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Abstract: We have implemented an all-fiber optical delay line using two
linearly chirped fiber Bragg gratings cascaded in reverse order and all-fiber
optics components. The features of the proposed all-fiber based technique
for variable delay line are discussed theoretically and demonstrated
experimentally. The non-invasive cross-sectional images of biomedical
samples as well as a transparent glass plate obtained with implemented all-
fiber delay line having the axial resolution of 100 um and the dynamic
range of 50dB are presented to validates the imaging performance and
demonstrate the feasibility of the delay line for optical coherence
tomography.
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1. Introduction

Optical coherence tomography (OCT) is one of the image modalities for biomedical imaging.
It enables obtaining non-invasive cross-sectional images of turbid samples as well as
transparent media with a resolution of up to few micrometers [1]. As an image modality
capable of high-speed scanning, OCT can support in vivo real-time imaging of biomedical
specimens at video rate [2]. Therefore, developing a high-speed optical delay line (ODL) is
determinant in achieving the real-time imaging. ODL that plays an important role in various
other fields such as characterization of ultra-fast laser pulses [3] and path length-resolved
measurement of reflectivity [4] has adapted various schemes to provide a long enough optical
delay at a high repetition rate.

The simplest scheme of ODL uses a mirror mounted on a linear oscillator. This technique
provides a long optical delay by using a stage with long traveling length but low scanning
speed is a serious problem. Although angular scanning method using a rotating glass cube has
achieved a very high scan speed at a high repetition rate (21 m/s at 384 Hz), the drawbacks
such as non-linearity in the optical delay and delay-dependent dispersion have limited its use
[5, 6]. As a popular ODL scheme for OCT, Fourier domain optical delay line or rapid
scanning optical delay line (RSODL), which was originally used for pulse stretching or
compression, has been developed to obtain a high-speed axial scanning suitable for real-time
imaging [7, 8]. RSODL that is composed of a diffraction grating, focusing lens, and a
scanning mirror provides a large optical delay and high speed axial scanning with a linear
phase ramp in the frequency domain. Despite the successful implementations of these
techniques in OCT, they are bulk-optic components based configurations; they have the
inherent problems of system complexity, alignment difficulty, and dispersion mismatch. A
fiber-based ODL can overcome these problems and have advantages of compactness and low
power loss. A technique utilizing optical fiber coiled around a piezoelectric transducer (PZT)
drum has been reported [9, 10]. By operating the PZT at a rate of 500 Hz, real-time imaging
(4 frames/sec) [9] with about 3-mm delay was achieved. However, stretching the coiled fiber
induces severe birefringence and also possess temperature drift problem.

In this paper, we present the characteristics of an all-fiber optical delay line (AFODL)
based on chirped fiber gratings and demonstrate the feasibility of the AFODL for OCT
application with the OCT images acquired using the delay line. The proposed variable ODL
implemented is all-fiber and offers amplified optical delay without the drawbacks of the
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coiled fiber based ODL, and possess all the inherent merits of a fiber-based delay line such as
alignment-free, lower optical power loss, and compactness. We explain the characteristics of
the proposed AFODL using the fundamental distributive reflection nature of a CFBG, and
confirm the theoretical principles by comparing with the experimental results. We have
acquired the cross sectional images of a transparent cover glass and biological samples using
the AFODL based OCT system. The OCT images thus acquired validate the potential and
feasibility of the proposed delay line as an alternative technique for an OCT delay line. It can
be noted that the proposed scheme and its main concept are based on the theoretical analysis
given by B.H. Lee et al. [11, 12] and independently performed by C. Yang et al. [13].

2. The principle of all-fiber optical delay line
2.1 Introduction to chirped fiber Bragg gratings

Chirped fiber Bragg grating (CFBG) has been widely used as a chromatic dispersion
compensator in optical communication systems since the possibility was first reported in 1987
[14]. While a fiber Bragg grating (FBG) has the same grating period A along its whole length,
the grating period of a CFBG varies along its length. The period in a CFBG can take any
functional form such as linear, quadratic or even higher order. Among them, linearly chirped
FBGs are popular due to its linear group delay property that can be used for performing
dispersion compensation. Owing to the varying period, the spectrum of the CFBG is much
broad compared than that of a FBG.

