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Abstract

Optical coherence tomography (OCT) is a hon-invasive optical imaging modality
that provides micron -scale resolution of tissue micro-structure over depth ranges of
several millimeters. This imaging technique has had a profound effect on the field of
ophthalmology, wherein it has become the standard of care for the diagnosis of many
retinal pathologies. Applications of OCT in the anterior eye, as well asfor imaging of
coronary arteries and the gastro-intestinal tract, have also shown promise, but have not
yet achieved widespread clinical use.

The usable imaging depth of OCT systems is most oftenlimited by one of three
factors: optical attenuation, inherent imaging range, or depth-of-focus. The first of these,
optical attenuation, stems from the limitation that OCT only detects singly -scattered
light. Thus, beyond a certain penetration depth into turbid media, essentially all of the
incident light will have been multiply scattered, and can no longer be used for OCT
imaging. For many applications (especially retinal imaging), optical attenuation is the
most restrictive of the three imaging depth limitations. However, for some appli cations,
especially anterior segment, cardiovascular (catheter-based)and Gl (endoscopic)
imaging, the usable imaging depth is often not limited by optical attenuation, but rather
by the inherent imaging depth of the OCT systems. This inherent imaging dep th, which

is specific to only Fourier Domain OCT, arises due to two factors: sensitivity fall-off and



the complex conjugate ambiguity. Finally, due to the trade-off between lateral
resolution and axial depth -of-focus inherent in diffractive optical systems, additional
depth limitations sometimes arise s in either high lateral resolution or extended depth
OCT imaging systems. The depth-of-focus limitation is most apparent in applications
such as adaptive optics (AO-) OCT imaging of the retina, and extended depth imaging
of the ocular anterior segment.

In this dissertation, techniques for extending the imaging range of OCT systems
are developed. These techniques include the use of high spectral purity swept source
laser in afull-field OCT system, as well asthe use ofa peculiar phenomenon known as
coherence revival to resolve the complex conjugate ambiguity in swept source OCT. In
addition, a technique for extending the depth of focus of OCT systems byusing a
polarization -encoded, dual-focus sample armis demonstrated. Along the way, other
related advances are alsopresented, including the development of techniques to reduce
crosstalk and speckle artifacts in full-field OCT, and the use of fast optical switches to
increasethe imaging speed of certain low-duty cycle swept source OCT systems.
Finally, the clinical utility of these techniques is demonstrated by combining them to
demonstrate high-speed, high resolution, extended-depth imaging of both the anterior

and posterior eye simultaneously and in vivo.



If your knowledge of fire has been turned to certainty by words alone, then seek to be
cooked by the fire itself. Don't abide in borrowed certainty. There is no real certainty

until you burn; if you wish for this, sit down in the fire.

Rumi
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1. General Background and Significance
1.1. Optical Coherence Tomography

Optical coherence tomography [1], or OCT, is an optical imaging modality that
enablesvolumetric imaging of tissue microstructure with micron -scde resolution and
millimeter -scale penetration. Since its inception in 1991, OCT haseen usedin
numerous research and clinical applications. Initial success in ophthalmic imaging of
retina [1-7] lead to the commercialization of first -generation OCT systems by Carl Zeiss
Meditec, as well continued research into applications in anterior segment imaging [8-11],
endoscopic imaging of the gastro-intestinal tract [12-14], small animal imaging [15-17],
and catheter-based imaging of coronary arteries [18-23]. OCT has also seen limited use
in imaging o f non-biological samples, such as artwork [24-26], fingerprints [27-29] and

integrated circuits [30, 31].

1.1.1. Time Domain Optical Coherence Tomography

OCT systems function as coherence gated interferometers wherein low coherence
light is directed towards and collected from a sample in an epi-illumination scheme
(Figure 1.1). At the photodetector, light returning from the sample interferes with light
returning from a reference arm; interference fringes are only observed from reflectors in

the sample arm whose optical pathlength is within a coherence length of the reference
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observed at the photodetector, corresponding to reflectors in the sample arm. After

demodulation of th e photodetector signal, a depth profile, or A -scan, is recovered with

an axial resolution equal to the coherence length of the source.
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37T 1T wi PUU0OWT T Ol UEUDPOOWOI w. "3wbOUUWLUOI OUUOwWUI
E O O E ®OTFor TDOCT, acquired A-scans bymechanically translating the reference
mirror axially to build up a depth scan. T wo-dimensional images (B-scans) and three
dimensional volumes could then be built up by raster scanning the sample beam using
scanning mirrors. Due to mechanical limitations of how fast the reference mirror could
be scanned, early OCT systems were limited to A-scansrates of a few hundred hertz.
The development of the rapid scanning optical delay line (RSOD) [12, 32, 33], based on
Fourier domain pulse shaping techniques [34-37], enabled A-scan rates of a few
kilohertz,theUT Ea wi OEE OD O1 w?THdEWe@ thefEsteét iteratiohsDB

TDOCT before the widespread adoption of Fourier Domain OCT.

1.1.2. Fourier Domain Optical Coherence Tomography

Fourier Domain Optical Coherence Tomography (FDOCT) is an alternative
approach to OCT that is based on spectral interferometry [38]. Despite demonstrations
of the technique dating back as early as 199939-46], and even mathematical derivations
of the sensitivity advantage of FDOCT by Andretzky in 1998[47] and by Mitsui in 1999
[49], it was not until 2003 that the sensitivity advantage Fourier Domain OCT was
widely recognized. It was then that three nearly-simultaneous publications [49-5]]

directly comparing the sensitivity of FDOCT to TDOCT showed that FDOCT was



theoretically 20~30dB better. This realization also implied that the potential imaging
speedof FDOCT could be 100 to 1000 times faster than TDOCT.

In FDOCT, the reference armof the OCT interferometer is not scanned, but
rather held stationary. Light returning from the sample and stationary reference is
combined and the resulting broadband interference pattern is measured with spectrally
separated detectors. That is, the power spectral density of the interfering light is
measured as a function of optical frequency. Due to the Fourier relationship between the
autocorrelation function and the power spectral density (the Wiener -Khintchine theorem
[52, 53]), the A-scan (depth profile) can then be retrieved by simply taking the inverse
Fourier transform of U1 kspecral interferogram». A complete theoretical development
of FDOCT is presented in Section3.1

FDOCT can be realized in two ways, referred to as spectral-domain, or SDOCT,
and swept-source, or SSOCT These two types ofsystems are depicted inFigure 1.3. In
SDOCT, a conventional broadband source (usually a superluminescent diode or
femtosecond laser) is used, but the photodetector s replaced with a spectrometer.
Conversely, in SSOCT, the broadband source is replaced with a rapidly sweeping laser
that typically has a narrow instantaneous linewidth but a broad tuning bandwidth. A
photodetector is still used, although typically these systems will require photodetectors

much more bandwidth than their TDOCT counterparts.
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1.2. Full-Field OCT

Full -field optical coherence tomography (FFOCT), also referred to asfull -field
optical coherence microscopy (FFOCM),wide -field OCT, parallel OCT or en faceOCT,
refers to a technique wherein an entire en faceslice of an OCT volume is acquired
simultaneously, by using a 2D array cameraas the detector in a wide-field Michelson
interferometer. The technique is similar to traditional time-domain OCT techniques,
except that the reference mirror does not scan rapidly. Instead, quadrature components
of the interference signal are extracted using either phase stepping interferometry [54] or
sinusoidal phase modulation [55]. A schematic of an FFOCT system in the commonly
used Linnik configuration, is provided in Figure 1.5. The system depicted employs a
PZT to allow phase stepping for extraction of quadrature components. However,
several other hardware configurations have beenused to extract quadrature
components, especially photoelastic modulators paired with two linear polarizers [55,
56).

