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The reflective frequency-domain optical delay line employing a diffraction grating, a lens, and a tiltable mirror
has emerged as a device particularly suitable for interferometry and optical coherence tomography. The de-
vice is comprehensively described, both theoretically and experimentally, in the context of interferometry.
The variations of phase and group delay produced by the device as well as its dispersive properties are de-
scribed and demonstrated experimentally. © 2003 Optical Society of America
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1. INTRODUCTION

Generation of an accurate and rapidly variable optical de-
lay is required in many applications of optics, including
optical coherence tomography (OCT) and other forms of
scanning interferometry, as well as short-pulse autocorr-
elators. OCT! requires a scanning delay line with linear,
millimeter-range optical-path-length variation. Scan-
ning at meter-per-second velocities is required to support
image acquisition at video rates. Although many delay
lines have been reported, as reviewed by Rollins et al.2,
few are capable of meeting such demanding
specifications.? To date, the most promising device is the
frequency-domain optical delay line (FD-ODL) based on a
diffraction grating, a lens, and a tiltable mirror.*® For
convenient operation in a reflection-based interferometer,
a folded configuration is generally employed in the delay
line. Its operation is based on the time-shifting property
of the Fourier transform, i.e., a linear phase ramp in the
frequency domain corresponds to a delay in the time do-
main. The delay line was first applied to OCT in 1997 by
Tearney et al.,’ but its origins go back much further.
Apart from scanning group delay, the device may be used
to vary dispersion, and, as such, it and a range of close
variants have been used in shaping femtosecond and pi-
cosecond laser pulses.*” ™1 In OCT, variable dispersion
is also important. Dispersion balance between reference
and sample arms in the interferometer is necessary to
achieve the highest possible resolution.®

Although there were earlier demonstrations of delay
scanning in the context of pulse shaping,'! the device was
first demonstrated for the specific purpose of scanning
group delay by Kwong et al.,> who employed it in a pulse
autocorrelator. They achieved approximately linear
scans of 2-ps duration (0.6 mm in air) at 400 scans/s.

Tearney et al.® achieved highly linear scans over a
3-mm range at 2000 scans/s, equivalent to a velocity of 6
m/s. Tearney et al. employed a double-pass configuration
to ensure efficient coupling from and to single-mode opti-
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cal fibers. Rollins et al.2 employed a 4-kHz resonant
galvanometer-based mirror scanner to further increase
the linear scan velocity to 40 m/s, which enabled in vivo
OCT imaging at video rates. Another advance was the
demonstration of the extension of the scan length to 24
mm in air through the incorporation of a double-pass, po-
larizing reflector.’?> Incorporation of an electro-optic
modulator into the delay line to permit high-frequency
phase modulation has brought flexibility and is particu-
larly suitable for Doppler OCT.!®> 1In a closely related
variant, the tiltable mirror was replaced with an acousto-
optic deflector,’* which produced delay scan rates in the
many-megahertz range.

For use in OCT, it has been recognized that such delay
lines possess several distinctive properties, including the
decoupling of the phase and group delay and the control
of dispersion.2® To our knowledge, however, the system-
atic treatment of such devices as part of a scanning, low-
coherence interferometer (as used in OCT) has not been
reported. Specifically, this paper considers the FD-ODL
employing a diffraction grating, a lens, and a tiltable mir-
ror in a folded configuration. A theoretical model of the
operation of the device is presented. The model allows
two important characteristics of the optical delay line to
be quantified: the variation of phase and group delay
and the effect of the group-delay dispersion (GDD) on the
evolution of the temporal coherence of light propagating
through the device. Experimental results verifying the
validity of the model are also reported.

The paper is organized as follows. In Section 2, the
theory of operation of the delay line is presented. In Sec-
tion 3, the experimental setup used to verify the theoret-
ical model is presented. In Section 4, the experimental
results are presented and compared with theory. In Sec-
tion 5, some conclusions are drawn.

2. THEORY

In this section, expressions are derived for the photocur-
rent at the output of a Michelson interferometer incorpo-
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rating the FD-ODL. Ray tracing is used to determine the
phase response of the FD-ODL, including the correction
required to account for diffraction. An advantage of ray-
tracing analysis over the alternative, Fourier transform
analysis,* is that the physical origins of all phase shifts
are made explicitly clear.

