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Abstract—In the interpretation of optical low-coherence re- Low-
flectometry measurements, the reflectivity of the device under Coherence L r(m)‘ Device
test is in general supposed to be with a slow dependency on Source  Isolator Under Test

optical wavelength. However, recent research aims at investigat-
ing strongly wavelength-dependent devices, such as fiber Bragg
gratings and semiconductor lasers. In this paper, a general theory
including spectral filtering effects is developed. It appears as a
generalization of previously reported results only valid under
special conditions.

V .
Index Terms—Low-coherence reflectometry, optical interfer- Detector — Mirror
ometry, spectral filtering. f r=1
. INTRODUCTION Fig. 1. Simplified schematic diagram of the optical low-coherence reflec-
tometer.

PTICAL low-coherence reflectometry (OLCR) was

developed about ten years ago [1], and it is now m&flectogram is obtained by varying the optical path length
well-established tool for detecting, localizing, and quantifyingf the other arm. An intuitive explanation of its principle is
reflecting discontinuities and irregularities in optical waverhat interferences only occur when the lengths of both arms
guides and circuits. For many applications, the reflectivity gfre the same to within a coherence length of the light source.
the device under test (DUT) can be considered wavelengiafiections from within the DUT can thus be resolved when
independent in the spectral range of the broadband lighkir spatial separation is larger than the coherence length
source. There are however many applications in which Spec%?lthe probe light. This simplified explanation is however

filtering of the light source by the DUT must be take%or}ly accurate when the source spectrum is not altered by

into account. These include among others the analysis i . .
fiber Bragg gratings [2], [3] and distributed feedback Iaservﬁ:avelength depgndent effects inside the.DU'.I'. The following
eory will describe the general case taking into account any

Another application is the determination of gain as a function ble filteri ftoct
of wavelength and position in semiconductor laser diodes [ﬂ(.)ss' € Tiiténing efiects. o _
Jhe amplitude of the photoelectric field emitted by the

Interpretation of the measured reflectogram also become ) X
difficult when there are several possible paths for the te3Qurce can be written in the general case as [3], [6]
light. Reflections occurring in independent light paths are often 1 [t~ — ot
indistinguishable from several reflections in one single path. In E(t) =5, Sw)e dew

o o
other cases, one single discontinuity can show up twice in the ore S(w) is its power spectral density, and(w) is a

reflectogram due to different optical light paths. In this papelrrequency—dependent phase. We suppose that the phases for

we first develap a general theory of optical IoW'COherenccﬁf“ferent frequencies are not correlated, which means that
reflectometry including spectral filtering effects in the DUT. '

We then show how other approaches found in literature can <ej(“9(“)_“9(“,))> =6(w—w)

be derived from this theory, and finally show how it can bﬁ/here the angle brackets indicate the time average, éand
applied to the multiple path problem. '

denotes the Dirac distribution. In the reference arm, the light is
II. THEORY reflected by a wavelength-independent mirror with a variable

Let us consider the OLCR setup in its basic form, which is:zlame delayt;. After two passes through the 3-dB coupler, the

scanning Michelson interferometer with the device under teé(?ld E(t) reflected liy the reference arm is thus
(DUT) placed in one of its arms (Fig. 1). A spatially resolved Ei(t) = 4i / /§(w) =t g,
g ade o)
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by the DUT is thus be implemented easily on a computer by using a fast-Fourier
1 +o0 ) transform (FFT).
Ex(t) = - VS (w)r(w) e? @ltlte@) g,
7

—0C

The intensity detected by the photodiode is then IIl. SOME PARTICULAR SOLUTIONS

I(7) o <(E1(t) + Ea(8))" (Ev(t) + E?(t))>- A. Wavelength-Independent Backreflection, Low