While the technique was first reported by Beaurepaire [55], the idea of such an
?DOUT Uil T Ul OEl wOPEUOUEOXxT » wil EEWET I[3wUUT T1 UUI EwE
Furthermore, what was essentially a FFOCT system was denonstrated by Kino and
Chim in 1990 [57], but was referred to as a Mirau correlation microscope and employed

a Mirau interferometer configuration.
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Figure 1.5: Schematic of a typical FFOCT system, from [58]

The system described by Beaurepaire employed an LED with a coherence length
Of wl Yws OOWEUUWEET D1 YI EWEOWERPDEOwWUI UOOUUDPOOwWOIT w
microscope objective. In 2002, Dubois et a[59] presented an FFOCT system in a Linnik
configuration. This system was also based on an LED, and achieved comparable
resolution. The LED was then quickly replaced by a thermal light source with a much
broader bandwidth in two nearly simultaneous ly published papers[60, 61].
Coincidentally, both papers reported nearly identical performance, including an
isotropic resolution of ~us O WE U wi U Eup to GAHE fori286w Phbpixel images.
While later publications focused on additional characterization [58] and
applications [62-64] of FFOCT, few substantial technical improvements have since been

reported in time domain embodiments of FFOCT, perhaps due to the discovery of the
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dramatic sensitivity advantage of FDOCT over TDOCT in 2003[49-51] and the
implementation challenges in implementing Fourier domain techniques in FFOCT

(discussed in section1.2.4.

1.2.1. Coherent Artifacts in Full -Field OCT

An important consideration in the design of FFOCT systems isthe management
of coherent artifacts, specifically speckle and crosstalk. Crosstalk originates in scattering
samples when multiply scattered light reachesthe detector and interferes with singly -
scatteredlight originating from the coherence gated imaging depth in the sample. In
point -scanning OCT, the confocal aperture of the sngle mode fiber largely rejects
multiply scattered light. However, full -field OCT systems must be implemented in free
space, and thus lack this confocal aperture.Therefore, multiply scattered photons are
detected by the camera, and a subset of these mulply scattered photons will have
travelled the correct optical pathlength to interfere with the reference field. In order for
multiply scattered light to travel the appropriate optical pathlength to be coherent with
the reference field, the first scattering event must occur in a specific region of the sample,
Pi DET whpl WEEOOwWUT 1T w?EUOUUUE OO wlak & Pprdeal Gapw3 T DU wUI
with a depth equal to the coherence gated depth in the sample, and abaseradius equal
to twice that depth (see Figure 1.6). As the volume of this crosstalk region grows with

the depth into the sample cubed, crosstalk artifacts to become significantly worse with



increasing depth into the sample. For further details on the origins of crosstalk in
FFOCT, Karamata et al have provided a detailed discussion of coherent artifacts and the

effects of multiple scattering in OCT in reference [65].

2D detector
array

Pixel conjugate to
probevolume

Camera
lens

lens

=3 |deal path
—
5 Crosstalkpaths
2z

¥ [] 1
L X Crosstalk Coherence
\, N
~— / A region gated
\

i
i
. i depth,z

N

~ Focal pl
Probe volume ocalplane

Figure 1.6: Schematic representation of crosstalk in FFOCT

1.2.2. Coherent vs. Incoherent lllumination

The coherence properties of the illumination field in an imaging system can have

DOx OUUEOUWEOOUI gU1 OEIl UwOOwUT h.urbisisladdreSsedlaiu O x UDE E O
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key points from that discussion will be addressed here.

%OUwWUT 1T wxUUxOUI woOi wUl PUWEDPUEUUUDOOOWEW? EOT I
system for which the illumination is highly spatiallycoherent, without regard to the
temporalcoherence properties of the illumination (which indeed may be either coherent
OUWPOEOT T Ul OUAB ww2DODPOEUOaAOWEOwW?HOEOT T Ul OUwUaU
illumination is spatially incoherent, again without regard to its temporal coherence
properti es. It should be noted, however, that for a purely monochromatic source, it
would be impossible to create a spatially incoherent illumination field.

By definition, then, a coherent imaging system is one for which the impulse
responses in the image plane ae correlated, and as such, will produce a response that is
linear in complex amplitude. It can be shown that for such a coherent imaging system,

this amplitude response (or amplitude transfer function, ATF) is simply given by a

scaled Fourier transform of the pupil function, specifically [66]:

ATF(fX,f ):p(/zi £, /7 (,) (1.1.1)

Conversely, an incoherent system is one for which the impulse responses in the image
plane are completely uncorrelated, and thus will produce a response that is linear in

intensity. As the intensity is simply given by the square of the field, the response of such
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a system is given by the square of the amplitude response in the space domain (i.e. the
incoherent PSF is equal to the square of the coherent PSF). Thus, the incoherent trangfe
function (or optical transfer function, OTF) is given by the auto -correlation of the same

scaled Fourier transform of the pupil function, i.e. [66]:

OTF(f,.1,)= P(/2 1. /2) A £f. 2} 112

If we consider a simple 1D coherent imaging system with a rectangular pulse as the
pupil, the ATF would simply be a scaled version of that rectangular pulse, with some
cutoff frequency fc. The OTF of an analogous 1D incoherent system would be the aute
correlation of that rectangular pulse: a triangular pulse, with a non -zero response
extending out to 2 fc. It is tempting, therefore, to conclude that since the OTF extends
twice as far in frequency space as the ATF, that incoherent systems would have twicethe
resolution. However, at least presently, it is impossible to directly measure the
amplitude of an optical field, and thus the only measurable quantity is its intensity (with
so-called square-law detectors). If we define H(f x,fy) as the scaled Fouriertransform of
the pupil function of animaging system, and G(fx,fy) as the complex amplitude of the
object of interest, the resulting image spectra for the coherent and incoherent cases are

given by [66]:
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I:coherent( fo.f ) =HG*HG (1-1-3)

X1y

I:incoherent( fx ! fy) = [ H*H ][G* q (1-1-4)

For the incoherent case, the measured intensity is given by the multiplication in Fourier
space of the OTF (i.e. H*H) and the autcE OUUT OEUDOOwWOI wlOT 1 wOENI EUz Uuw
3T UUOwUT T wUavuuUl OzUwbOUI OUPUawUI Ux @adl wbUwil BYI O
intensity point spread function that is simply the Fourier transform of the OTF. Both the
OTF and the intensity PSF are independent of the sample.
For the coherent case, the system response is intimately linked with the complex
amplitude of the object. As such, no frequency response or point spread function can be
EI T DOl EwPPUT wUI UxT E0wUOwWPOUI OUPUadww( OET T EOwOT
the phase distribution of the object being investigated.
An interesting observation is that for point -scanning imaging systems, such as
traditional OCT, the acquisition of different lateral positions in the sample is separated
in time. Thus, the impuls e responses of adjacent poing on the image plane are not
correlated, even if coherent light is used. As a result, scanning imaging systems will
exhibit transfer functions analogous to an incoherent imaging systemz?. In the case of

traditional point -scanning OCT, then, the axial direction of the image will exhibit

1 Credit to Shwetadwip C howdhury for this observation. A complete mathematical derivation of the
incoherent-like properties of scanning imaging systems will be presented in an upcoming paper.
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properties of a coherent imaging system (because all axial depths are illuminated

simultaneously, even in TDOCT), but the lateral direction will be incoherent.

1.2.3. Spatially Incoherent llluminationi n Full -Field OCT

Previous studies have demonstrated crosstalk rejection and speckle reduction in
full -field OCT by using spatially incoherent illumination (SII) from a thermal source [60,
65, 67]. It was demonstrated in [67] that reduction of these coherent artifacts occurs as a
UT U000 wWOI wlOT 1 lows$patial CoBetencd, @d i$ Erirefatddito temporal
coherence. However, the average number of photons within a coherence volume of
blackbody radiation is always on the order of unity [68], which limits the speed and
sensitivity of OCT systems employing thermal sources [67, 69, 70]. A strategy to
overcome this limit , while still achieving crosstalk rejection, is to reduce the spatial
coherence of a coherent sourcesuch as an SLD orfemtosecond laser. The theoretical
basis of this approach has beenexplored previously with the aid of dynamic mode
mixing [70, 71]. In section 2.1, we demonstrate how carefully selected multimode fiber s
can be used to realize Sll with partially coherent sources without the need for dynamic

mode mixing.
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1.2.4. Parallel Fourier Domain OCT

In recent years, the speed oftraditional (point -scanning) FDOCT imaging
systems has grown at a tremendous pace with the fastestFDOCT systems to date
operating at A-scan rates of a few megahertz[72-74]. Most of these high speed systems
employ an SSOCT configuration , but swept source lasers capable of comparable sweep
rates have not been developed in the 80nm regime, which provides the highest axial
and lateral resolution among the three commonly used OCT bands (800nm, 16 \rkand
1.37m). Meanwhile, high speed silicon-basedarray cameras haverecently achieved
frame rates as high as one million frames per second at316 x 260megapixel resolution
(Photron USA, Inc, San Diego, CA). With sufficient optical power, t hese cameras could
support A -scan ratesexceeding 100MHz.

