracted using a band-pass Iter
process for di erent values of. Finally, theen facescanning [41, 55]. Since it is di cult to build an AOM operating in the
is done by conducting a series of scans along a line paralléiiz range, desired frequency shift is obtained using a fair o
to they axis while varyingx, as shown in Fig. 15c. By re- AOMs driven with high frequenciet, andf,, as shown in
peating this process for di erent values of depthe ectance Fig. 16.

Fig. 15. Types of scanning in OCT
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a) Inside the sample the transverse resolution can be beteer du
to then-fold reduction in the wavelength, viz.:

4 o
NA n’
wheren { the phase refractive index. In some cases the trans-
verse resolution is worse than that given by (72), since the
light re ected from the sample back to free space is a ected
by di raction or by refraction on irregular features of thers
face. Full analysis of this problem will not be presenteceher
as it is well beyond the scope of this paper.

b) The magnitude of the interference component recorded
by the OCT system is also a function of the states of polar-
ization of beams interfering on the detector. This magmtud
has its maximum when both states of polarization are iden-
tical, and falls to zero when they are orthogonal. Since sev-
eral types of measured media may alter the state of polariza-
tion, reliable measurement of the magnitude of the re ected
signal necessitates the use of solutions that make the mea-
surement independent from the state of polarization of the
beam re ected from the investigated sample. Such solugon i
the polarization-sensitive OCT (PS-OCT) system, desdribe
in the following sub-section.

X = (72)

Fig. 16. Con gurations of OCT systems using acousto-optioduiators. ~ 2-2- POIQrization'.S?nSitiV.e optical coherence tomOQr.th
(a) Michelson interferometer con guration, (b) Mach-Zelen interferom-  Polarization-sensitive optical coherence tomographyis af
eter con guration; AOM1, AOM2 { acousto-optic modulatorBS1-BS4 {  the OCT variants which is capable of analyzing the state of po
beamsplitters, PP { dispersion compensating pristagl ") { sPiting 1514, a4i0n of the light backscattered from investigategeob
ratio R X . . i
In contrast to conventional TD-OCT, in which the intensity
Ef received interference signals is recorded, PS-OCT dscor

Scanning techniques which perform depth scanning (i.€. . . . .
9 d P P g Wo or more signals corresponding to the anisotropic struc-

A-scan of an area of the sample, rather than a single poin

have also been devised [56{59] An example setup using thlgnre g;ﬂ ;;Y:r?t('jgaéfqtmgs;g.gio’_I_?]Se]'a-[gls mef[hOd Ilms_eioltas
technique, known as full- eld OCT, is presented in Fig. 17. pofarizal Versity lon. 1 1alysis 1S out
using Jones or Mueller formalism, in which the polarization

properties of the sample are described by the depth-resolve
Jones matrix or depth-resolved Mueller matrix, respeltive

If the sample under test is non-depolarizing, it can be com-
pletely characterized by either Jones matrix or Muellerrirat
(both methods are equivalent in such a case). A setup of PS-
OCT, which can measure both Jones and Mueller matrix, is
presented in Fig. 18 [53].

Fig. 17. Full-Field OCT; BS { beamsplitter

Two key parameters of OCT systems are longitudinal res-
olution and transverse resolution. Longitudinal resolutof
an OCT system is identical to the resolution of the interfer-
ometer used in that system, as was discussed in detail in sec-
tion 3 (see eq. (33)). Transverse resolution is determiryed b
numerical aperture NA of the optics focusing the light on the

investigated sample and by wavelength On the surface of 18, PS-OCT with bal 4 detecti e for Jonesbzatd Muell
: .18. PS- with balanced detection system for Jonesbnaatd Mueller
the sample transverse resolution can be expressed as [60{ atrix determination; P { polarizer,= 4 { quarter-wave plate, NPBS1,

4 . NPBS2 { non-polarizing beamsplitters, PBS1, PBS2 { poladzbeamsplit-

X = NA (71) ters. VP1, VP2 { variable waveplates, PP { dispersion conspéing prisms
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This system has been developed in Department of Opiterference signals. This can be described by equatidjs (6
toelectronics and Electronic Systems, Gda«sk University @nd (67) [64, 65]. Some examples of local anisotropy exami-
Technology by the authors. Contrary to TD-OCT the lighhations have been presented in Fig. 19.
backscattered from the sample and light re ected from the
mirror is recombined and subsequently separated by the PQy)
larization beam splitter into orthogonal components which
are incident on two balanced receivers. Each balancedwecei
er consists of pair of photodetectors (Detector 1 and 2 lgelon
to the rst balanced receiver and Detector 3 and 4 belong to
the second one { see Fig. 18). In order to increase the signal-
to-noise ratio, low-noise balanced receivers have beed. use
The con guration of the system without variable waveplate
VP units (Fig. 18) can perform polarization state analysis d
rectly according to Jones formalism. When Mueller matrix
elements are measured, four di erent states of polarimatio
of the light, synthesized by VP units, must be used in the
system.

