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Ultrahigh-resolution optical coherence tomography provides an axial resolution of 1-2 ym for resolving cellular structures of
biological tissues critical for the diagnosis of diseases. However, it requires a relatively large spectral bandwidth which is not
supported by the key components of the imaging system. We propose a novel spectral-domain OCT design, termed
interferometer-in-spectrometer, which is able to compensate the bandwidth limitations of the grating and the line scan sensor
by spectral shaping without compromising the signal intensity and adding the system cost. The advantage of axial resolution
and ranging depth over the standard design is experimentally validated using the standard testing method and fresh swine
cornea ex vivo. Moreover, opportunities that opened up by this new scheme for improving the performances of spectral-domain

OCT are also discussed.

1. Introduction

Optical coherence tomography (OCT) is a noninvasive cross-
sectional optical imaging tool, which has been established as
a routine diagnostic tool in ophthalmology [1-3], and a new
clinical research tool in intravascular imaging [4-6], endo-
scopic imaging of gastrointestinal tracts [7-9], and respira-
tory tracts [10, 11]. One of the key advantages of OCT over
the existing noninvasive imaging tools, such as magnetic res-
onance imaging, computed tomography, and ultrasound, is
the ability to provide microscopic spatial resolutions that
are comparable to histology [5, 9, 12]. In OCT, the axial
resolution and the transverse resolution are normally
decoupled: the transverse resolution is determined by the
effective numerical aperture of the sample arm focusing
optics; the axial resolution is related with the center wave-
length and power spectral density profile of the detected
interference signal since the axial point-spread function is
the Fourier transform of the power spectrum of the detected
interference signal. Assuming a Gaussian power spectral

density profile, the full-width at the half-maximum (FWHM)
axial resolution can be calculated as 8 = 0.44/\§/AA, where A,
is the center wavelength and AA is the FWHM spectral band-
width [13]. In the time-domain OCT, maintaining a high
spectral bandwidth of the detected signal is relatively
straightforward since the detectors are photodiodes. In this
case, typically, the spectral response of available photodiodes
is broad enough to support ultrahigh-resolution OCT, and
there is no aberration issues and other band-limiting compo-
nents [12]. However, it is challenging to maintain a highly
detected spectral bandwidth in the Fourier domain OCT,
which has replaced its predecessor due to the three orders
of magnitude higher sensitivity or speed advantage.

There are two types of Fourier domain OCT: swept-
source OCT and spectral-domain OCT (SD-OCT). The for-
mer is becoming more and more popular owning to its supe-
rior instantaneous spectral line width and line rate over the
latter. However, it is very difficult, if possible, to achieve an
ultrahigh axial resolution (1-2um) using a swept source,
because of the limitation of the gain medium in the spectral
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FIGURE 1: Schematics of ultrahigh-resolution OCT. (a) Standard scheme; (b) IIS scheme. PC: polarization controller; CL: camera lens; CCD:
charge coupled device (line scan camera); DC: dispersion compensator; IMAQ: image acquisition module.

bandwidth (up to 140 nm) [14]. As a result, SD-OCT is the
only form to realize ultrahigh or cellular resolution imaging
[5, 15-17]. Although broadband light sources are available,
the fiber coupler and spectrometer are the most significant
bandwidth-limiting devices in SD-OCT, which may compro-
mise the axial resolution or the ranging depth. Specifically,
currently available fused fiber couplers, gratings, and line
scan cameras are limited in the spectral bandwidth [18]
which suffer from trade-offs between the detected spectral
bandwidth and the spectrometer efficiency. For example,
the Si-based camera has a poor response above ~900 nm
and InGaAs-based camera is particularly suboptimal in the
spectral region under 950 nm. As a result, in order to main-
tain a detected spectral bandwidth high enough to support
an ultrahigh axial resolution (1-2 ym), the detection sensitiv-
ity has to be sacrificed which is not viable for clinical
applications.

A straightforward solution is to use a spectral shaping
measure to compensate for the bandwidth limitation. Appar-
ently, it is not reasonable to shape the detected light from the
sample since the scattered power budget is extremely tight.
Shaping the input light is not desired since it is not power
economical. The only light that can be sacrificed is that in
the reference beam simply because in a typical OCT, the
majority of light allocated to the reference arm is wasted
(Figure 1(a)). Therefore, one can insert a spectral shaper in
the reference arm to improve the axial resolution without

compromising the detection sensitivity. However, a more
cost-effective solution is to use the grating in the spec-
trometer as the spectral shaper. In this study, we have
developed a novel SD-OCT which integrated the interfer-
ometer into the spectrometer, termed interferometer-in-
spectrometer (IIS) scheme. IIS scheme uses the grating in
the spectrometer as the spectral shaper and the terminal
facet of the core of the spectrometer input fiber as the
interferometer, so that the reference spectrum can be
shaped to compensate the limited spectral bandwidth of
the sample light through interference. IIS scheme provides
a platform that can support other optical manipulations
for improving performance of SD-OCT.