A. Michelson Interferometer and Delay Line

Consider a Michelson interferometer, in which light is
split into two paths, as shown schematically in Fig. 1(a).
A scanning delay line terminates one path, known as the
reference path. The other path is terminated by a
sample, with backscatter power reflectivity R(z), where z
is the axial coordinate. A light source with broad optical
bandwidth and mean wavelength A\ is used. The broad
bandwidth ensures that coherent interference arising
from a single point reflector in the sample is observed
over only a small range of axial scanning distance (de-
scribed by the coherence length /., which is typically
10-20 pm for the semiconductor sources commonly used
in OCT). The simplest scanning delay line is an axially
translated plane mirror. Axial translation by distance
Az in air imparts an additional phase ¢ to light, given by
¢ = 47Az/\y, which leads to generation of equal phase
and group delay.

Consider the FD-ODL shown schematically in Fig. 1(b).
A collimated beam is incident on the diffraction grating
and dispersed such that the spectral component at A, is
diffracted along the optical axis, denoted by z in Fig. 1. A
lens with the grating in its front focal plane collimates the
dispersed light and projects it onto a tiltable mirror with
a pivot point in its back focal plane. The mirror tilt angle
0 is assumed small, and the pivot point may be offset from
the optical axis by distance x,. The tilted mirror causes
a phase ramp to be imparted to the spectral components
of the beam, which, for small angles, is linearly propor-
tional to 6, as well as a phase offset, which is linearly pro-
portional to 6 and x,. The reflected, dispersed light is
collected by the lens and projected back onto the grating.
The grating recollimates the dispersed light into a beam
with a range of phase and group delays.

To describe this process, we consider a monochromatic
plane wave of wave number % and angular frequency o,
incident on the Michelson interferometer. The electric
fields from the sample and reference arms, E; and E,., re-
spectively, are represented in scalar form by

E, = E\R cos[ (k) — wt],
E, = E cos[ 4(k) — wt], (1)

where E is the amplitude and ¢, and ¢, are the phases of
each wave acquired as a result of the round trip in the
sample and reference arms, respectively. The resultant
photocurrent, averaged over the photodetector response
time, is given by

R+1

VR
ig= ¢ E? + ¢?E2 cos[ ¢ (k) — ¢(k)], (2)
where ¢ is the detector responsivity. To evaluate the
phases in Eq. (2), we first take into account phase shifts
caused by the diffraction grating.
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B. Phase Shift from the Diffraction Grating
Ordinarily, the phase # of a spectral component at the
wave number % is determined by the optical path length
nl from ¢ = knl, where [ is the geometric length and n is
the refractive index of the medium. (Henceforth, n = 1
is assumed for simplicity.) Phases that obey the relation
& = knl are conventionally termed dynamical'® and can
be evaluated from ray tracing. However, ray tracing
alone is insufficient when the optical circuit contains a
diffraction element, as can be readily illustrated.
Consider a monochromatic plane wave incident on a
grating Gr, as shown schematically in Fig. 2. Points A
and B are on the same wave front and thus have equal
phase, and similarly for points B and C. However, con-
sideration of the path lengths of rays 1 and 2 incorrectly
suggests that ray 2 acquires an additional phase shift cor-
responding to the path AOC. The inadequacy of ray
tracing was first noted by Treacy,” who introduced a
phase correction term in order to apply it to temporal
pulse analysis. Martinez et al.® extended Treacy’s analy-
sis to include refractive elements. In the present case, it
is anticipated that a correction term equivalent to the
path AOC should be found. It is shown in Appendix A
that a ray diffracted at point B on the grating acquires an
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Fig. 1. Schematic diagrams of (a) scanning Michelson interfer-
ometer employing the frequency-domain optical delay line (FD-
ODL) and (b) FD-ODL.

Gr ~

Fig. 2. Ray representation of plane-wave diffraction from a dif-
fraction grating (Gr).
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additional phase ¢ compared with that of a ray dif-
fracted at point O, which is given by

PO (xg) = kgmxg, 3)

where k, = 27/p, p is the grating period, m is the diffrac-
tion order, and x, is the geometric length of path OB.
The phase (%, x) at a given location x, with respect to
the reference point at the origin, is thus given by

Wk, x) = gO(k, x) + P (x), 4)

where ¥(%, x) represents the dynamical phase, found
through ray tracing. The correction term kg mx, exactly
matches the dynamical phase accumulated over the path
AOC but with opposite sign. Hence the optical phases at
A, B, and C are identical, as anticipated.