In a CFBG, different wavelength components of an incident light are reflected at different
positions along the grating according to the local grating period [15]

Ag(2) = 2 neg A(2). )

Where, Ap(z) is the reflection wavelength, or a Bragg wavelength, at a position z along the
gratings, nerr is the effective refractive index of the core mode, and A(z) is the local grating
period. The position dependent or distributive reflection characteristic of the CFBG is
depicted in Fig. 1(a). The figure states that the shorter wavelength component A, is reflected
earlier than the longer one A.. The associated reflection spectrum and dispersion curve of the
CFBG used for this experiment are shown in Fig. 1(b). The distributive reflection property of
the CFBG not only provides a broad reflection spectrum but also gives a linear group delay
that can be exploited to obtain variable time delay that will be shown in the following section.
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Fig. 1. (a) The schematic of a linearly chirped FBG and (b) the measured reflectivity and the
group delay of the CFBGs used in the experiment.

2.2 The theory of CFBG based delay line
The CFBG-based delay line has been proposed and developed to realize AFODL for optical
coherence tomography applications [11-13]. An OCT system is essentially a Michelson
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interferometer with a sample in one arm and a continuously variable delay line in the other
arm. In the sample arm objective lens is used to collimate and focus the beam on the sample
while a simple collimator is used in the reference arm. Especially in the case of RSODL, due
to the different bulk optic elements used in both arms, usually undesirable artifacts appear in
the OCT image unless the dispersion imbalance between the arms is cancelled. In order to
compensate the dispersion imbalance, either extra optical components are deployed in the
reference arm or the OCT image is post-processed to remove the artifacts. The proposed delay
line consists of two CFBGs cascaded in the opposite direction with one of the CFBG being
stretched to obtain a variable delay. The most interesting feature of this technique is the
amplified optical delay. A small stretch applied on a fiber grating is amplified and gives a
large optical delay because of the distributive reflection property of the CFBG.

Before going through detailed mathematical analysis of the proposed scheme, it might be
helpful to have an intuitive understanding of the principle governing the scheme. Owing to the
chirping, different wavelength components A; and A, of an incident beam will be reflected at
different locations z; and z, in both CFBGs measured from the shorter period side as shown in
Fig. 2. The A, wavelength component, for instance, travels a distance z; in CFBG1 and a
distance L-z;in CFBG2. Thus, the total traveling distance in both gratings becomes L, where
both CFBGs are assumed to be identical and have the same length L. The same thing happens
with the wavelength components A,. Therefore, for any wavelength component the optical
path length (OPL) suffered within both gratings becomes 2n.¢L, where the factor 2 is added to
include the round trip. Note that the delay occurred by traveling through the fiber between the
gratings is not included. Interesting point to be noted is that all wavelength components suffer
the same amount of OPLs within the gratings. However, when one of the CFBG is stretched
or elongated, the reflection points in the gratings will be shifted increasing the delay. We will
show that the amount of the shift depends on the chirping ratio and is much larger than the
strain applied on the fiber. When a CFBG is stretched uniformly, its chirping ratio and the
dispersive properties are not affected, which enables wavelength independent variable optical
delay. Therefore wavelength independent optical delay property is preserved under strain but
a gain in reflection position is obtained. The enhanced shift in the reflection points is the key
concept of this scheme, whose detail discussion is followed.

Group delay
i

CFBG1
?\4 Cladding
_—
/' o O | | | Core
P o T -]
—
Z=002-2; N -
Z
Z=0-7, Ziy
Group delay A Cladding
HA iiiiiiii'l"" @
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Y, T ] [NERRAINI]
}\2
4.1
Group delay CFBG2
A

Fig. 2. The dispersion cancellation scheme in a pair of CFBGs cascaded reversely.