These advancementsin silicon -based array camera technology havemade
possible the development of high speed parallel OCT systems in the 80nm regime,
using either li ne-field spectral domain (LF-SDOCT) [75-77] or full -field swe pt source
(FFSSOCT)[28, 78, 79 configurations. A schematic of these encoding schemes is shown

in Figure 1.7.
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Figure 1.7: Schematic representation of parallel FDOCT encoding schemes

LF-SDOCT systems operate by imaging a focused line onto the sample, and (after
combining the returning line with reference light), dispersing that focused line across a
high speed 2D array detector. Thus, each frame capture acquires all of the information
required to produce a B-scan, and volumes can be built up by scanning the focused line

across the sample in one dimension. A schematic of a LFSDOCT system is shown in

Figure 1.8.
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Figure 1.8: Schematic of an LF-SDOCT system, from [76]

FF-SSOCT systems are much more similar to time domain FFOCT systems in that
a standard Linnik, Mirau, or common -path interferometer design can be used. However,
these systems employ a tunable laser(or a broadband source with a tunable filter)
instead of a broadband source. For each wavelength that the source tunes to, a en face
image of the sample is combined with the reference field, and a 2D interference image is
acquired. After a complete acquisition (consisting of several hundred camera frames), a
spectral interferogram corresponding to each pixel can beextracted from the stack of
acquired frames, and thus the entire data set can beprocessed toobtain a full OCT
volume. A schematic of a full -field swept source phase microscopy (FFSSPM) system

(which is essentially a phase stable FFSSOCT system) is shown inFigure 1.9.
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SLD

Figure 1.9: Schematic of a FFSSPMsystem, from [78]. SLD: Superluminescent diode. FFP: Fiber
Fabry-Perot filter. L c, Lss, Lcco and Loes: collimating, beamsplitter, camera and objective lenses,
respectively. BS: Beamsplitter. CCD: C harge coupled device 2D array camera. R: Reference
reflection off of cover glass.

FF-SSOCTconfers advantages over time-domain FFOCT techniques in that it has
no moving parts and does not require precise alignment of the focal plane and confocal
gate. However, because each acquired frame contributes only a single spectral channel,
the integration time for each A -scan is relatively long, equal to the number of spectral
channels per A-scan times the integration time of the camera. Even for high speed
cameras, this integration time is prohibitively long to image non -stationary samples.

While both of these configurations enable high sensitivity and high speed
volumetric imaging, they also lack the confocal aperture of the single mode fiber that is
present in traditional point -scanning OCT. Furthermore, because they are spectrally
resolved, each spectral channel has a very narrow spectral bandwidth and thus very
high temporal coherence. As a result, these techniques are prone to speckle and

crosstalk, which further limits their applicability for imaging biological tissues. LF -
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SDOCT canbe made somewhat less sensitive to coherent imaging artifacts by reimaging
the focused line onto a confocal slit (as shown inFigure 1.8). However, crosstalk may
still occur between A-scans across the line, which in practice limits the usable imaging
depth to a few hundred microns when used with coherent sources[76]. Incoherent
sources arecompatible with LF -SDOCT, but these sourcegypically lack sufficient power
spectral density to enable high-speed imaging [75].

FFSSCQCT techniques are even more sensitive to coherent imaging artifacts, as
substantially more potential crosstalk paths are present with the 2D illuminated field.
Also, neither confocal apertures nor incoherent sources are compatible with the
technique. As such, FFSSOCT technigues are more suitable for imaging nonscattering
samples, such as thin specimens on microscope slide$78] and non-biological specimens
[28, 30].

In section 2.2, we describe anapplication of extended-depth FF-SSOCT system
designed for wide field -of-view (both lateral and axial) surface topography applications.
This system employs a high spectral purity swept source, enabling a long imaging

range, and employs a high speed camerathat supports net A-scan rates of up to 1.4MHz.

18



1.3. Imaging Depth Limitations in OCT

The imaging depth of OCT systems is most often limited by one of three factors:
optical attenuation, sensitivity fall-off, or depth-of-focus. The first of these, optical
attenuation, stems from the limitation that OCT only detects singly -scatteredlight. This
is because interference between the sample and reference fields requires a strict phase
relationship, and phase information is lost after multiple scattering [80]. In
homogeneously (or pseudo-homogeneously) scattering media, the proportion of
photons that remain unscattered falls off exponentially with distance into the sample .
Thus, beyond a certain penetration depth, essentially all of the incident light will have
been multiply scattered, and can no longer be used for OCT imaging. For imaging of
biological tissues at NIR optical wavelengths, optical attenuation typically limits the
usable imaging range to 1 to 2 mm. Thus, for many applications (especially retinal
imaging), optical attenuation is t he most restrictive of the three imaging depth
limitations. However, for some applications, especially anterior segment, cardiovascular
(catheter-based) and GI (endoscopebased) imaging, the usable imaging depth is often
not limited by optical attenuation , due to the presence of large regions of low scattering
around the tissue of interest (e.g. the ocular anterior chamber, or the lumen of a coronary
artery or Gl tract). For these systems, the imaging range is often limited by the inherent

imaging depth of the OCT systems. This inherent imaging depth, which is specific to
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only Fourier Domain OCT systems, arises due to two factors: sensitivity fall -off and the
complex conjugate ambiguity , and is discussedin section 1.3

Finally, due to the trade -off between lateral resolution and axial depth -of-focus
inherent in diffractive optical systems, additional depth limitations sometimes arise in
either high lateral resolutio n or extended depth OCT imaging systems. This limitation is
most apparent in applications such as adaptive optics (AO-) OCT of the retina [81-84],
and extended depth imaging of the ocular anterior segment [85-88]. Depth-of-focus

limitations will be discussed extensively in section 1.3.4

1.3.1. Inherent i maging depth limitations in FDOCT

Both FDOCT techniques suffer from an inherent, sample-independent limited
imaging depth range, typically between 1 and 5mm. However, since the signal in OCT
is derived only from backscattered ballistic photons, and biological tissue is generally
highly scattering at optical wavelengths, optical attenuation from absorption and
scattering typically restrict the usable imaging depth to less than 2mm. Thus, for many
applications this inherent imaging range is not the limiting factor in determining the
practical imaging depth. However, several important OCT applications would benefit
from extended imaging depths, including ophthalmic imaging of th e anterior segment,
intrasurgical imaging, small animal imaging, endoscopic imaging of the gastrointestinal

tract, and catheter imaging of coronary arteries.
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The inherent limited imaging depth range is due to two factors. The first of these
stems from the fact that FDOCT extracts depth information from the inverse Fourier
transform of a spectral interferogram . As the spectral interferogram can only be
recorded as a real signal, its Fourier transform is necessarily Hermitian symmetric about
the zero pathlength difference position (ZPD), which occurs at electronic DC after
Fourier transformation of the spectral interferogram. Consequently, positive and
negative displacements about the ZPD position cannot be unambiguously resolved,
which gives rise to mirror i mage artifacts. These artifacts can be avoided by placing the
zero pathlength difference position outside of the sample, which results in two non-
overlapping mirror images of the sample being acquired in the positive and negative
frequencies. This technique resolves thecomplex ambiguity , but at the expense of
halving the usable imaging range. Also, adjustment of the reference delay is required to

ZPD position, as shown in Figure 1.10.