2. Materials and Methods

We used a previously reported ultrahigh-resolution OCT
system as the benchmark [19]. Shown in Figure 1(a), a
broadband light source (Superlum Broadlighters T-850-HP,
Ireland) with a center wavelength of 850 nm and a FWHM
bandwidth of 165 nm was used. The source output was split
by a broadband 50: 50 fiber coupler (TW850R5A2, Thorlabs
Inc., USA) to the sample arm and the reference arm. The
sample arm consisted of a collimation lens L1 (LA4647-B,
Thorlabs Inc., USA), a galvo scanner (GVSM002/M, Thor-
labs Inc., USA), and an objective lens L2 (AC127-030-B,
Thorlabs Inc., USA). The reference arm was equipped with
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FIGURE 2: Detected spectra and axial point-spread functions. (a) The detected spectra from the standard scheme (red dotted curve) and the IIS
scheme (green solid curve). The blue dashed curve represents the source spectrum. The arrows indicate the locations of the spectrum that
were affected by both the camera response and the grating transmission efficiency. (b) The measured axial point-spread functions of the
standard scheme (red dotted curve) and the IIS scheme (green solid curve). The depth scales are in air.

the same refractive optics as the sample arm. The spectrome-
ter was composed of a collimation lens L5 (AC127-030-B,
Thorlabs Inc., USA), a grating (12001/mm, Wasatch
Photonics Inc.,, USA), a camera lens (Nikon AF Nikkor
85mm f/1.8D), and a line scan camera (CCD, E2V,
EV71YEM4CL2014-BA9) with a pixel size of 14 ym x 28 ym
(width x height) and a pixel number of 2048.

In the IIS scheme, the reference light was collimated by
L4 before being fed to the spectrometer through the zero-
order diffraction channel of the grating (Figure 1(b)). Since
L4 and L5 were identical, the focal spots of the reference
beam and the back-reflected or back-scattered sample beam
overlapped perfectly at the terminal facet of the core of the
spectrometer input fiber, so that the interferometer was inte-
grated in the spectrometer. The fiber terminal is flat-polished
so that the reference light reflected by the fiber terminal facet
and the sample light transmitted through the fiber terminal
facet propagated along the same direction. The interference
light was collimated by L5 and directed to the line scan cam-
era through the grating and the camera lens. The optical
power from the reference fiber was measured to be 8 mW,
which was attenuated to ~400 yW by the grating and further
to ~16 yW by the fiber terminal facet reflection. A reference
power of ~16 W is more than enough to support a line scan
rate of up to 50 kHz. In our experimental setup, both schemes
shared the same sample arm and the spectrometer so that the
measured results can be directly compared without any bias.

3. Results and Discussion

The spectrum of the light source was in an approximately
top-hat shape with uniform power density of all the peaks
(Figure 2(a), blue dashed curve). However, due to the band-
width limitations of the system components, in the standard
scheme, the detected spectrum has deteriorated (Figure 2(a),

red dotted curve) with 40% smaller bandwidth and blue-
shifted center wavelength. Consequently, the axial resolution
was measured to be 2.55ym in air (Figure 2(b), red dotted
curve). In the IIS scheme, the reference light passed through
the zero-order channel of the grating. The detected reference
spectrum (Figure 2(a), green solid curve) had a spectral shape
of a notch filter, indicating that there is much higher trans-
mission efficiency in the short and long ends of the spectrum
than in the center. Since the interference signal intensity is
the product of the power spectral density of the two arms,
the interference spectral bandwidth was restored. The axial
resolution obtained by IIS scheme was measured to be
237 ym in air (Figure 2(b), green solid curve), which is
~10% higher than the standard scheme.

We investigated the spectral modulation effects of the
system components either through the data provided by the
manufacturer or using a spectral analyzer (AQ6370C,
YOKOGAWA). Firstly, we measured the spectra at the fiber
tip of the reference arm in the standard (Figure 1(a)) and the
IIS scheme (Figure 1(b)), and the data is shown as the red
dashed curve and the blue solid curve in Figure 3(a), respec-
tively. In the single-pass spectrum (IIS scheme), the short and
long wavelength portions suffer more coupling loss than the
central portion, due to the bandpass filter behavior of the
port-to-port coupling ratio (black dash-botted curve), so that
the overall bandwidth is reduced. In the double-pass spec-
trum (the standard scheme), the long wavelength portion
suffers the same coupling loss as the center part, which is
apparently due to the fact that the double-pass coupling ratio
is uniform from across the single-mode operation region
(green dotted curve). However, the short wavelength portion
suffers much more loss than the single-pass case due to the
doubled multimode loss. In summary, the spectral modula-
tion of the fused fiber coupler contributed partly to the band-
width limitation of the high-resolution OCT systems.
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FIGURE 3: Spectral modulation effects of the system components. (a) Spectral coupling ratios and reference light spectra with and without
back-coupling through the fused fiber coupler. (b) Spectral response of the camera and transmission efficiencies of the grating.
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FIGURE 4: Axial point-spread functions over depth detected by changing the optical path length difference between the sample and the
reference arms. (a) Axial point-spread functions of the standard scheme showing a 6 dB intensity roll-off range of 650 ym in the tissue
(refractive index = 1.38). (b) Axial point-spread functions of the IIS scheme showing a 6 dB intensity roll-off range of 800 ym in the tissue

(refractive index = 1.38).