We can also understand the wavelength-independent nature of the delay line by considering
the dispersion curves of the gratings. When a CFBG is linearly chirped, it has a linear group
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delay as shown in the upper inset of Fig. 2. When a light is launched from the opposite
direction of the identical CFBG, the slope of the dispersion curve remains the same but the
sign changes as can be seen in the lower inset of the figure. Hence, when the light is launched
into two identical CFBGs cascaded in the opposite direction, the dispersion associated with
the CFBGs is canceled with each other and becomes flat, as depicted in Fig. 5. When a CFBG
is stretched, the associated group delay curve is shifted to longer wavelengths without any
change of slope as shown in Fig. 6(a). Thus stretching a grating will not disturb the dispersion
cancellation. When a grating is being stretched, the flat group delay curve shown in Fig. 5
moves up corresponding to the amplified delay obtained by the AOFDL. It will be shown that
the delay obtained is determined by the parameters of the gratings used. It should also be
noted that for perfect dispersion cancellation, we require identical gratings that is very
difficult in spite of the advancement of the grating fabrication technology due to the multitude
of control parameters involved for the fabrication.

Adequate delay length to probe the sample and high speed scanning for real-time
applications are determinant factors for the delay line to be applicable for OCT. Various
techniques have been proposed and implemented [7,9,10,16,17] to obtain suitably large
optical delay from a small physical displacement in ODL. Thus, we will show that the ODL
we propose provides an adequate optical delay theoretically as well as experimentally to
demonstrate its use for OCT applications.

The wavelength of the light beam reflected at a position z along a CFBG, which has the

position dependent grating pitch of A(z) = Ay + [z, is determined from Eq. (1) as

Ag(2) = 2 negr (Ao + B 2), (2)

where A is a minimum (maximum) pitch for a positively (negatively) chirped CFBG. The
positive (negative) chirping ratio £ is in a unit of nm/mm. When we stretch the CFBG of a
length L by an amount of an elongation length a, the grating pitch is elongated as

NEZ)=ah+[7. 3

The elongation ratio ¢ of the grating is defined by (L+a)/L or 1+ €. The strain € applied on the
fiber is defined as a/L. Note that despite applying strain, the chirping ratio J is not changed.
The prime notation in Eq. (3) indicates that the parameters are related to strain. At the same
time, the strain on fiber reduces the effective refractive index by a factor of (1— p.g) due to
elasto-optic coefficient p. as given by [18]

Tt = Negr (1 = pe€). @

Thus, by using the modified pitch and effective index, we obtain the modified expression for
the Bragg wavelength of a strained CFBG as

A'(Z2) =2 ne’ N(Z)) =2n(1-pee ) (Ao + B Z). 5)

Note that n.is replaced by 7 in the above equation for convenience and simplicity.
If a particular wavelength component A of light is reflected at a position z in an un-

stretched grating, it will be reflected at a distance z” when the grating is stretched. Therefore,
the OPL in the stretched CFBG becomes

=l pe) il A8 |
OPL =n'z' = n(l pee)/j{[zn(l_peg)] OJAO}. (6)
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Since the Bragg wavelength Ag” of Eq. (5) is the same as the one A of Eq. (2) in this case, Eq.
(6) becomes

A
OPL = n(1 - p,e) -l Dot B2 oa, L. o)
B\ 1-p.e£
Expanding it becomes
() nAO 2
OPL=n'z'=nz —7(1—;76 Je+ O(e?) . )

Therefore, the optical path length difference (OPD) obtained by stretching the CFBG is
calculated by taking the difference between the OPL of the stretched one given by Eq. (8) and
the un-stretched one nz. Neglecting the second order term of strain O(¢), we have the round
trip OPD as

2-0PD =2(n'z—nz) = —2%(1 —-DE . ©)

Usually the maximum strain applicable on an optical fiber is less than 1%, thus neglecting the
second order term O(&?) in Eq. (9) can be acceptable. The chirping ratio S can be expressed
with the measurable grating parameters as

A

ﬂ: m_AOZ/im_ﬂ'O:Aﬂ’

, (10)
L 2nL 2nL

where A, and A, are the maximum grating period and the maximum Bragg wavelength of the
CFBG, respectively while AA is the spectral bandwidth of the grating. By using Eq. (10) and
the definition of applied strain &, Eq. (9) is simplified as