Figure 1.10: SDOCT retinal B -scan corrupted with a complex conjugate artifact.
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The complex conjugate ambiguity would not pose such a problem if it were not
for the fact that the total imaging range is also limited by a phenomenon known as
sensitivity fall -off. In SSOCT, he instantaneous linewidth of the swept laser can be
thought of as a sampling function that interrogates the intrinsic spectral interferogram .
The spectral interferogram is sampled by, and thus convolved with, the instantaneous
laser linewidth, which results in reduced fringe visibility when the fringe period
approaches the linewidth . As smaller fringe periods (i.e. higher fringe frequencies)
correspond to deeper imaging depths, this reduced visibility results in decreasing
sensitivity with increasing imaging depth . In SDOCT, the spectral bandwidth detected
by each pixel of the pectrometer is analogous to the laser linewidth in SSOCT, and
likewise results in reduced fringe visibility with increased imaging depth.

The combination of the complex conjugate ambiguity and sensitivity fall -off

results in a depth sensitivity profile tha t is well approximatedby UT 1 w?-UP&1 @bk w

Fourier transform of the average instantaneous linewidth of the laser over an entire
sweep (or the average spectral bandwidth corresponding to a spectrometer pixel in
SDOCT). UUUODPOT wEwWEIT OU U cabduamspectral @soldtiorOwithueliill w
width at half -OE B wp%6 ' MAOuwdil L wwkhichxthkeisengitiityis reduced by one

half, zeds, is given by [89]:
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In(2) o2 (1.1.5)

(¢

For complex conjugate resolved SSOCT techniques, the sensitivity profile is
given by the two -sided Fourier transform, and ranges from ¢ zsa to +zsa, thus doubling
the usable imaging range. The deepest re®lvable single-sided depth, zmax, is determined
EawUOl I wUx1 EVUE OuwEWEODWUI iwib Wil OiY deko@ingtetel O1 OT U1

relation [89):

8’ (1.1.6)

In an ideal SDOCTsystem, U1 1 wUx | E U U EXwould be éyGeitd) tbe(fkain!

UEOx OPOT wh &nd ks dpacyr at approximately 0.88 zax. However, for the

spectral sampling interval to be equal to the spectral resolution, the resolution of the

Uxl ECUOOI Ul UwODODWEE wOwDBE OOOUWEDI | UEEUDPOOwWOU W
OCT spectrometers have several thousand pixels that are only a few microns wide, itis a

challenging optical design pro blem to construct a spectrometer that is pixel-limited over

the entire spectral range. As a result, most practical SDOCT spectrometers have a

spectral resolution that is worse than the spectral sampling interval, and thus z eds is

usually only a small fraction of z max.
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In SSOCT, the relationship between the spectral sampling interval and the
spectral resolution is much less restricted. The spectral sampling interval depends only
on the laser sweep speed and digitization rate. Specifically, the average spedral
sampling interval is simply the ratio of the averagewavelength sweep speed (in nm/s)
and the digitization rate (in samples/s). The spectral resolution, however, is typically
limited by the instantaneous laser linewidth, which has little dependence on the laser
sweep speed or digitization rate. As a result, the ratio of zmax and zeds can vary widely.
In fact, some stateof-the-art SSOCT systems have demonstrated @s values that exceed
their zmax value [88], meaning that the entire digitized imaging range is usable with high

sensitivity.

1.3.2. Complex Conjugate Resolved Optical Coherence Tomography

Extending the imaging depth range of FDOCT by resolving the complex
conjugate ambiguity has been an area of interest for whicha number of techniques have
been developed[42, 90-104. These techniques include phase shifting using a PZT
mounted reference arm [42] or electro-optic phase modulator [92], heterodyne
techniques in both swept-source[90, 91, 93] and spectral-domain [94] implementations,
instantaneous acquisition of phase separated interferograms using 3x3 interferometers
[95] or polarization encoding [97], harmonic lock-in detection of phase modulation [96],

imparting a phase ramp across a Bscan with B-M mode scanning [98, 105 and pivot -
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offset scanning [99, 100, 102, sinusoidal phase modulation [101], dispersion encoding
[104, 106]. An example of a complex conjugate corrupted image, and a corresponding

complex conjugate resolved image is shown in Figure 1.11.

Epithelium
Stroma

Figure 1.11: SDOCT image of cornea and iris with complex conjugate artifact (A), and with the
artifact resolved (B), from [105

Unfortunately, all of these techniques are accompanied bysignificant drawbacks
including reduced sensitivity, reduced axial re solution, reduced imaging speed,
required lateral oversampling, increased system complexity, increased cost and/or
increased signal processing overhead. In addition, most of these techniques produce
incomplete suppression of the complex conjugate artifact, resulting in distracting

2117 O6UU~> wbOET T UB
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1.3.3. Heterodyne Swept Source Optical Coherence Tomography

One of the most effective methods for resolving the complex conjugate
ambiguity is heterodyne complex-conjugate resolved SSOCT. This technique resolves
the ambiguity by shifting the peak sensitivity position away from electronic DC, such
that positive and negative displacements from that position can be discerned. As this
technique shifts, rather than suppresses, the complex conjugate, it compktely resolves
the artifact. In addition, heterodyne SSOCTdoes not result in any reduction in imaging
speed or require lateral oversampling. In this method, one or two active elements acting
as frequency shifters, usually acoustoOx UDE wO OE U OB BG™UWthogph . , 7 U
electro-optic modulators $ . , z UK wi E Y [98)FRde Lsedad)aggdly differential
modulation frequency between the sample and reference arm light. While effective, this
technique is limited in that such modulators are expensive and require careful
alignment. More significantly, active frequency shifters tend to have appreciable
insertion losses, resulting in reduced sensitivity, and restricted optical bandwidth,
resulting in spectral distortion leading to distortion and broadening of the axial point -
spread function (PSF). In addition, processing of the acquired data requires either
hardware demodulation [91] or significant additional post -processing steps[90]. We
have recently developed a very simple and cost effective method for realizing
heterodyne SSOCTwhich exploits a phenomenon known as coherence revival [107].

This work is the subject of Chapter 3.
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1.3.4. Depth -of-focus limitations in OCT

The optical design of most OCT systemsis in many ways analogous to that of a
typical confocal scanning laser confocal imaging system, except that most OCT systems
use a relatively low numerical aperture (NA). Thus, as with confocal imaging systems,
the lateral resolution in OCT is determined by the NA of the objective lens, and is given
by [89, 108 :

_0.37/, (1.17)
NA

ax

However, unlike in confocal microscopy, the axial resolution in OCT is determined only

by the ? U O U O Ecohgmrcerlangth of the source, and is thuscompletely decoupled

from the | ateral resolution of the system and largely independent of the optical design.

The coherence length of the source depends on its spectral bandwidth, with broader

bandwidths corresponding to tight er coherence lengths. Theroundtrip coherence

length O WEwWUOUUE] whbPUT WEW&EUUUDPEOWEEOQE bdcBlJT whbDUT u

be computed as[89]:

2,/In(2) /2 (1.1.8)
p @/
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In contrast to traditional confocal microscopy, where the axial confocal gate determines
the axial sectioning thickness, in OCT, the axial confocal gate actually determines the

axial field -of-view, which is given by [89)%

0.221/, (1.1.9)

sir? asin*(NA)

¢

FOV.

axial —

Because of the decoupling of the lateral and axial resolution, OCT systems usually
employ small NA objectives selected to match the lateral resolution of the confocal
imaging system to the axial resolution of the OCT source, thereby providing isotropic
imaging resolution over a relatively deep imaging range [89]. Nevertheless, there are
applications in which high NA objectives are used with OCT, and thesesystems are

commonly referred to optical coherence microscopy (OCM) systems[55,110113.