C. Phase Shifts in the Frequency-Domain Optical Delay
Line

To derive the phase of a wave after one round trip through
the FD-ODL, we consider the difference Ayp(k, 6) be-
tween the phase acquired by a ray of arbitrary wave num-
ber £ when 6 is nonzero and the phase acquired when
6=0, i.e.,

Ayp(k, 6) = ¢p(k, 0) = ¢p(k, 0). (5)

In Eq. (5), the dependent variable 6 is used in preference
to x, which is acceptable, since they are linearly related.
Using Eq. (4), we may rewrite Eq. (5) as

Ap(k, 0) = [ ¢k, 6) — Y (k, 0)]
+ [ ¢(0) — ¢(0)]
= AYP (R, 0) + $(0), (6)

where the phase correction term on axis ¢ (0) is equal
to zero. The phase difference Ay$™(%, 6) may be calcu-
lated based on the following observations. With refer-
ence to Fig. 1, geometric path length is denoted by capital
letters, e.g., OK, and optical path length is denoted [OK].

1. For a polychromatic beam, rays diverging from the
grating at point O recombine at point B on the grating
and exit the delay line along the single ray BC.

2. For evaluation of AwdDyn(k, 6), it is sufficient to com-
pare optical paths of the rays of wave number & with non-
zero 6 and zero 6 from their common point of incidence at
O, through the delay line and reincidence on the grating,
to points C and O, respectively. From points C and O,
the phase difference between these rays is constant.

3. yH™(k, ) is obtained from the corresponding ray
path [OKBC].

4. The round-trip optical path between the grating and
the mirror is invariant for all spectral components. In
particular, when 60=0, the round-trip path becomes
[OMO]. Similarly, the optical path [OKB] for a ray cor-
responding to a redshifted spectral component M\
> \g is equal to the optical path [ONB] corresponding to
the mean spectral component \.

5. The mirror tilt generates identical optical path
variation for all spectral components, which is simply
evaluated from the path followed by \,: [ONB]
— [OMO] = 2MN.
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The dynamical phase variation in the delay line is thus
given by

AyE™(k, 6) = R(2MN + BC) = 2kx,6 + EBC. (7)

The signs of 0, a, and B, which are defined as shown in
Fig. 1, are positive for counterclockwise rotation, and, for
the configuration shown, x, and MN are negative,
whereas m and BC are positive. It follows from the grat-
ing equation, given by

p(sina + sin 8) = m\, (8)
that
k(BC + AB) = —k,mOB, 9

where OB is negative, as drawn in Fig. 1. When we com-
bine Egs. (6)—(9) and use Eq. (3), the total phase variation
is

Ayp(k, 0) = 2kxy0 — RAB, (10)
and noting that AB = 26f sin 3, we obtain
Ayp(k, 0) = 2kxy0 — 2k 6f sin B. (11)

With the N\, ray directed along the z axis, the grating
equation requires that

psinB = m(N — \y), (12)
and substitution into Eq. (11) gives

dmmOf(k — kg)
Ayp(k) = 2kxg + ————, (13)
pky

where k) = 27/\,. After the phase change at the grat-
ing is accounted for, Eq. (13) arises directly from the geo-
metric path length 2MN — AB. This geometric length
is approximately equal to twice the axial shift in mirror
position, 2PK, in the small-angle approximation for g.
This approximation was used by Kwong et al.’ to obtain a
similar result when the grating is tilted. However, use of
this approximation can be misleading, since it is not ob-
vious that it accounts for the geometric-path-length
changes and diffraction at the grating. (The case of a
tilted grating is treated in Subsection 2.E.)

The corresponding expression in Rollins et al.? is twice
that of Eq. (13), since the authors considered two passes
through the system. The sign of the second term is op-
posite, and m does not appear. With regard to the group-
delay expression and the diagram in Rollins et al., the
mirror angle and offset used there have signs opposite to
those of # and x, as defined in this paper, and the diffrac-
tion order m = +1, and hence Eq. (13) above is in agree-
ment with Eq. (11) in Rollins et al. Note that for exact
equality between Eqgs. (11) and (12) in Rollins et al., the
angular frequency appearing in the denominator of Eq.
(12) should be the mean angular frequency.