)

2-OPD = -2n——(1— . 11
”M( p.)a (11)

The equation states that stretching a CFBG by a length a provides a delay amplified by a
factor of ydefined by

(1 ) o
y=n(1-p,) Ve (12)

The factor y which is proportional to the ratio of the starting wavelength and the bandwidth of
the CFBG, plays a role of gain in OPL. In other words, when the fiber is stretched by a length
a, the induced optical delay is increased by a factor . If ¥>>1, with a small stretching we can
effectively get a large OPD. The minus sign in Eq. (11) means the phase of the operation.
When both CFBGs are reversed or the strain is applied on the CFBG2 instead of CFBGI in
Fig. 2, the sign becomes positive.

Since the amplification factor y strongly depends on the grating parameters, appropriate
grating parameters must be chosen to obtain the required maximum delay. A large amplified
delay can be obtained easily by making the bandwidth of the CFBG small, which can be
easily appreciated with Eq. (12). However, such a choice will seriously degrade the resolution
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of the OCT images that is inversely proportional to the bandwidth of the source. The CFBGs
in the AFODL act like reflectors and thus using gratings with narrow bandwidth amounts to
reduction of the source bandwidth. Therefore, we should consider appropriate trade-off
between the amplification factor and the resolution in choosing the grating parameters for the
delay line. Since the amplified optical delay possessing a constant amplification factor yis
linearly proportional to elongation length a, a variable delay line having good linearity and
high repetition rate, can be achieved by using a PZT-based linear fiber stretcher to stretch the
grating.

3. The implementation and characterization of the delay line

We used CFBG centered at 1330 nm to obtain the OCT images since the resolution of OCT is
higher at lower wavelengths. However, we used gratings centered at 1550nm to demonstrate
the dispersion properties of the delay line since the dispersion analyzer available (Advantest,
Q7760) operates only in spectral band around 1550 nm. Each 4-cm long CFBG had a high
reflectivity (>90%) and a 50-nm 3-dB spectral bandwidth. The measurement results are
summarized in the following section.

The schematic of the OCT system with the proposed AOFDL is shown in Fig. 3. The 3
dB coupler shown in the figure aids in dividing and directing the source power in to the
sample and reference arms and re-combine them after being reflected from the respective
arms. The interference signal thus obtained by recombining the signals from the sample and
reference arms is detected with a photo detector and processed to obtain the information about
the sample. To measure the optical delay acquired from the AFODL by stretching the grating,
we used the fiber delay line as a sample in the fiber based OCT system with conventional flat
mirror mounted on a translational stage (PI) as the delay element in the reference arm. An
amplified spontaneous emission (ASE) source (Thorlabs), which delivered 5-mW optical
power with a bandwidth (FWHM) of 25-nm about 1560-nm center wavelength, was employed
as source. Stretching of the CFBG is done by mounting the grating on a translational stage
(Newport) with fiber-chucks. The translation stage on which mirror is mounted and set to
oscillate at a repetition rate of 1 Hz over a 6 mm range to provide the variable delay. The
interferograms were measured with and without stretching the grating and compared with
each other and are presented in Fig. 6(b).

sample arm

source
all-fiber delay line
- ‘,—- : = .
fiber coupler s ~\ CFBGT
x“_-:'i: Cir }I
L #
':‘ CFBG2
Electrical __ & ‘ e _ W
processing = a_ ; ]