1.3.5. Extended depth -of-focus strategies in OCT

A number of techniques and strategieshave been proposed to extend the depth

of-focus of OCT imaging systems. Thesemethods can be grouped into three general

2 Note that the prefactor in this expression for axial FOV has been corrected as compared to the expression
in reference [89]. Credit to Derek Nankivil for this correction, which will be updated in the upcoming
second edition of [109
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categories multiple focal plane techniques, beam-shaping and aperture apodization
techniques, and digital refocusing strategies.

Perhaps most straightforward extended depth-of-focus techniques involve using
multiple focal planes, for example, by translating the objective during an acquisition or
between sequential acquisitions. The former technique, known as dynamic focus
tracking [114-11§, refers to systemswherein the objective lens is translated
simultaneously with the reference arm, which keeps the coherence gated imaging depth
coincident with the objective focus. Of course, this technique is only applicable to time-
domain OCT systems. A similar technique applicable to both time -domain and Fourier-
domain OCT systemsis? 4 O O1 wi Ovhéreirea@dries of images are acquired
sequentially with the focal plane shifted and then combined in post processing [119121].
11 El OUGaOowll PUwWUI ET OP@UIl whEUwI RUI OEI Ewi UUUT 1T Uw
systems for imaging multiple depths within a sample by combining two SDOCT
systemsthat simultaneously image different depths within the eye [122 123. We have
recently developed a polarization encoded technique that enables simultaneous imaging
of the anterior and posterior eye with a single SSOCT system[124]. This work is the
subject of Chapter 5.

The second category of techniques includesdifferent methods of beam-shaping
aperture apodization, especially the use approximations of Bessel beams.A Bessel beam

is a field of electromagnetic radiation whose amplitude is described by a Bessel function
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of the first kind. Bessel beamsre of particular interest in extended -depth imaging

applications because of the fact that true Bessel beams do not diffract (i.e. do not spread
OUUAWEOEwWET EEUUI 0D OB wtpOwrR Ob Ol wOT E0wWwEOWOEUUUU
does not block light fr om reaching objects downstream).

Although the mathematical foundations of Bessel beams had been laid out as
early as 1915(see referenca [125-127] for a more complete historical perspective), these
early solutions required beams with infinite spatial extent and infinite energy, and thus
were not physically realizable. It was not until 1986 that Durnin et al first suggested
[128, 129 and then later demonstrated [13Q that approximations of Bessel beams (called
guasi-Bessel beams) could be experimentally realized. And while these beams were not
truly non -diffracting, they demonstrated a substantially longer depth -of-field than
Gaussian beams of a comparable beam waist

Quasi-Bessel beams are not without drawbacks, however. Most notably, because
the crosssectional intensity distribution of a Bessel beams contains many sidelobesthat

contain most of the transmitted power [125 127, 131, 137, illumi nation and collection

efficiencies of OCT sample arms that employ Bessel beans are typically very low.
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Figure 1.12: Cross-sectional intensity distribution of an ideal Bessel beam

Despite this drawback, there has been considerable interest in using Bessel
beams in OCT. The use of Bessel beams in OCT has been largely aided by the
development of the so-E E O O1 E w? E[23 Avbihuaitabldd the formation of a quasi-
Bessel beam from a collimated Gaussian beam with much higher efficiency than an
annular pupil. Ding et al reported the first use of OCT with an axicon lens in 2002 [134]
using a TD-OCT system. While the extended depth of focus of the system was
confirmed, a large drop in imaging sensitivity was also observed (although not
guantified). In 2006, Leitgeb et al[132 improved upon this technique by using a much
more sensitive SDOCT system, and also by using an axicon for illumination but a
conventional lensfOU wET Ul EUPOOS ww3 1 PUwWUEUDOIDEEP&IUE Ouw EIOIN o
through the axicon lens, but the use of a conventional for collection lens reduces the

depth-of-field enhancement somewhat. Nevertheless, this system still achieved an
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impressive U6 K O WOOUUPOOWOY!T UwEwWlI YYZ OQwWERPEEIUUEOT 1 8 wu
performed a similar measurement to that performed by Ding et al [134], but with an
SDOCT system and a custommicro-optic axicon lens. They achieved lateral resolution of
854 QwlOYIl UwE wK O O Hdwever Fa®arsiuEcBdrakterization of the system
efficiency revealed a 21dB sendiivity penalty, which is approximately equivalent to the
sensitivity gain achieved by averaging 7 acquisitions. More recently, in 2011, Blatter et
al [136 improvedupon UT 1T w?! 1 UUI OwbOOEODOEUDOO» &bl EU HDHGW |
presented by Leitgeb [132 by using a high speed (440kHz) SSOCT system. They
achDl YI EWEwWk 8 k45 OwUl UOOUUDPOOWOYT UWEQWWOOWERDPEOWU
OOUUWDPOWUT T w?! 1 UUI OwbOOUODOEUDOOY&EUUUDPEOQWEI Ol
to a system using conventional lenses.In addition to the use of axicon lenses, phae
masks [137] and rod lenses[13§ have also been usedto for annular apodization to
generate extended depth-of-focus beams.
The third category of extended depth-of-focus OCT strategies can be broadly
defined as digital refocusing, and includes deconvolution techniques [139-143,
interferometric synthetic aperture microscopy (ISAM) [71, 144146 and holographic
methods [147]. These techniques have been applied with varying degrees of successbut
have yet to see significant adoption in clinical settings. As these te@iniques are

computational, and not optical, in their implementation, they are beyond the scope of

this dissertation and will not be discussed in detail here.
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1.4. Sweep Buffering in Swept Source OCT

Sweep buffering in SSOCT refers to the use of long spools ofoptical fiber
(typically hundreds to thousands of meters long) to delay and interlace swept source
laser sweeps. Although the specific implementations details vary, buffering is generally
used to increase the effective sweep frequency of swept source lases that have duty

cycles of less than 50%.

1.4.1. Fourier Domain Mode Locker Lasers

The first application s of sweep buffering in SSOCT were applied to Fourier
Domain Mode Locked (FDML) lasers [148], which will be described briefly here .

Perhaps the most commonly used swept source lasers are external cavity tunable
OE Ul U U wawBkich 2mptoyafsemiconductor gain chip and rapidly swept external
filter to create a narrow laser line that can be rapidly swept over a broad bandwidth.
While these lasers have beershown to operate at rates up to 115kHz[149, 150,
achieving sweep speeds faster than this is challenging because of thdinite buildup time
of lasing from spontaneous emission [149.

FDML lasers obviate the need to build up each new wavelength sweep from
spontaneous emission by keeping a copy of the laser sweep inside the cavity itself.A
schematic of an FDML laser is shown in Figure 1.13. These lasers typically comprise a

semiconductor optical amplifier (SOA), two isolators, and a rapidly tunable piezoelectric
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fiber Fabry-Perot filter (FFP) in afiber ring cavity with a very long fiber spool . The FFP
filter is then sinusoidally driven at a frequency that is precisely the reciprocal of the
roundtrip cavity time, such that a pair of bi-directional wavelength sweeps is generated
for each period. A fiber coupler is used to pick off a small portion of the circulating laser
sweeps, but because a large portion of the sweep remains in the cavity, buildup from
spontaneous emission is not required. This design permits the generation of laser
sweeps with narrow linewidths, broad tuning ban dwidths and repetit ion rates
exceeding 1IMHz [73, 15]]. Since their invention in 2006, FDML lasers have been
demonstrated in a variety of OCT applications at continually improving and record -

breaking speeds[24, 72, 73,86, 113 136, 148 149 151-157]

ISO sSOA

Figure 1.13: Schematic of a FDML laser, from [149. FFRTF: fiber Fabry -Perot tunable filter.
ISO: isolator. SOA: semiconductor optical amplifier
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1.4.2. Intra -cavity Buffering in FDML lasers