Presented system can work with di erent types of light
sources in the wavelength range of 850{1700 nm. During ourb)
research, we utilized a SLD source (type 481-MP-DIL-SM-
PD by Superlum, Russia) and supercontinuum photonic ber
source (type Ultra-Broad Light Source TB 1550 by MenloSys-
tem, Germany). The PS-OCT features, for both source types,
are presented in Table 1.

Table 1
PS-OCT features

Feature Value
Balanced detectors (type 2017 Nirvana by New Focus, USA)
Wavelength range 800{1700 nm

Common mode rejection 50 dB

Max. AC conversion gain 1068 viw

CW saturation power 0.5 mw Fig. 19. Measurement results of backscattered light froertga-wave plate
Current noise 15 pA/J Hz sample, (a) intensity, (b) retardation angle of backseadtdight

3 dB bandwidth 150 kHz

SLD source (type 481-MP-DIL-SM-PD by Superlum, Russia)

Center wavelength 975 nm
Optical source spectral width 36 nm
Optical source power 3 mw

Depth scanning resolution 10m

Measurement dynamic range 72 dB

Supercontinuum photonic ber source
(type Ultra-Broad Light Source TB 1550 by MenloSystem, Gamng)

The characteristics presented in Fig. 19 were obtained for
a quarter-wave plate sample (QWP). This device was assem-
bled from crystallite quartz and magnesium uoride plates
separated by a bonding layer. The distributions of maxima
(marked as Y1 to Y4) at the intensity plot (Fig. 19a) deter-
mine the thickness of those layers. Based on retardatidiesing
of back-scattered light (Fig. 19b) it is possible to detereni
the birefringence of the investigated object. The di ererof

Center wavelength 1550 nm amplitudes of the peaks determines the retardafia) pro-
Optical source spectral width 400 nm  vided by the sample. The retardation angle between front and
Optical source power 42 mW rear surfaces of the QWP (level di erences between the rst

Depth scanning resolution 4m
Measurement dynamic range 92 dB

and the last peak) was equal to 2.94 rad and it is close to the-
oretical value rad (i.e.2 =2 rad { since the light passes
twice through the waveplate).

Non-depolarizing non-dichroic material can be analyzed If the device under test is a depolarizing material, its prop
as an optical retarder. Therefore, the fast axis orienmtati@) erties can only be described using the Mueller formalism,
and retardation anglgz) provided by the sample completelyin which Stokes vector and Mueller matrix provide a com-
describe the birefringence of the investigated materieit&® plete characterization of polarization properties of tiedent
parameter calculations are performed using the Jones Formbght and investigated sample respectively. Early redeart
ism and the state of polarization of the light does not nee@CT with polarization state analysis according to the Marell
to be changed by the VP unit (Fig. 18). Théz) and (z) method was carried out using OCT system setup presented in
are determined by analyzing magnitude and phase of receiveig). 20 and described in [30, 31, 66].
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water layers. The three-layer glass sample does not hase bir
fringence properties and does not provide any retardation o
optical signal. The state of polarization was measuredhfer t
light re ected back from each layer surface. The test rasult
were presented in Fig. 21b. Each peak determines the value
of retardation angle of the back-re ected light. Those peak
have a similar value of retardation angle, therefore, tieen®
retardation provided by the layers of the investigated samp
The reasonable variation of the retardation angle is thdtres

of measurement error and numerical errors in polarization

Fig. 20. PS-OCT setup for Mueller matrix measurements, P lanxation .
9 P e state analysis method.

plate, HW { half-wave plate, QWP { quarter{fwave plate, VP {nable wave-
plate, PP { dispersion compensation prism, NPBS { non-jmileg beam-
splitter a)

This system utilizes the polarization plate, half-wavegla
and quarter-wave plate to introduce four needed polaczati
states of the incident light on device under test. For each of
these states of polarization the variable wave plate isstetju
to achieve four di erent polarization states of the lightided
through the reference arm, resulting in sixteen combinatio
of the states of polarization. Intensity of the recombirigttl
beams from reference and measurement arms is measured for
all these combinations. Based on obtained results, akeixt
elements of Mueller matrix can be determined according to
formulae described in [66].