Fig. 3. The schematic of the proposed AFODL

Finally, images of the biological samples are obtained using the fiber grating based fiber
delay line in the OCT system as shown in Fig. 3. As mentioned previously, we used another
pair of gratings for the OCT imaging. For better OCT performance, we have used CFBGs
with center wavelength at 1300 nm wavelength. The gratings are purchased from Bragg
Photonics and are 4-cm long with 45 nm FWHM bandwidth and > 70 % reflectivity. Super-
luminescent diode (SLD) (1300-nm center wavelength, 50-nm spectral bandwidth at FHWM,
5-mW optical power, Kamelian Ltd.) is used as the broadband source.
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A PZT-driven fiber stretcher was designed to hold the fiber straight and apply strain. The
one-inch long PZT (Throlabs) supports a maximum displacement of 20 um, which was not
long enough for OCT imaging. Thus, a custom-made flexure structure was employed to
amplify the small displacement, and obtain a maximum displacement of about 100 um. The
PZT having a resonant frequency of 69-kHz was driven by both a high voltage controller
(Thorlabs) and a function generator (Agillent). The fiber-stretching assembly is shown on the
left side of Fig. 4. A sinusoidal signal (not triangular) was used to control the PZT motion, to
avoid vibration of the fiber that can arise at the turning points of oscillation due to abrupt
change of direction of motion. Further, the repetition rate was maintained at 6 Hz for the same
reason. However, the limit in the scanning speed was not in the scheme of the proposed
method but was in the designing of the fiber stretcher. A repetition rate faster than a few kHz
is possible with the scheme.

CFBG Circulator Coupler

Fig. 4. A fiber stretching assembly driven by a PZT (red box) and an implemented AFODL
(blue box) using fiber optic components such as fiber gratings, coupler, and circulators.

4. The experimental results

Figure 5 shows the dispersion curves of the individual CFBGs that form the delay line and the
fiber delay line formed by cascading them.

| A CFEG 1
E: After fiker delay line A
S CFEGZ A
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Group delay [ps]
: )
==
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Fig. 5. The measured group delay for each CFBG and the cascaded CFBGs

The schematic of the corresponding gratings from which the dispersion curve is
measured is shown on the right of Fig. 5. The dispersions of the CFBGs cancel each other in
the delay line. However, careful observation shows that the dispersion is not completely
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cancelled and is not zero. There still exists none-zero slope in the group delay curve B. This
is believed to be because of non-identical gratings used in the delay line. Even though both
CFBGs were designed to be identical, they were not exactly the same especially in terms of
dispersion slope. The effect of stretching the CFBG is revealed in the dispersion curves
measured before and after stretching a CFBG. As can be seen from Fig. 6(a), the dispersion
slope is not changed by stretching and is merely shifted to longer wavelengths. The
difference between the curve A and B was depicted with curve C that indicates that when a
CFBG is stretched, it produces an appreciable amount of wavelength independent delay over
the entire bandwidth of the CFBG.

Figure 6(b) shows two overlapped interferograms obtained with the OCT system in
which conventional moving mirror is used as delay line and the CFBG based fiber delay line
as sample. The two interferograms are obtained with and without strain on one of the CFBG.
The stretch applied is 100 um. The horizontal axis in an interferogram corresponds to the
path length difference between the two arms obtained by the moving mirror. The shift of
interferogram when the CFBG is stretched indicates the increase in the delay obtained by
stretching the grating. The shift in the interferogram position by 2.5 mm with only 100 um
stretching of the grating affirms the amplified delay property of the fiber delay line. A delay
of 2.5 mm for 100 pm strain on the CFBG corresponds to an amplification factor of 25.

- 0 Hw et b s _Eml q- 1 » L5 mm
':%‘ A : Before strain
& -100 B : After strain
g C : Difference - 0
8 200 =4
g
Q2
-ana
-1
1320 1540 1550 1560 1570 -4 -2 4] 2 4 B
Wawvelength [nm] Am plified delay length [mm]

(a) {b)

Fig. 6. (a) A shift of group delay induced by strain on a CFBG. The dispersion slope was not
changed. (b) An amplified optical delay length of 2.5 mm obtained by stretching by 100 um.

However, theoretically we expected an amplification factor of 35 from Eq. (12) for the
parameters (1.45 for n, 0.23 for p., 1525-nm for Ay, and 50-nm for AA) of used CFBG. The
discrepancy between the theoretical and the measured amplification factors is believed to be
caused by slipping of fiber when it was under strain. Although the amplification factor is
smaller than expected one, it is still in good agreement within the experimental errors.