The corresponding expression in Tearney et al.® is
equivalent to Eq. (13) for a normal grating in the small-
angle approximation, assuming that the diffraction order
m = +1, although the actual diffraction order m does not
appear in their phase expression and cannot be unam-
biguously determined from their diagram.
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D. Interferometer Output

The phases of waves completing a round trip in the
sample and reference arms are given by (k) = 2kL,
and ¢,.(k) = 2kL, + Ayp(k), respectively, where L, is
the optical path length in the sample arm. L, is the op-
tical path length in the reference arm, including the con-
tribution from the FD-ODL at the operating point 6=0.
Substituting these expressions and Eq. (13) into Eq. (2)
and neglecting the direct-current component gives

. ®_
ia(k) = ¢~ B> cos{2k(L, — L)) + Aup(k)]

VR
= ¢7E2 cos[ (k)] (14)
with
4mmOf(k — ko)
W(k) =28 + 2kxgd + ————  (15)
pko
where 6 = L, — L, is equivalent to the conventional

optical-path-length mismatch in the interferometer. The
photocurrent i; under broadband illumination is found
from

= fxid(k)G(k)dk
0

\/]_B 0
= ¢7E2ReU G(k)exp[jy(k)]dE},  (16)
0

where G(k) is the power spectral density of the light
source, which is assumed to be unmodified by the inter-
ferometer. The phase shift (k) can be represented by a
Taylor series about %k, given by

(k — ko)?
Y(k) = (ko) + ' (ko)(k — ko) + lﬁ"(ko)T

(k — kg)®
+ lp’”(ko)T + ey (17
where a prime denotes differentiation with respect to %.
The first and second terms in Eq. (17) determine the
phase and group delays, respectively. When we compare
Eqgs. (15) and (17), the phase delay ¢, and the group delay
t, are found to be

1 ¢(ky) 28  26x,

— = — 4+ , 18
Pe ky c c (18)
1 L, 26  26x, 4am 6f
tg=—yY' (ko) = — = — + + , (19)
c c c c cpkg

respectively, where ¢ denotes the speed of light in vacuum
and L, is the group-delay length. Equations (18) and
(19) show that the phase and group delays are not con-
strained to be equal and can be separately altered by
choice of the parameters of the delay line. It is conve-
nient to characterize the phase/group delay behavior in
terms of the interferogram modulation index &, defined as
the ratio of phase and group delays for a path-matched in-
terferometer, i.e., when 6=0, and given by
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The magnitude of ¢ is interpreted as the ratio of the num-
ber of fringes within the envelope to the number of fringes
that would be present in an interferogram obtained for
equal phase and group delay, as when translating a mir-
ror. If ¢is negative, variation in 6 causes the fringes and
the envelope to shift in opposite directions. Figure 3
shows a plot of £ versus offset x,.1® Three representative
regimes of operation are indicated: A, the normally
modulated regime, where ¢, asymptotically approaches ¢,
(¢ — 1 as xg — *x), and hence the interferogram ap-
proaches that obtained from a translating-mirror scan-
ning interferometer; B, the fully demodulated regime, for
which ¢, = 0 and ¢, # 0, attained when x, = 0; and C,
the achromatic regime, for which ¢, = 0 and ¢, # 0. An
achromatic phase shift is attained when ¢, = 0, which re-
quires that

m}\of
p

As shown by Eq. (6), the spectral phase generated by the
FD-ODL is the sum of a dynamical term and an achro-
matic correction term. Zero group delay requires that
the optical path length for Ay not change with 6, and
hence the corresponding dynamical term becomes zero,
leaving only the achromatic term. For this to occur,
lengths 2M N and BC in Fig. 1 must be equal and oppo-
site [cf. Eq. (7)], and this does indeed hold when Eq. (21)
is satisfied, provided that 6 is small.

E. Dispersion

Group-delay dispersion (GDD) is defined as D,
= d2¢/dw2|w:m0 = /"(k¢)/c?, and second-order GDD, or
differential dispersion, is defined as D'V = d? de3|w:w0
= " (ko)/c®. Note that D, and DEUD are sometimes re-
ferred to as second- and third-order dispersion, respec-
tively. As configured in Fig. 1, the delay line is disper-
sion free. However, alterations from the ideal
configuration, including grating translation or tilt and
lens aberrations, give rise to nonzero dispersion, in gen-
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Fig. 3. Plot of phase-to-group-delay ratio ¢ versus mirror offset
xo. Points A, B, and C denote three regimes of interest.
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eral. The photocurrent in the presence of dispersion is
found by substituting Eq. (17) into Eq. (16), which, with
change of variable & — ko = «, gives

%

G(k + ko)expl j(Lgx

. \/E 2 .
i = ¢7E Re{ exp(j o)
+ D ,c2k%/2 + D(wl)CSKS/G)]dK}, (22)

where ¢, = ¢ (ky). If G(k) is assumed to be Gaussian,
given by

2VIn2 4k%In2
G(k) = G(k + ky) = s 3)

k \/; exp( AR?