The termsE, ()* E1 (t) and Ex(¢)* Es(t), independent of the Backreflection Level, and No Absorption
time differencer = ¢, — ¢; between the two interferometer Suppose the DUT does not contain regions absorbing or
arms, only constitute a constant offset and will be neglectathplifying the injected test light. In the case of wavelength-
in the following treatment. They do however contribute to thimdependent backreflection and low backreflection values, the
noise level [7], a topic which is beyond the scope of this papeaptical field propagating in the DUT can then be supposed

The remaining cross products, dependingrorare to be of constant amplitude along the entire DUT. Suppose
I(7) & 2{R{EL (1) Ea(£)}) the reflect|v!ty qf the DUT as a function of the optical path
] length z,,; is given by r(z.). If the group index of the
where} denotes the real part. This leads to DUT is constant, the reflectivity of the device as a function
1 Foo » of positionz is given byr(z,.) = r(n,x), wheren, is the
— . JwT opt g ’ g
I(r) o 47 §R{/_OO Swyr(w)e dw} group index of the device. The reflectivity as a function of

where the double integration has been reduced to a single Y@ delay7 is then equal to(7) = (zp/c) wherec is the
due to the frequenc§-correlation. The reflectometric signature/€l0City of light in vacuum. In this case the reflectivity of the
of any given device as a function of distanee- ¢r wherecis DUT in the time domain(r) is equal to the Fourier transform
the velocity of light in vacuum, can thus be calculated from tHf its reflectivity in the optical frequency domairiw)

source spectrun§(w) and the reflectivity-(w) of this device () = F{r(w)},.

in the frequency domain. As no information is lost by taking

only the real part, this type of low-coherence reflectometry isIn the case of an ideal white source, the reflectivity
called phase-sensitive OLCR or complex OLCR [8], [9]. Th€meas, mag(7) measured by the OLCR is equal to the
corresponding measurement setup requires very careful conteslectivity »(7) of the DUT. For a source having the
of the path difference between the interferometer arms, whitlequency-dependent spectral densityw), the measured
is in general done by adding a reference laser to the settgflectivity in the time domain becomes

For many applications, however, the phase information is of

minor interest. This means that only the magnitude without Taneas, maa(7) = 7(7) * F{S(w)}-

phase information needs to be detected, thus where F{S(w)} is equal to the autocorrelation function
1] ptee N of the light source, and+" denotes the convolution. The
Linag(T) o< 1~ / S(w)r(w) &7 dw)|. measured reflectivity in the space domain is then given by

Timeas, mag(Topt) = Clmeas, mag(7). It Must be stressed that

The measurement setup necessary for detecting only the, is not the physical but the optical path length in the DUT.
magnitude is considerably simpler than that for compley cases where the DUT is composed of several elements of
OLCR, which is why this type of OLCR is often chosen fogjitferent refractive group indexes, either the length or the

commercially available devices. It is in particular possible tfractive group index of these elements can be calculated
use a continuously moving scanning mirror and to detect @m the other one of these parameters.

the Doppler shift frequency, which results in eased electrical
detection and a short measurement time. The detection of ﬁ'.eWavelength-lndependent Backreflection and Absorption

magnitude only does however strongly restrict the mathemat-U ing th techni in th f low backrefi
ical treatment possible with the measured data. We define sing the same technique as In the case of low backrefiec-

the measured reflectivity as being proportional to the detectté%n Igvel, Tm leczu:jvalljlent reflectivitye,() in the time domain
photocurrents, in the way that can be calculated by