As already mentioned we used another pair of CFBG pair centered around 1300 nm for
OCT imaging. The induced OPD was measured for the delay line made from these pair of
gratings, too. However, this time the grating to be stretched is mounted on the custom-
designed flexure system and stretched using the PZT embedded in the flexure system.
Variable strain is applied by controlling the voltage and the results are depicted in Fig. 7. With
the maximum driving voltage of 150 V, the PZT provides a displacement of 20 um. However,
with the aid of flexure system, we could obtain a maximum displacement of 100 um. From
the figure, we can see that at the maximum driving voltage that corresponds to a stretch of 100
wm, an optical delay of 3.1 mm is obtained. Therefore, we can say that with the second CFBG
pair we have achieved the amplification factor yas 31. The theoretical amplification factor for
this setup is calculated to be 32 (with 1.45 for n, 0.22 for p., starting wavelength of 1280 nm,
and spectral bandwidth of 45 nm), which is well matched to the experimental one of 31.
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Note that there was a difference of ~1.0 mm between the theoretical and experimental
values of the OPD presented in Fig. 6, while it was only 0.1 mm for the data presented in Fig.
7. The reason is that in obtaining the data presented in Fig. 6, the fiber was stretched with a
motor-driven translation stage while a custom-made fiber stretching assembly was used for
the later one. The custom-made fiber-holder in the flexure could secure the fiber in position
when it is being stretched without being slipped. However, Fig. 7 shows that the variation of
optical delay is not linear with the voltage applied to the PZT. This deviation from linearity is
due to the hysteresis of the PZT, which can be improved by operating the PZT in closed-loop.
Although operation in the closed-loop mode may reduce scanning speed, a PZT operating at
few kHz in feedback mode is still commercially available. Therefore PZT operation in
feedback mode does not hamper the real-time performance in OCT imaging.
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Fig. 7. Optical delay length measured with respect to the voltage applied on the PZT.

Up to now, the AFODL is used as a sample under test. From now on, we present several OCT
images obtained with the AFODL as a scanning device in the reference arm of an OCT
system. As samples, we have used a mirror, a cover glass, a tooth and a fish eye.

Figure 8(a) shows the interferogram obtained from a mirror, a single surface sample. The
FWHM of the interferogram, which is a measure of axial resolution was measured to be ~100
wm. Compared with that of Fig. 6(b), the axial resolution was improved further. We attribute
the enhanced performance to the use of the SLED source having shorter center wavelength
and larger bandwidth than that of ASE source used for Fig. 6(b). By utilization of designed
fiber stretcher to secure fiber holder and give smooth stretching, the broadening of the
interferogram was also suppressed. The CFBG pair used for obtaining Fig. 8(a) were designed
to have a little bit lower reflectivity than the ones for Fig. 6(b) with the hope of getting a more
linear chirping and a lower group delay ripple (GDR). To avoid the difficulty in preparation of
identical CFBG pair, we are also considering a fiber delay line based on a single CFBG not a
pair.

The FWHM is related to the bandwidth and center wavelength of the source. The
theoretical value for our source (50 nm bandwidth source operating at 1300 nm) is ~15 pm.
The difference between the theoretical and the experimental values can be attributed to mainly
three reasons. Firstly, there is a dispersion imbalance between the reference and the sample
arms due to extra bulk optics. In the reference arm, we have not used any bulk optic element
while the sample arm has a collimator and a focusing lens that may cause the dispersion
imbalance. Secondly, dispersion of the CFBGs may not be identical which may add to the
dispersion imbalance. This can be reduced by tuning the dispersion of the gratings without
changing its central wavelength [19, 20]. Further, GDR cannot be completely cancelled. In
general, the ripple frequency is not uniform against the wavelength [19, 20], thus just simply
juxtaposing two identical CFBGs in the reverse direction is not good enough to be completely
free from the effect of the GDR. However, the GDR can be reduced by adopting an
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appropriate apodization in the index profile of the CFBG and by minimizing errors in the
fabrication process [21, 22]. We can also think of an effect of non-linear chirping instead of
that of linear. If a CFBG had a higher order chirping deviated from linear curve, the stretching
the fiber would yield the wavelength dependent dispersion slope of the grating, which might
induce the broadening. We are now investigating the effect of the higher order chirping on
delay performance.
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Fig. 8. (a) The interferogram of a single mirror surface. (b) The OCT image of a cover glass
having a thickness of 100 pm. Both figures were taken by utilizing the proposed delay line.