where Ak is the full width-at-half-maximum (wave-

number) bandwidth, then, for D'V’ = 0, Eq. (22) can be

evaluated analytically, giving

¢E2\/}—? ng p?
2 2¢%(1 + D 2%p%)

i(0) = (1 +D,%p*) Mexp

X (ko) DoLys’
cos| ¥ (o 2¢%(1 + D 2p%)

1

+ Earctan(prZ) , (24)

where p = cAkR/(2V2 1n 2).
When D, = 0, Eq. (24) simplifies to

¢E>\R L,%p*
i = 2 exp| — 902 cos(26ky + 260x0k). (25)
c

In Eq. (24), the exponential term describes the envelope of
the interferogram, which is a function of L,. The GDD
broadens this envelope significantly and decreases its
magnitude when D _p? = 1. The last term in the cosine
argument is constant if the first-order dispersion does not
change, and it is usually reasonable to assume that §and,
therefore, through Eqs. (15) and (19), respectively, ¢ (k)
and L, do not change on the time scale of interest.
Hence the effects of these terms on the phase are ne-
glected in later discussion.

To introduce dispersion into the FD-ODL, one must tilt
or translate the grating or take into account the deviation
of a real lens from the ideal. Here both grating tilt and
grating displacement from the front focal plane of the lens
are considered, as indicated in Fig. 4, and the differential
and group-delay dispersions are derived. Through com-
parison of Figs. 1 and 4 and our analysis above, it is found
that [OoKA(] = [OMO,] + 2MN — AyB,, as before,
and also [OgKA,] = [P;,KP,]. The phase correction
term at the grating accounts for path length ABC, and
hence the phase accumulated from O to C is given by

Yo ¢ = k(OPy, + [OeMO,]
+ 2MN — A B, + AP,,,). (26)

Since OP;, = AP, = Az cos B and the other terms in Eq.
(26) lead to Eq. (11) as before, then the effect of grating
tilt and translation is represented by
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Fig. 4. Schematic diagram of FD-ODL in the case of a grating
tilted from normal and offset from the focal plane: L, lens; MI,
mirror.

Ayp(k) = 2kAz cos B + 2kxy60 — 2k 60f sin B
. 2B
= 2kAz — 4k Az sin £y + 2kxy0

— 2k 0f sin 3, 27
where the grating equation now becomes [cf. Eq. (12)]
plsin(B + 60,) — sin ;] = m(N — \y), (28)

where 6, is measured from the grating normal. The
2k Az term in Eq. (27) merely represents the extra delay
caused by moving the grating, and it is henceforth omit-
ted. Performing a Taylor-series expansion of the sine-
squared term in Eq. (27), we find the first two orders of
dispersion resulting from the grating translation to be

8mim2Az
D,= 55—, (29)
c?p?k? cos? Og
" 247°m?2Az 2m 1 sin 0g)
D!V = ,  (30)
¢ c®p?k¢* cos® b, pkg cos? 6,

in agreement with results in the literature for a similar
lens and grating apparatus.!” The ratio of the two dis-
persion terms is primarily determined by the mean wave-
length. Therefore, in general, only first-order compensa-
tion of other system dispersion is obtained by adjusting
Az. Note that, unlike the dispersion-free FD-ODL, each
spectral component % is incident on the displaced grating
at a different location, and hence the spectral components
of the output beam will be displaced laterally in space. A
double-pass configuration is thus necessary to recombine
the light into a single beam (returning along the input
path). This elimination of walk-off is a requirement to
couple efficiently to and from a single-mode fiber. The
maximum delay range is then determined by the aperture
of the optical system.

The primary effect of the tilted grating is represented
through the use of Eq. (28) in the last two terms of Eq.
(27), which gives

-0
(31)

Ayp(k) = 2kxo0 — 2k 6f sin

——————— +sing,
pkkg

X [ arcsin
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An equivalent expression to Eq. (31), with the substitu-
tion m = +1, appears in Tearney et al.® Performing a
Taylor-series expansion of Eq. (31) leads to the first-order
approximation

4m0fm(k — ko)
Ayp(k) =~ 2kxg0 + ———, (32)
Dk cos 6,

and the higher-order dispersive terms result in Eqgs. (29)
and (30), where we substitute Az = f@tan ¢,. Hence
mirror-tilt-dependent dispersion is produced when 6,
# 0. Consequently, a tilted grating allows linearly
delay-dependent dispersion variation, which may be use-
ful for dispersion matching to dispersive samples, for ex-
ample. Note that relation (32) can be simply obtained
from Eq. (11) by wusing the small-8 approximation
p cos ,sin B~ m(\ — \g), which is how an expression
equivalent to relation (32) with xo = 0 and m = —1 was
obtained by Kwong et al.’