During our research we proposed a PS-OCT system with
polarization diversity detection provided by two balanced b)
ceivers. By using this system it is possible to determine all
sixteen Mueller matrix elements based only on four measure-
ments. Similarly to the method presented before, thesesstat
of polarization are synthesized using variable wave plates
(Fig. 18). The Stockes vector of backscattered light from th
sample is calculated for each of measurement scans, acgordi
to equation (69). Based on those Stockes vectors it is dessib
to determine all 16 elements of depth-resolved Mueller imatr
by solving equation system (70).

5.3. Experimental results. To date our research has been

concentrated on polarization sensitive analysis usingesion

formalism. Recently, we have investigated dierent types _ _ _

of materials including multilayered transparent sampled a F9- 21 A-scanof the g'azicskz’:;'t‘;:é st b) retardation angle of

highly scattering materials. In this paper we present tesud- 9

tained with one-dimensional A-scan measurements and two-

dimensional transversal scanning method. The plots presented in Fig. 22a and b show the test results
obtained for thin layers of a PLZT ceramics samples. Mea-

A-scan measurements.As an example, we present tests resured intensity of backscattered light is presented in Edg.

sults of multilayered glass sample and PLZT ceramic. Thim the Figure it is hard to resolve the two maxima whose

rst sample consists of three layers of borosilicate glasgs-s spacing is equal to the thickness of the ceramic Im. From

arated by very thin layers of water. Al-scanof the sample the retardation angle measurement, presented in Fig. 22b, o

was performed. Measured intensity and retardation angle cn assess a PLZT Im thickness by the distance measure-

backscattered light are presented in Fig. 21a and b, reggect ment between neighboring maxima. Therefore, by the use of

ly. Each maximum in Fig. 21a represents intensity of signglolarization sensitive analysis it is possible to improve v

re ected from a boundary between adjacent layers. The di ersualization contrast of investigated structure. Moreptiee

ences between maxima locations correspond to the thickngssarization-sensitive analysis makes it possible to roeitee

of sample layers. Glass layers were separated by watee-thethe birefringence properties of investigated PLZT ceramic

fore, the pairs of peaks X2, X3 occurred close to each othéfhe measurements proved that non-polarized PLZT ceramics

The distance between them determines the thickness of tiseoptically isotropic, as we expected.
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a) protective coating (Fig. 24) as well as transparent mdteria
like polymer foils presented before. From Fig. 24 it is pbkesi
to recognize two separated protective layers and analye th
inner microstructure.

b)

Fig. 24. Anti-corrosion protective coating

6. Conclusions

In the paper the principles of LCI using quasi-monochromati
sources are reviewed. Processing of the interference Isigna
in the time and spectral domain is outlined. A synthesis
method of the coherence function of sources used in LCI
is discussed. Devised by the authors, the method uses two
broadband sources to obtain the coherence function which

Fig. 22. A-scanof the PLZT ceramics (a) intensity, (b) retardation angle ofyinimizes theSNRrequired for detection of the interference
backscattered light signal

2-D scanning. The tests results were obtained using trans- thpi\n ”:r':'?:tut:? OFFI)atrICtalin?er; trenr:lp(tar?tiurersenict)r demploglmg
verse priority scanning, discussed in section 5.1. Deuires a thin- abry-rerot Interierometer 1S presented as an ap-

der tests were two types of polymer foils and an anti-coorosi plication example of this technique and the application Gf L

. larimetric sensors is discussed.
rotective structure. Our OCT system has been successtﬂ—po o . .
b Y Another application area of LCI is OLCR, where, as it

ly used to investigate the microstructure of technical mate . ) .
was shown in this paper, the use of balanced detection re-

als. Key advantage of OCT in this application is its ability he level of the i ) <o d he b .
to reliably detect and investigate surface and subsurface cfucTSAf € level o the intensity ??'SE lown 0 tle . ea;c_gtl)l_se
fects with high measurement resolution { better thanrh evel. 2A promising measurement technique employing IS

(Fig. 23a and b). OCT. Authors present their OCT system for measuring polar-
ization properties of investigated samples. Example nreasu
ment results are presented which detail internal structias
achromatic waveplate, provide information on PLZT ceram-
ics layers, allow thickness of a polymer foil to be deterndine
and demonstrate the possibility of performing non-desivac
diagnostics of anti-corrosion coatings on a metal sulestrat
Understandably, presented examples do not cover all appli-
cations of low-coherence interferometry in the investaat
of technical objects. Authors are continuing their reseanc
b) this eld, planning to investigate di erent classes of tedh
cal objects with OCT systems. The main objective of this
research is increasing measurement sensitivity and intgyov
measurement resolution.
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