More importantly, the spectral response of the camera
(Figure 3(b), black dotted curve) decreased approximately
linearly from the short wavelength (~750nm) to the long
wavelength (~950nm) by ~75%. To make things worse, the
first order diffraction efficiency of the grating is essentially a
spectral bandpass curve (blue solid curve). All these bandpass
effects mentioned above can be compensated by passing the
reference light through the zero-order channel of the grating,
which has a spectral notch filter effect (green dashed curve).

Note that because the blue shift of the center wavelength,
in the standard scheme, the axial resolution did not drop as
much as the detected spectral bandwidth. However, the price
to pay is the shorter ranging depth due to the large attenua-

tion in the long wavelength region (Figure 2(a)). The mea-
sured 6dB intensity roll-off was at 800 ym in the tissue
(refractive index = 1.38) for the standard scheme, which was
150 um longer than that in the standard scheme (Figure 4).
In order to demonstrate the imaging capability of IIS
scheme, we acquired images of swine cornea using both the
standard and the IIS scheme ex vivo. The swine eyes were
harvested freshly from a local slaughterhouse and were main-
tained in neutral-buffered phosphate-buffered saline during
the transportation. The imaging experiments were conducted
after 3-4hours postmortem. We used an A line rate of
20k Hz and a frame rate of 20 Hz. The transverse scanning
range was 2.616 mm. In the image acquired using the
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F1GURE 5: Cross-sectional images of the swine cornea ex vivo. (a) A representative image acquired by the standard scheme where the
endothelium layer (arrowheads) was not clearly resolved. (b) The corresponding image acquired by the IIS scheme where the endothelium
layer was clearly resolved by two interfaces (arrowheads). Ep: corneal epithelium; asterisks: interface between the corneal epithelium and
the stroma; arrows: Descemet’s membrane. Insets: 2x magnified view of the region in the box. Scale bars: 100 um in the tissue

(refractive index = 1.38).

standard scheme (Figure 5(a)), some corneal layers can be
identified, including the epithelium (Ep), stroma, and the Des-
cemet’s membrane (arrows). However, the corneal endothe-
lium cannot be clearly resolved (arrowheads). In the image
acquired using the IIS scheme (Figure 5(b)), this thin single
layer of squamous cells can be clearly identified by two inter-
faces (arrowheads in inset): the anterior interface between
the Descemet’s membrane (arrows) and the endothelium
and the posterior interface between the endothelium and the
aqueous humor in the anterior chamber. These results dem-
onstrated that the axial resolution restored by IIS scheme
improved the capability of the ultrahigh-resolution OCT.

IIS scheme is a novel platform of spectral-domain OCT
that can potentially accommodate more reference beam
manipulation techniques, in addition to spectral shaping.
Multielement camera lenses may be well corrected for optical
aberrations in the spectrometer, but multiple surface reflec-
tions cause the problem of low light throughput, especially
for the very low-intensity optical signals back-scattered from
the sample. In addition, the high-profile multielement lenses
and antireflection coatings are also very expensive. One can
insert low-cost aberration correction optics in the reference
path of the IIS to compensate the aberrations of the camera
lens, without introducing additional loss to the sample signal.
In most of OCT systems, signal mode fibers are used so that
the spot size at the line scan camera is proportional to the
wavelength, leading to suboptimal roll-off performance at
the long wavelengths in a linear-k spectrometer [20]. To mit-
igate this issue, one can use an endlessly signal mode photon-

ics crystal fiber [21] in the reference arm to achieve a uniform
spot size at the line scan camera over the entire spectral
range. Although there will be coupling loss between the sig-
nal mode fiber and the endlessly signal mode photonics crys-
tal fiber due to numerical aperture mismatch, only the
reference beam will be affected which can be tolerated within
the optical power budget. However, there are some draw-
backs of the IIS scheme. Firstly, it involves fiber pinhole cou-
pling optics for the reference beam to overlap with the
sample beam at the core of the spectrometer fiber terminal
facet. This additional free space optics adds complexity and
alignment difficulty with regard to the standard spectrome-
ter. Secondly, it is difficult to tailor the spectral shape in this
study which unavoidably is associated with the side lobe
problem.

4. Conclusions

In conclusion, we report a novel spectral-domain OCT
design: interferometer-in-spectrometer scheme, which
makes it possible to manipulate the reference beam for
improved performances without compromising the signal
intensity or significantly increasing the system cost. Our
spectral shaping experiments validated the advantages of
the new scheme and improving axial resolution and ranging
depth. Further studies are needed to full explore the possibil-
ities opened up by this new scheme, such as aberration cor-
rection and improving the spot size of the spectrometer
optics.
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