In Section 3, the experimental setups used to confirm
the theoretical predictions are described.

3. EXPERIMENT

Measurements were performed by using two setups simi-
lar to that shown schematically in Fig. 1. In the first
setup, light from a superluminescent diode with near-
Gaussian power spectral density centered at 843 nm with
20-nm bandwidth was incident on a bulk-optic Michelson
interferometer. The FD-ODL employed a grating with
830 lines/mm and an achromatic doublet lens with 60-mm
focal length. A galvanometer with a 30-mm-wide mirror
and a maximum scan rate of 1 kHz provided the tilt scan-
ning, and a double pass through the delay line (not shown
in Fig. 1) was performed as described elsewhere.!?

The second setup was designed to access the so-called
achromatic regime. As seen from Eq. (21), to keep the
offset distance to a value accessible by a galvanometer
mirror, it is convenient to reduce the wavelength of opera-
tion and the focal length of the lens and to decrease the
period of the grating. Hence, in this setup, a laser diode
operating below threshold with near-Gaussian spectral
density centered at 635 nm with 11-nm bandwidth, a
transmission grating with 300 lines/mm, and an achro-
matic doublet lens with 40-mm focal length were em-
ployed. The transmission grating required the incident
light to approach from the left-hand side of the grating
plane shown in Fig. 1, and a single-pass configuration was
chosen because of the low diffraction efficiency of the grat-
ing.

4. RESULTS

The key parameters determining the behavior of the FD-
ODL are mirror tilt angle 6, pivot offset x,, interferom-
eter path-length mismatch §, GDD D, and differential
dispersion D(wl). In this section, the different regimes of
operation arising from these parameters are highlighted,
and theoretical predictions are confirmed with experi-
mental results. Interferograms, i.e., measurements of i
versus 6 or, equivalently, i versus scanning distance, cal-
culated by means of Eqs. (22)—(25), are presented.
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A. Zero Mirror Offset (x,=0)

We begin by considering the zero-dispersion case. Figure
5 shows several measured interferograms corresponding
to xqg = 0 over a range of path mismatches 6. The path
mismatch slowly varied between measurements as a re-
sult of environmental fluctuations. The uppermost curve
in Fig. 5 corresponds to the case § = 0. The theoretical
curve is shown as dashed, and it is calculated by inserting
the experimental parameter values into Eq. (25). The
lowermost curve corresponds to the case 2ky6 = 7. The
cases 2ky6 = *m/2 theoretically give zero signal, a mea-
sured example of which is seen in Fig. 5. The other
curves in Fig. 5 represent intermediate values of 2%5.
Based on Eq. (22) with xy = D, = DEUD = 0, each inter-
ferogram should have the same shape in 6, as confirmed
by Fig. 5.

The interferograms arising for zero offset are termed
“fully demodulated,” since no fringes appear within their
envelopes. If the environmental phase fluctuations are
assumed to be uniformly random, then the envelope am-
plitude near the maximum or minimum value has the
greatest likelihood of occurring, with the zero-amplitude
case being least likely, and therefore the envelope is most
commonly observed experimentally to “flip” between ex-
trema. In many applications, e.g., low-coherence
interferometry,'® the desired signal is the envelope of an
interferogram. However, such a fully demodulated inter-
ferogram is not useful for envelope detection, since, as
shown in Eq. (25) and seen in Fig. 5, the envelope ampli-
tude is dependent on optical phase fluctuations. If fur-
ther independent phase modulation is applied, however, a
useful envelope detection system may still result.!?

B. Finite Mirror Offset (x,#0)

For xq # 0, modulation is introduced into the interfero-
gram signal, since the phase varies linearly with 6. Ifx,
is large, then one expects many fringes in the interfero-
gram, as in the interferogram of a translating-mirror
scanning interferometer. If x, is small, the difference
from the case x, = 0 may not be apparent when the in-
terferogram is at its maximum or minimum, but this dif-
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Fig. 5. Interferograms for zero pivot offset plotted versus mirror
tilt angle and the corresponding axial scan distance. Solid
curves represent experimental results, and the dashed curve is
the theoretical envelope.
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Fig. 6. Interferograms for small pivot offset plotted versus axial

scan distance. Solid and dashed curves represent experimental

and theoretical results, respectively (with the use of 2 8k values

as shown, where x, = 200 um). The dotted curves represents

the calculated interferogram envelope.