Because FDMLlasers storea circulating copy of the laser sweep in the long fiber
spool, the entire FDML cavity is, in a senseaform of buffer. However, FDML lasers
have also been demonstrated usingtwo fiber spools inside the cavity to create
unidirectional laser sweeps. This is desirable as it has been observed that the
PEEEOPEUE> wUPIT I xwOl WwEQwW%#, + WOEUI Uwpbdl d wOOOT wpk
149. A schematic of a buffered, unidirectional FDML is shown in Figure 1.14. This laser
differs from the laser shown in Figure 1.13in that the long fiber spool has been broken
up into two shorter fiber spools, with output coupler s placed in between them. To
enable unidirectional sweeping, the drive current to the SOA is modulated such that
forward sweep is suppressed, andisthus Ul x OEE]l EwEa wOT 1 wEUI I 1 Ul Ew? E(

backward sweep.
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Figure 1.14: Schematic of a buffered, unidirectional FDML laser, from  [149

1.4.3. Extra-cavity Buffering

Similar to the use of buffer spools within the FDML cavity, buffering can also be
implemented with fiber spools outside of the laser cavity. This extends the applicability
of buffering techniques to non -FDML laser sources,especially $ " 3 +Buffe@ing stages
with multipliers as high as 16x have beendemonstrated with high speed, low duty -cycle
%# , +z UwU Owsdan r&t€d Bsshighuas MHz [73)." Ob1 Y1 UOw$ " 3+zZ UWEOEwWOU
commonly used SSOCT lasers typically do not have duty cycles much below 50%, and
thus buffering stages with multipliers greater than 2x h ave not been demonstrated with
non-FDML sources.
The Axsun technologies 1060nm SSOCT laseis a good candidate for buffering .

This commercially available turnkey ECTL has a sweep rate of 10kHz , tuning
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bandwidth of >100 nm, but a specified duty cycle of only ~45%. The low duty cycle is
due to the fact that the laseruses a MEMShbased tunable filter, and during the backward
sweep of the filter, the laser is turned off [158]. Potsaid etal [158 used a 2x buffer stage
to increase the sweep rate of this laser to 20&kHz. A schematic of the buffer stage used
is shown in Figure 1.15. One drawback of this design, however, is its optical inefficiency
at the 5050 fiber coupler, as half of the light is lost at port 3 (in Figure 1.15). In one
configuration, Potsaid et al used the light from both port 2 and port 3 to create a dual
spot OCT system that effectively operated at 400kHz. However, this approach
significantly complicates the design of the OCT system, while also halving the ANSI -

limited power [159 that each spotcan use.

200kHz buffered
sweep output on
each 2 and 3

@

~1 km fiber spool

Polarization control

Figure 1.15: Buffered 200 kHz SSOCT system using an Axsun Technologies 100 kHz swept
source laserwith a duty cycle of ~50% , from [15§

Another drawback of this approach is the potential for polarization mode dispersion
(PMD) in the buffered output due to birefringence in the fiber spool. This is especially

problematic for retinal imaging, where the sample beam traverses birefringent ocu lar
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tissues such as the cornea andetinal nerve fiber layer [16(, resulting in the creation of
ghost images and phase artifacts Beumann et al[16( address this concern by adding a
polarizer after recombination of the original and buffered sweep. However, the losses
through the fiber p olarizer, coupled with the inefficiency of the 50/50 coupler used to
recombine the two sweeps, result in substantial optical attenuation. To compensate for
these power losses, an amplification stage consisting of an SOA and two isolators was
added. A schematic of this configuration is shown in Figure 1.16. This amplification
stage produced several undesirable effects. First, it reduced the spectral bandwidth of
the source from 103nm to 70nm, broadening the axial PSFand degrading axial
resolution. Second,the SOA produced significant broadening of the laser linewidth
[161], resulting in a sensitivity fall-off of 4.2dB/mm. This is substantially worse than the
~1dB/mm fall-off we have measured in similar systems employing the same laser model
(Chapter 3). Lastly, the SOA requires its own drive electronics and TEC, resulting in

increased system cost and complexity.

Swept

to OCT
POLMH ISO 000) SOA ISO
laser

setup

Figure 1.16: Buffered SSOCT system with polarizer and amplification stage , from [16Q
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Another consideration related to buffering is the technique usedfor performing
wavenumber recalibration. Many turnkey SSOCT lasers, such as the Axsun laser,
contain an optically integrated Mach -Zehnder Interferometer clock, or k -clock, that
provides a clocking signal for wavenumber recalibration. Both external cavity buffering
schemes describedabove [158 16( are incompatible with the use of this internal k -clock,
at least for the buffered sweep, and thus required the construction of a second clock for
wavenumber recalibration.

In chapter 4, we describe an alternative buffering technique wit h superior optical
power efficiency than previously reported methods. We also describe strategies to
mitigate PMD without the use of lossy polarizers, and to use the wavenumber
calibration from the original sweep (such as would be generated by an integrat ed k-

clock) to recalibrate the buffered sweep.

1.5. Anterior Segment Biometry with OCT

The clinical success of OCT for imaging the retina and diagnosing diseases of the
posterior eye has been well documented[5-7, 162. OCT imaging of the anterior eye,
first demonstrat ed by lzatt et al in 1994[8], also showed initial promise as a technique
for measuring corneal topography, angle evaluation (especially for narrow -angle
glaucoma) and anterior chamber biometry [80]. However, anterior segment OCT has

seen comparatively less clinical adoption than retinal OCT, perhaps due to the

39



accessibility of the anterior eye for direct examination, and the existence of established
clinical tools such as pladdo-ring topography and Scheimpflug photography. In
addition, because the applications of OCT in the anterior eye are primarily quantitative
in nature (as opposed to primarily morphological , as with retinal imaging ), the slow
acquisition rates of early time-domain OCT systemsresulted in significant motion
artifacts that precluded the use of OCT for quantitative biometry [163 164.

OUT OUT T wlOi 1T wgl YI OOxO0I O0wWOI wen#. " 3wbOwli 1 wi E
the imaging speed of retinal OCT systems, most early FDOCT systems were limited to
imaging ranges of 1~2mm due to sensitivity fall-off and the complex conjugate
ambiguity. While this imaging range is sufficient for retinal imaging, the anterior
segment spans approximately 8mm in physical length [169 (~11mm in optical
pathlength), and thus far exceeded the imaging range of early SDOCT systems.

Despite these limitation s, however, anterior segment OCT remained of interest
because of its ability to completely characterize the optical system of the anterior eye.
This characterization can be carried out through measurements of several biometric
parameters, including curvature of the anterior and posterior corneal surfaces, corneal
refractive power, corneal thickness, anterior chamber depth, crystalline lens curvature,
crystalline lens optical power, crystalline lens thickness, and axial eye length [88, 123

124, 166:177. Existing clinical methods for evaluation of these parameters are limited to

measurement along a single axis and do not accurately account for offaxis variations
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and aberrations. With the ability to rapidly acquire densely sampled 2D images and 3D
volumes, OCT offers the potential to perform substantially improved characterization of
the refractive properties of the anterior eye. This would enable improvem ents in
customized modeling of patient eyes, which in turn would enhance intraocular lens
customization and refractive surgical interventions, and also facilitate the correction of
optical distortions due aberrations in patient optics in retinal OCT diagno stics.
Patient motion presents an additional complication in achieving accurate ,
guantitative anterior segment biometry with OCT. This motion can be categorized into
axial motion (parallel to the OCT beam) and lateral motion (transverse to the OCT
beam). Lateral motion occurs due to voluntary and involuntary movement of the
x EUDI OUz Uwl al wOU wT 1 Edaccdtlés] trenhb(s arld Eré& likeE Bibr@ks O D E U O
have established that most lateral motion is band-limited to frequenciesless than 100 Hz
[173 174. However, Zhao et al [168 have previously demo nstrated that quantitative
anterior segment biometry is far more sensitive to errors due to axial motion as
compared to lateral motion. Recently, McNabb et al showed that axial eye motions,
which occur primarily due to head movement, cardiac pulsations and breathing, are
band-limited to 50Hz for motions largerthan1 4 08 ww3 T UUOWEEQUH WD 0B Qwdwoi
B-scans requires frame acquisition rates exceeding 100 Hz, although undersampling
techniques can be used to acquire motionfree images, even with relatively slow clinical

systems[175.
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The continuin g development of FDOCT, especially with respect to increases in
imaging depth (as discussed above)and imaging speed [74, 88, 148 150, 151, 155157,
176, 177], combined with the development of motion compensation strategies [178 179
and refraction correction algorithms [168 169, 180, 181], has recently made possible the
extraction of corneal power from OCT images of the anterior segment [164, 168 170, 175
182, 183. Other recent advances towardsreE OD a4 D O1T w? b1 (88 12811241179. " 3 2 w
have enabled the measurement of other biometric parameters, including axial eye
length, through simultaneous measurement of the anterior and posterior eye . While
theseachievementsare a significant step towards the realization of complete and
accurate quantitative characterization of the entire optical system of the eye, continued
advances in imaging speed and imaging depth, as well as additional clinical validation,

are necessarybefore widespread clinical translation is feasible.
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1.6. Research Aims