+oo , Teq(7) = F{req(w)}-.
Tmeas(’r) = §R{/ S(LU) 7(w) el dw} ¢ 1
—090 The equivalent backreflection level, () does however not
for the complex reflectivity and correspond directly to the real backreflection lemet) of the

too DUT. The correspondence can be made by taking into account
T'meas, mag(7) = ‘ / S(w)r(w) 7T dw a transmission factdF () [10]. It must be noted that the value
oo of T'(r) is a function of the position of the backreflection, and
for the reflectivity in the case where only the magnitudghis function is not known in the general case. There exist
of the backreflection is detected. It can be seen that thewever cases in which the determinationZofr) from the
measured reflectivity is essentially the Fourier transform efeasured reflectogram can yield interesting information about
the frequency-dependent reflectivityfw) of the DUT. The the DUT. This is for example the case for multiple round-trip
calculation fromr(w) to the measured reflectivity can thugeflections from the front and back end facets of a waveguide
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segment as the level difference between two successive famatulate the OLCR signature one would have obtained from
reflections corresponds directly to the round trip loss of tten OLCR measurement from the other side of the device. From
waveguide segment. This information can be interesting in theth those data, the coupling coefficient of the middle of the
analysis of passive devices, but also for active devices, sugrating can then be determined using iterative techniques [3].
as semiconductor lasers.

F. Reflectivity of DUT in the Frequency
C. Dispersive Material and Localized Reflections Domain Known Analytically

In a dispersive material, the reflectometric signature of aOften the analytical expression of the reflectivity) of
single reflection broadens as a function of position in the dig-DUT is well-known in the frequency domain. This is for
persive material, and simultaneously its amplitude decreasggample the case for distributed feedback (DFB) lasers. From
The maximum value of its envelope is thus not directhhis information and the source spectrum, which can always
proportional to the reflectivity value. However, the reflectivithe measured, the expected result of an OLCR measurement
value is proportional to the integral of the absolute value @hn be calculated. By adapting this calculated reflectivity to
the reflectometric signature [11], and its value can thus e actually measured one, many important parameters of the
determined from DFB laser such as its coupling coefficientand the position

) /72 of a phase jump in its grating can be determined [13].
(7)) =

Tmeas, mag (7_) dr
1

IV. CALCULATION OF THE

wherer; andr, delimit the OLCR signature of the broadened
REFLECTIVITY OF COMPOUND DEVICES

single peak. It must be noted that in this case there is no need

for the OLCR setup to be phase-sensitive. One application ofWe have shown that the frequency-dependent reflectivity

the above formula is for the determination of the round-trip(w) entirely characterizes any DUT. In most caseg&y)

loss of semiconductor waveguides, which are often strongtgn be calculated using matrix theory [14]. The DUT will

dispersive. be described by a complex scattering matrix, in analogy to
microwave engineering. We define the scattering mafrixs

D. Dispersive Material and Overlapping Signatures

. L. L. . by _ S11 S ar \ _ ai
If the OLCR setup is phase-sensitive, it is possible to <b2> = <521 522> <a2) =5 <a2)

calculate the reflectogram one would have obtained when the

DUT was nondispersive [9]. This is done by a wavenumbeiherea; anda, are the complex electrical field amplitudes of

scale transformation of the measured reflectogram data usiRg waves incident from the left and the right, andand b,

the dispersion parameters of the DUT, which must have begmse exiting the device to the left and to the right, respectively.

previously determined. In the same formalism, a rugged sourtie frequency-dependent reflectivity of the DUT is then given

spectrum can also be accounted for. The calculated refleg-r(w) = S;;. In our approach we will not make the transition

togram is what one would have obtained with a nondispersiugthe often used transfer matrices, which could cause problems

DUT and an ideal source spectrum. The resolution of this describing ideal mirrors. The scattering matrix of the DUT

calculated reflectogram is not any more affected by dispersiesin easily be calculated from the scattering matrices of its

effects in the DUT, so that for example the round-trip losslements. For any two neighboring elements described by their

of an optical waveguide can directly be determined from thgattering matrice$’ and S”, the scattering matri¥ of the

height difference between the multiple facet reflection peakempound device (Fig. 2) is given by

in the reflectogram.