ference becomes clearly visible as path lengths fluctuate,
since the interferogram cannot be completely zero (for all
0), as in the x, = 0 case. This effect can be clearly seen
in Fig. 6, in which the measured interferograms corre-
spond approximately to phase shifts 2,6 = 0, #/2, —7/2,
and = for the case x; = 200 um. The dashed curves in
Fig. 6 are calculated by using Eq. (25) and correspond
closely with the measurements. The calculated trace for
2ky6 = —27/3 is also shown to indicate the intermediate
behavior. In general, if the interferometer phase 2k6 is
such that the cosine term in Eq. (25) is zero when 6 cor-
responds to the middle of the Gaussian envelope, then the
interferogram must have odd symmetry. Hence any ob-
served deviation from odd symmetry when the interfero-
gram is zero at the envelope midpoint indicates that other
effects such as dispersion must be present, and this is
considered in Subsection 4.D.

C. Finite Offset xo=—mA\ f/p: Achromatic Regime

An experimental determination of ¢ was made for various
values of the mirror offset by counting the number of
fringes within the interferogram envelope. The fringe
count was then normalized to the number of fringes in the
translating-mirror interferogram, which was determined
separately. The experimental points are plotted in Fig. 3
and show excellent agreement with the theoretical curve.
Figure 7 shows measured interferograms'® employing the
second setup described in Section 3 and corresponding to
the three regimes of interest indicated in Fig. 3. These
interferograms were each recorded over the same time in-
terval of 20 ms, corresponding to an angular scan range of
25 mrad. The interferograms have been normalized to
cancel out the slight (approximately 20%) variation in vis-
ibility of the Michelson interferometer over the tilt range.
This variation was caused by lateral walk-off of the refer-
ence beam in the output path of the interferometer and
was observed for all three regimes. Operation at point A
corresponded to a scan range of 1 mm in air. Point B cor-
responds to full optical demodulation of the interfero-
gram, which produces only the envelope, as described

Vol. 20, No. 2/February 2003/J. Opt. Soc. Am. A 339

above. Point C corresponds to the achromatic regime, in
which the envelope of the interferogram is essentially
constant over a full scan of the tilt angle.

D. Finite Dispersion

Both small- and large-dispersion regimes were investi-
gated experimentally for x, = 0. The effect of small dis-
persion is illustrated in Fig. 8. The experimental traces
were obtained after translating the grating away from the
lens by Az = 280 um compared with the position used in
generating the data for Fig. 5. This translation corre-
sponds, as a result of Eq. (29) and doubling due to the
double-pass configuration, to the condition D p?
= —0.42, which was used in Eq. (24) to calculate the
curves shown as dashed in the figure.

Differential dispersion is neglected in Eq. (24). If, in
addition, it is assumed that D , does not depend on 6, as is
the case for an axial grating displacement, then the phase
term in Eq. (24) is purely an even function of # through
the L g2 term. Hence if the mirror offset is zero, the in-
terferogram will have even symmetry, regardless of the
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Fig. 7. Interferograms versus mirror tilt angle measured at
mirror offsets denoted by points A, B, and C in Fig. 3.
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Fig. 8. Interferograms for zero pivot offset and small dispersion

plotted versus axial scan distance. Solid and dashed curves rep-

resent experimental and theoretical results, respectively (with

the use of 26k, values as shown, where x, = 0 and D,p?

= —0.42).



340 dJ. Opt. Soc. Am. A/Vol. 20, No. 2/February 2003

interferometer phase drift. This is a useful diagnostic
tool, particularly when only a small amount of dispersion
is present in the system.

When the dispersion is small and the interferogram is
at a maximum, comparison of Figs. 5 and 8 shows that it
is barely distinguishable from the interferogram expected
without any dispersion. However, even small amounts of
dispersion become clearly visible as the phase fluctuates,
especially to the point where the interferogram is zero at
the envelope midpoint, since the rest of the interferogram
cannot also be zero, and it should have even symmetry.
It can be seen that the measured trace corresponding to
2ky6 = w/2 in Fig. 8 does not have perfect even symme-
try, and hence the conditions of constant D, x, = 0, and
Df}) = 0 were not exactly satisfied in our experimental
configuration, since such departures each lead to phase
terms with odd symmetry. It is likely that this departure
is caused by nonnegligible differential dispersion, which
arose because of the imperfect dispersion balance of the
different optical elements required in each interferometer
arm.