The objective of the work presented in this thesis was the development of
advanced techniques for extending the imaging range and increasing the imaging speed
of swept source optical coherence tomography systems. While the primary motivation
for the development of these techniques wasfor applications in ophthalmology,
specifically in anterior segment biometry, the techniques developed may also have
applications in cellular and non -biological imaging, as well as in other medical
applications of OCT outside of ophthalmology . The specific aimsof this work are

outlined as follows:

SpecificAim 1: The development of extended-depth full -field optical coherence

tomography techniques. This aim is addressed in Chapter 2.

Specific Aim2: The development of extended-depth swept source optical coherence
tomography technigues, especially through resolving the complex conjugate ambiguity.

This aim is addressed in Chapter 3.

Specific Aim3: The development of high -speed swept source optical coherence
tomography techniques, particularly through the development of sweep buffering

techniques. This aim is addressed in Chapter 4.
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Specific Aim4: The development of depth-multiplexed optical coherence tomography
techniques, I Ux 1 EDE OO & luwb ' Gi@iSimubahdods imaging of the entire

optical system of the eye. This aim is addressed in Chapter5.
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2. Extended -Depth Full -Field OCT

Despite a handful of examples to the contrary [28, 30, 78, 79], most embodiments
of full -field (FF-) OCT have beentime dom ain systems employing thermal light sources
[58, 60-64, 184, 185. Thermal light sources are used primarily because of their low
spatial coherence, which dramatically reduces coherent imaging artifacts such as speckle
and crosstalk. However, the average number of photons within a coherence volume of
blackbody radiation is always on the order of unity [68], which limits the speed and
sensitivity of OCT systems employing thermal sources [67, 69, 70], and also precludes
their use with Fourier domain OCT.

371 wlUT wOl wUxEUPEOOGAaWEOI |1 Ul OUwWwUOUUET UOWUUET
desirable as they can have much higher output powers, enabling improved sensitivity,
and can be efficiently coupled into optical fibers, reducing system complexity .
preclude s the use of spatially coherence sourcesat least for imaging of highly scattering
samplessuch as biological tissues.In addition, crosstalk also limits the utility of full -field
swept source OCT (FF-SSOCT) as swept source lasers are typically spatially coherent.

In section 2.1, we describe a technique to reduce the spatial coherence of partially
coherent sources,which are commonly used on TDOCT and SDOCT. Reducing the
spatial coherence of the illumination field suppressescrosstalk and specklein much the

same way as employing a thermal source does
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In section 2.2, we describe the development of an extended-depth FF-SSOCT
system. It should be noted that this system is not compatible with the technique
described in section 2.1, and thus would suffer from appreciable coherent artifact s if
used for imaging biological specimens. However, the system is ideal for (and in fact was
designed for) large field -of-view imaging of non -turbid samples, such asin surface
topography applications. The system utilize d a high spectral purity swept so urce and a
high speed CMOS, which together enabled very large axial and lateral field -of-view

imaging at A-scan rates of up to 1.4MHz.

Justin Migacz contributed to the work presented in this chapter, aiding with the

construction, data acquisition and data analysis of both systems.

2.1. Speckle Reduction and Crosstalk Rejection in Full -Field OCT
2.1.1. Theory

For a stepindex multimode fiber, the complex degree of mutual coherence of

two points on the fiber endface at the same instant in time is given by [184:

2J K, NADr) (21.1)

9(r) = k, NA Dr
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wher e @r i s ;ishBesseléupcdon afthe foshkind; & the waenumber,

and NA is thefiber numerical apertuteThe coherence area is commonly defined as the
region over which the complex degree of coherence exceeds 0.88, i.e. when the argument
of the Bessel function in equati¢®.1.1) less than unity187]. However, for the purpose

of detemining the effectiveness of a spatial coherence gate to reject multiply scattered
photons, we follow the definition ifil86 and, in analogy to the Rayleigh criterion for
resoluti on, defi ne a scpthat axtands tatietiretmmeimume g a't

of the Bessel function in equati¢2l1.1) [69, 18§:

1.2 (2.1.2)
k, NA

DrSCG

The relationship between these two definitions is depicted in Figure 2.1. If the coherence
gate radius of the illumination on the sample is smaller than the system resolution, the

illumination can be treated as spatially incoherent [71].
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Figure 2.1: Coherence area and coherence gate definitions

Equation (2.1.1) is only valid if intermodal interactions are negligible; that is,
modes propagating in the fiber must be mutually incoherent . This assumption is valid
for fibers that are sufficiently long such that the intermodal delay between all supported
modes exceeds the source cohenece length [186], but not so long that they approach the
mode coupling length [188. The mode coupling length is length beyond which
appreciable mode mixing occurs due to defects in the fiber, such as impurities and
microbends. For typical silica-clad step-index fibers, this length is on the order of 1 km
[189.

We can meetthis first condition be ensuring that the intermodal delay between
the fundamental mode and the highest order mode is greater than the source coherence

length multiplied by the number of supported modes:
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L fiver Nign "-fibeeroJ > | M (213

where Lier is the length of the fiber, Nnigh and Niow are the group indices of the highest
order and fundamental mode, | c is the source coherence length, and Mis the number of
modes supported. For a stepindex multimode fiber, the difference in group index

between the fundamental and highest supported modes is given by [190:

Nhigh' Nlow :NlD'%mre (214

where N:is the core group index, . n is the refractive index step between the core and
cladding, and ncore is the refractive index of the core. The number of modes supported by
a weakly guiding multimode fiber with core radius a is given by M =16a 2(NA) 2y dik
[190. Thus, the condition in equation (2.1.3), coupled with the requirement that the fiber

be shorter than the mode coupling length, can be expressed as:

16a* (NA? I n,,. (2.1.5)

Lcouplng >> I-fiber > I—min /2 Nl Dn
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If this condition is met, the tip of the multi -mode fiber can betreated as a
spatially incoherent extended source. The fiber tip can then be imaged onto the sample
to realize SllI, in analogy to critical i llumination in microscopy. Alternatively, light
emerging from the fiber can be collimated and directed to the sample, in analogy to
Koehler illumination . It has been shown that both of these illumination schemes yield

identical spatial coherence properties [19]].

2.1.2. Methods

For a proof of principle experiment, we implemented the F FOCT system
depicted in Figure 2.2 using a Linnik interferometer configuration . Major system
components included an 2 + # AGH WO OO w. UMy, & D3M@ CMOS camera
(Pixelink A741), and areference mirror mounted on a pi ezoelectric actuator (Thorlabs
AE0505D16FX 6 w3 T T wUauUUl Qwi EEWE wi 1 OEwOi wYPI pwOi wl 6 h

(Airy diameter).
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Camera i

Figure 2.2: System schematic. SLD, superluminescent diode; SMF, single mode fiber; MMFL,
multimode fiber launch; MM, mode mixer & fiber spool; L1 -4, lenses; BS, beam splitter; ND,
neutral density filter; M, reference mirror on PZA. Dashed boxes represent interchangeable
configurations for SCI and SlI.