S = <Sll Sl?)
E. Lossless Bragg Grating Sa1 S22
!
This point mainly refers to fiber Bragg gratings, which can — 1/ _ <S/11 - */91/1 /flet S ., 51351'2 //>.
in general be considered to be lossless. Other applications 11— 552511 521521 Sz — g det §

cogld include DFB Ia_s.ers.negr threshold, i.e., at the operapngThe resulting scattering matrix of a device being composed
point where the amplification is roughly equal to the absorptio

; . %} more than two elements i Icul ive elim-
in the waveguide. It can be shown that for lossless BraO ore than two elements is calculated by successive e

gratings, the modulus of the coupling coefficiéntz)| of the tl(_)n of neighboring elements. To illustrate the_ scattgrmg
. ) ! matrices, examples of some commonly used devices will be

grating can be determined from the OLCR signature. Let the . . .

. . |Yen. The scattering matrix of a homogeneous section of

mean group index of the device be constant over the Iength0 tical lenathd is given b

the grating and equal t,. Using the coupled-mode equations P 9 9 y

[12], it can be shown that close to the input end the measured 0 t exp(—jwd/c)

value of 7eas, mag(T) = Tmeas, mag(Zng/¢) IS asymptotically Ssection = <t exp(—jwd/c) 0 )

proportional to the modulus of the coupling coeffici¢ntz)|

of the grating. For determining the modulus of the couplingghere ¢ is the amplitude transmission factor from one end

coefficient of the rest of the grating, phase-sensitive OLCIR the other, andc the velocity of light in vacuum. A

must be used. The condition of losslessness allows usnonabsorbing mirror of amplitude and phase reflectivities



1346 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 16, NO. 7, JULY 1998

a; b, ay by Device Under Test
— _— —> —> :
b; s ay by | S ay
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b, S a, —_—
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Fig. 2. Adding two two-ports described by theirmatrices. A ry 14
e ni4

and ¢, respectively, can be characterized by

s . _repliy)  V1-rexp(jo) ﬂ N
mirror m eXp(J(p) —r eXp(J(p) . X

The Scattering matrix of a DFB laser section of Ien@h Fig. 3. Physically separated light paths in the device under test.

is given by

independent paths. This shows that in the general case it is

Sprp = <7’DFB iprB ) not possible tg determine yvhich one among several Iigh_t paths
iDFB  TDFB caused a particular reflection peak observed, and often it is not

even possible to determine if a given reflectometric signature

where [12], [15 . . .
(121 [t} represents one single light path or rather results of a summation

FOFB = —J Sinh(’f” : over the reflectometric signatures of several light paths.

7y cosh(yL) + [ag/2 + jAB] sinh(~vL) An example for this kind of multiple paths is coupling
) _ v exp(—jfoL) into a semiconductor device. As the electromagnetic field
PEB = cosh(vL) + [ovg /2 + jAS] sinh(y L) distributions in the fiber and the waveguide of the semi-

conductor device are always slightly different, coupling into
the main waveguide mode will be smaller than unity, even
7?2 = (ag/2 + FAB)? + K? in the case of perfect alignment. A portion of the light
. . . . not coupled into the main semiconductor waveguide mode
wherer is the coupling coefficient of the Bragg grating, angii often be coupled into other waveguide modes, or in
ay its absorption coefficient (which varies with the injectiofe g bstrate of the device. When analyzing a semiconductor
current into the lasernAg is the deviation of the pmpag_""tionwaveguide using OLCR, we will thus often observe two peaks
constant from the Bragg Waveleng_th;/} = /= o, W't_h representing the back facet of the device, corresponding to
f = wng/c and fo = qm/A, whereg is the Bragg reflection yho refiections at this facet of the light beams propagating
order, andA is the period of the Bragg grating. For a firSi, o main waveguide mode and in the substrate. Without
order Bragg grating we havéy = mn,/Ao, Wheren, iS the 5. frther knowledge, a distinction between the origins of
averaged refractive group index of the grating, andis its these two peaks is not possible. However, in the case of a

The variabley is given by the dispersion relation

Bragg wavelength. semiconductor laser for example, they can be distinguished
by making additional measurements, and varying the injection
V. SUPERPOSITION OFINDEPENDENT SOLUTIONS current into the laser [16]. The end reflection peak due to