Figure 9 shows the interferogram resulting from a
large amount of dispersion (D p? = —7.5), introduced by
moving the grating by 5 mm. The interferogram enve-
lope is now significantly broadened by this dispersion,
and the dominant quadratic phase variation can be
clearly seen. The interferogram is not completely sym-
metric, again indicating residual mirror pivot offset or dif-
ferential dispersion, and, indeed, the interferogram
shown by a dashed curve in Fig. 9 has been calculated by
using Eq. (24), with D p? = —7.5 and x, = 0, and a value
of D'V = —410fs® was chosen to best fit the measured
data. Experimentally, it was not possible to obtain a
completely symmetric interferogram. This highlights
the fact that the differential and group-delay dispersion
terms due to grating displacement are not independent
[cf. Egs. (29) and (30)]. Therefore, in general, it is not
possible to compensate fully for dispersion imbalance
elsewhere in the interferometer simply by moving the
grating in an FD-ODL, although this may achieve suffi-
cient performance for many purposes. Recently, we have
confirmed experimentally the delay-dependent dispersion
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Fig. 9. Interferograms for zero pivot offset and large dispersion
plotted versus axial scan distance. Solid and dashed curves rep-
resent experimental and theoretical results, respectively (with
the use of xo = 0 and D p? = —7.5). The dotted curve repre-
sents the calculated interferogram envelope.
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variation when the grating is tilted and have used this to
demonstrate real-time, depth-dependent dispersion com-
pensation in a scanning interferometer.'®

5. DISCUSSION AND CONCLUSION

The primary assumptions made in the analysis presented
here are that the lens is ideal and that the mirror tilt 6 is
small. Under these assumptions, the maximum attain-
able delay range in a double-pass configuration is given
approximately by Lg** = A\y/p, where A is the aperture
of the lens. However, large mirror tilt and/or large mir-
ror pivot offset mean that the tiltable mirror is farther
from the focal plane, and this departure, together with
real lens aberrations, may lead to significant unwanted
beam deviation and dispersion variation. Consequently,
attention to the optical design is expected to be important
in order to minimize unwanted dispersion variation and
to maximize the scanning range available without intro-
ducing excessive losses, particularly for coupling the out-
put into a single-mode fiber. Grating diffraction effi-
ciency is significantly polarization sensitive; hence single-
polarization implementations are usually preferable to
minimize the resulting power loss. As the optical band-
width is increased, the necessary apertures are increased,
posing further optical design challenges, and the wave-
length sensitivity of the diffraction efficiency also intro-
duces practical limitations. Nonetheless, the frequency-
domain optical delay line is a useful and versatile device,
allowing rapid phase- and group-delay scanning, together
with simple adjustment of both fixed and depth-
dependent dispersion. Its application in various forms in
scanning interferometry and in optical coherence tomog-
raphy is expected to increase as its advantages become
more widely known.

APPENDIX A: PHASE CORRECTION DUE
TO DIFFRACTION

Consider a monochromatic, linearly polarized plane wave
with wave vector k') = (¢, 0, —£"), where |k”| = £,
incident on a grating situated in the x—y plane, as shown
in Fig. 2. The complex electric field of the incident wave
can be expressed as

E¥(x, z) = E) exp[j(kVx — k{2 — wt)], (A1)

where (i) denotes incident and EY’ is the amplitude. Us-
ing Maxwell’s equations with periodic surface boundary
conditions, we may apply a Rayleigh expansion to the dif-
fracted field,2° which is then expressed as a sum of plane
waves with wave vector k' = (¢ | 0,%'%)), given by

m,x \2
+oo
ED(x,2) = > E9expljkdx + k2 — wt)],
=

(A2)

where (d) denotes diffracted, |k'¥’| = &, and |Eﬁ,‘f)0| is the
amplitude of the mth-order diffracted field. Each dif-
fracted order m is characterized by a wave vector pro-

jected onto the x axis of the grating, kﬁ,’f)x , given by?!

D = kD, + mk,. (A3)
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In most cases, only one diffracted order m is of interest,
for which Eq. (A2) is reduced to

EY(x, 2) = By exp(i{(k), + mky)x
+ [k2 = (R, + mk,)?]V% — wt}).
(A4)

Comparison of the incident and diffracted fields on the
surface of the grating, i.e., setting z = 0 in Eqgs. (A1) and
(A4), respectively, reveals a phase difference given by
mkgx, , where x, is the distance from a reference location
on the grating. Note that m and x, are positive in the
configuration shown in Fig. 2. Hence, in the framework
of ray optics and with reference to Fig. 2, a ray diffracted
at point B on the grating acquires an additional phase
" compared with that of a ray diffracted at a reference
point O, given by

YOT(x,) = kgmax, . (A5)
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