A 2-D OCT image (1,000 x 10,000 pixels) of a cover glass (150-um thick, n = 1.5 at
1300 nm) acquired from the OCT system is shown in Fig. 8(b). The transverse and the axial
resolutions of the system were 5 and 100 um, respectively and the sensitivity or dynamic
range was measured to be about 50dB. Even though the axial resolution was poor, it was good
enough to distinguish the two surfaces of the cover glass. The nonlinear responsibility of the
device originated from the hysteresis can give distortion in the OCT image. In the cover-glass
image, due to this nonlinearity problem, the thickness of the glass was distorted with
maintaining the smoothness. This problem can be simply overcome by doing software
manipulation if we measure the exact hysteresis curve of the device. This measurement is
believed to suggest the potential of the CFBG-assisted delay line in an OCT system.

To validate the performance of the system, biomedical samples have been used for OCT
imaging. Figure 9 shows the photo image (a) of the cross-section of a molar tooth and its OCT
image (b) taken with the setup shown in Fig. 3. The boundary between the enamel and the
dentin regions of the tooth is well distinguished in the OCT image (b). The cross-sectional
photo image of the sample was obtained by cutting the sample after obtaining the OCT image.
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Fig. 9. (a) Cross-sectional photo image of a molar. (b) Its OCT image taken by utilizing the
proposed AFODL. Pixel size and resolution are 500 X 5,000 and 10 x 100 pm, respectively.

Finally, with the proposed AFODL, the OCT image of a fish eye was taken. Fish was chosen
due to the easy availability and the similarity to that of a human in the structure. Figure 10(a)
shows the cornea of the fish. The upper and the lower layers of the cornea are distinguishable,
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thus it can be used to evaluate the thickness and uniformity of the cornea layer. Figure 10(b) is
the OCT image for the iris of the same sample. Since the limited scanning depth due to
sinusoidal operation of PZT could not cover whole anterior chamber of the fish eye sample in
the one-shot axial scanning. For this reason, we have imaged the cornea and iris separately.
The abrupt change in the image is due to the boundary between the iris (lower left line) and
skin of the fish (upper right line). Both Images have the same number of pixels (1,000 x
10,000) and have been obtained with a resolution of 10 wm X 100 um in transverse and axial
directions, respectively.
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Fig. 10. (a) OCT image for the cornea of a fish eye and (b) the iris of the same sample.
5. Conclusions

We have implemented an all-fiber optical delay line (AFODL) based on chirped fiber Bragg
gratings (CFBGs). The amplified delay property and non-dispersive features of the scheme
under strain, which are based on the distributed reflection property of a CFBG, are discussed
analytically and also verified experimentally. Although the group delay curve was not
perfectly flat due to non-identical CFBGs used in the experiment, the flat delay curve is not
severely degraded and the results are encouraging. During the stretching of a CFBG, net
dispersion is varied without changing of slope of linear group delay and induces optical delay
that is amplified being proportional to the ratio of the starting wavelength and reflection
bandwidth. We obtained an optical delay of 3.1 mm by stretching a CFBG by 100 um, which
amounts to an amplification factor of 31 while the theoretically predicted value is 32. The
severe broadening in the interferogram is believed to be due to the residual dispersion owing
to the incomplete dispersion compensation caused by non-identical CFBGs, which can be
improved by using identical CFBGs.

The implemented AFODL has been used for imaging transparent glass plate (cover glass)
and biomedical samples (molar tooth and fish eye). The obtained OCT images confirmed the
feasibility of the AFODL in an OCT system. The proposed technique has the potential of
realizing a cost-effective and high speed AFODL by using a high-repetition rate PZT and an
efficient flexure for the fiber stretching.
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