Independently superposing solutions cannot be separatiee light propagating in the laser waveguide will experience a
in the general case. It is however often possible to do thiuch larger gain change with respect to injection current than
separation by taking a series of measurements under varyihg light propagating in the substrate. The origins of the two
experimental conditions. In other cases, the interference effepesiks can thus be determined from their amplitude change
between two or more not completely independent paths cander different injection conditions. The reflectivityw) of
give interesting information about the differences in their prophe device resulting from the superposition of the two paths
agation conditions, which can for example be used to preciseign be easily modeled by adding their respective reflectivities
determine the refractive group index difference between the{w) and 72 (w).
two paths. We will illustrate both these phenomena by one

example each. B. Two Optically Separated Paths
) Interference effects can only occur between electrical waves
A. Two Physically Separated Paths having nonorthogonal states of polarization. In many devices,

Suppose a beam splitter is inserted in the light path insitlewever, two orthogonal polarization modes propagate, in
the DUT (Fig. 3). In this case, no distinction between the twgeneral under slightly different propagation conditions. In
paths is possible from the reflectogram. We can however natgtical fibers, for example, one can define two different
that the two reflections being in different paths, there will beefractive group indexes,;; andng, for the two polarization
no additional peaks resulting from multiple reflections betweanodes. The relative difference between them is usually small,
the two mirrors. These multiple reflections could howevdsut is sometimes increased intentionally to avoid coupling
be imitated by adding more beam splitters and thus mdoetween these two polarization modes, as done in polarization
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preserving fibers. In optical low-coherence reflectometry, the2] H. Kogelnik and C. V. Shank, “Coupled-wave theory of distributed
measurement will give the linear sum of the complex refleil—s] feedback lasersJ. Appl. Phys.yol. 43, no. 5, pp. 2327-2335, 1972.

. . . U. Wiedmann, P. Gallion, Y. Jaeun; and C. Chabran, “Analysis of
tivity from both light paths. In the case of a single mod distributed feedback lasers using optical low-coherence reflectometry,”

polarization preserving fiber, the scattering centers in the fiber J. Lightwave Technolyol. 16, pp. 864-869, May 1998.

will be the same for both polarization modes. but the respecti{?é‘] G. Bjork and O. Nilsson, “A new exact and efficient numerical matrix
! theory of complicated laser structures: Properties of asymmetric phase-

refractive group indexes will be different. The recombination  gshitted DFB lasers,”. Lightwave Technolyol. LT-5, pp. 140-146,
of the light reflected by the DUT with the light from the  Jan. 1987.

reference arm leads to successive intervals of constructid \fggg' T,f)?”g'zse&"‘:g”d“mrs and Semimetaldew York: Academic,

and destructive interferences [10], often characterized by the] U. Wiedmann and P. Gallion, “Leakage current and group index

distance between any two neighboring minima, which is difference measurements in multi-electrode lasers using optical low-
. ) . coherence reflectometry,” ifProc. CLEO'97 (Conf. on Lasers and

known_as the beat length. T_he difference between the refractive Electro-Optics),Baltimore. 1997, CThX3, pp. 450-451.

group indexes of the two light path&n, = |ng, — ng| can

then be calculated from

Ao
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the interferences and g is the beat length measured in air
If the determination of the beat length is not of interes
polarization insensitive OLCR [10] can be used. This meal
that the reflected powers in two orthogonal polarization stat
are measured separately, their sum being independent of
polarization state of the light reflected by the DUT.

VI. CONCLUSION

It has been shown that the result of an OLCR measurement
can always be predicted from the reflectivity of the DUT in the
optical frequency domain. Our theory includes effects such
multipath propagation, a problem often encountered in guid
wave optics. We have given many examples of applications
OLCR, and we have shown how they can all be written
specific solutions of our general theory.
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