Two illumination schemes were usedspatially coherent illumination (SCI) was
used to demonstrate crosstalk artifacts, and Sll was used to demonstrate crosstalk
rejection and recovery of resolution. For SCI, asingle mode fiber was used to couple
light directly from the SLD into the setup. For SllI, the source was coupled into one of
UT Ul T wOUOUDPOOET wi PET UUwPPUT wYEUaDOT wEOUI WEDPEODI
the coherence area is smaller than the systenfateral resolution, and thus the

illumination is essentially spatially incoherent.
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Table 2.1: Fibers used for SCI and Sll and relevant parameters

Fiber# a NA I—min Lfiber M PEcc

1 8em 0.13 - 1m 1 -
2 200em 0.22 4.4m 5m ~12,500 24.7em
3 200em 0.48 39m 20m ~53,800 11.3em

4 400em 048 16m 80m ~215,000 5.65em

atcore diameter, NA + numerical aperture, L min ¢ min fiber length, L fver ¢ actual fiber length, M ¢

UUx x OUU0IT E wddcdietett®gate thdius (at sample)

To resolve en fac€®DCT images, we acquired four images in 90-degree phase
steps. Amplitude and phase maps were then extracted asdescribedin [54]. The
integration time was dynamically adjusted to account for varying coupling efficiency
and samplerefleEUPYDPUA OWEDOE wWUE O1 1 E ToHémonstrate Erasklky & U w0 O whu(
rejection, we imaged a 1951 USAF esolution test chart beneath 2mm solutions of water
and hu4 Qalystyrene microspheres, containing either 0 (control), 6 or 8 mean free paths
(mfp) of roundtrip scattering. Using the test chart images, the modulation transfer

function (MTF) can be estimated as:

l\/ITF(f): ImaX(f )' I mm(f ) (2.1.6)

Lo (F) +1 ()
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where f is the known spatial frequency of the test chart bars, Imaxis the average image
intensity in the bright region of the bars, and Imin is the average image intensity in the
dark region of the bars. To quantify the image enhancement for high spatial frequencies
under SlI, the MTF was measured for fibers 1 and 4 under all three solutions. To
demonstrate the feasibility of this method for imaging biological specimens, we also
imaged an immobilized Drosophila melanogaster sample using fibers 1 and 4. Volumes
were acquired by stepping the sample stage in 5 micron axial steps over a range of

b Yys 06

2.1.3. Results

To demonstrate the phase stability and field flatness of our system, we first
imaged a 1951 USAF test chart in air, as shown inFigure 2.3. The system phase stability
was measured by taking the standard deviation of the phase in a region of the test chart
image where the test chart was expected to be an optical flat. We measued a phase
stability of 93.3 mrad, corresponding to a flatness of 6.161m. The true stability of the
system may in fact be better than this, asthe specified flatness of the test targetwas only

YOYYYh? wepl 6§k Kws OK
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Figure 2.3: Phase resolved image of 1951 USAF test chart showing groups 4, 5, 6 and 7.

Images of groups 5, 6 and 7 ofthe test chart under all phantoms and illumination
schemes are shownin Figure 2.4. For the 6 and 8mfp solutions, aclear improvement in
resolution is seen as the spatial coherence is decreased. MTF plots derived from images
corresponding to fibers 1 and 4 are shown in Figure 2.5. We define the effective
resolution at an MTF visibility of 0.09, as implied by the Rayleigh criterion. For the SCI
case, crosstalk results in a significant loss in resolution, degrading from 95 Ip/mm in
water to 60 Ip/mm in the 6mfp solution and 55 Ip/mm in the 8mfp solution. At high
spatial frequencies, the MTF is almost completely recovered using SllI, for which the
resolution is 90 Ip/mm for both 6mfp and 8mfp. At lower spatial frequencies, the image
from the 8mfp solution suffered some loss of contrast, likely caused by the reduced

signal-to-noise ratio that resulted from the additional scattering.
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Figure 2.4: USAF 1951 test chart imaged through water (top), 6mfp (middle) & 8mfp (bottom)
scattering solutions
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Representativeen facec UONT EUDOOU WO wUOT T wi UUPUwi 6aowlUl
shown in Figure 2.6. These results show degradation of image quality due to crosstalk
artifacts in the SCI case, and effective rejection of these artifacts and a cleamprovement

in resolution in the Sl| case.

2.1.4. Discussion

In summary, we have demonstrated a technigue to reduce the spatial coherence
of broadband, temporally coherent source by employing multimode fiber , and shown
that this method is effective in preventing resolution loss caused by crosstalk artifacts in
turbid samples. This resolution improvement was verified quantitatively with MTF
measurements, and practically by imaging a fruit fly. This technique demonstratesa
solution to a major obstacle in implementing parallel acquisition OCT with spatially
coherent sources, but may also be valuable in other fields.

Since the contents of this section was first published in 2010[192, there has been
a fair amount of interest in the generation of sources with moderate temporal coherence
and low spatial coherence that would maintain the large power spectral density
associated with coherent. Redding et al [193 recently demonstrated the use of a
PUEQEOOWOEUI U? wOT EVUwI RT BE P UWwith lavdspdiidl coketehceuUl Ox OUE

and used this source toE1T O OO U U U E Ui Wk Ux lu@ b 0iSihilaByONEahriDahd

Goodman [188 recently investigated the potential for using the modal di spersion of
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multimode fiber to reduce speckle i n cinematic laser projector applications, performing a
careful analysis of the properties of the fiber required to achieve a speckle contrast of
less than 1%.The technique we have presented confers all of thesame advantages as the
techniques described by Redding et al[193, and is essentially identical to the technique
described by Manni and Goodman [188], and thus would appear to have many potential

applications beyond OCT.

2.2. Extended -Depth Full -Field Swept Source OCT

In this section, we describe the design and development of ahigh speed and very
wide field -of-view FF-SSOCT systentor surface topography applications. The system is
capable of imaging over a10 mm x 10 mm x 10 mm field -of-view with 454 Olateral and
b Y w4 O wdsdlubob (and supports a net A-scan rates of up to 1.4MHz . The systemis
also sufficiently robust against dispersion to image throug h several centimeters of water
or ice without appreciable degradation of axial resolution. Furthermore, the designis
scalable to enable imaging over substantially longer depths, and to be tolerant of very
large amounts of dispersion. This work was perfor med under contract FA8650-09-C-
7932with the Defense Advanced Research Projects Agency and the U.S. Air Force

Research Laboratory.
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2.3.1. Introduction and Motivation

Traditional implementations of OCT provide lateral and axial resolution of a few
microns, limit ed by diffraction and available light source bandwidths, respectively. For
imaging of biological tissues, the imaging depth range is limited to a few millimeters
due to strong elastic scattering at the NIR wavelengths used. Because of these factors,
the imaging depth dynamic range is typically on the order of 1000.

In FDOCT, spectral interference between the sample and a reference is recorded
over multiple spectral channels, either sequentially using a swept-frequency laser source
(SSOCT) or simultaneously by dispersing the mixed light fields across a receiver array
(SDOCT). Following Fourier transformation, the maximum imaging depth obtainable
corresponds to the coherence length associated with each spectral channel (the laser
linewidth in SSOCT or the spectrometer resolution in SDOCT), the depth sampling
corresponds to the spacing between spectral channels, and the depth resolution
corresponds to the coherence length of the composite spectrum. For biomedical imaging
over millimeter depth scalesand with ~1000 depth dynamic range, the spectral channel
resolution required is ~0.1 nm and a detector array with 1000 elements must be used.

For imaging with increased depth range but without loss of resolution, both the
spectral resolution and the number of spectral channels must be increased.In an extreme
case a depth range of 10 meters would require a spectral resolution of 0.03 pm (10

MHz), and 108 spectral channelswould need to be acquired to maintain 10 micron
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resolution (assuming a center wavelength of 800 nm). These requirements would be
difficult to meet using available dispersive spectrometers and detector arrays, and thus
are not practically realizable with SDOCT. Furthermore, the spectral purity required to
achieve this kind of imaging range in SSOCT has only been demonstratedwith tunable
lasers that tune at speedson the order of 100nm/s or less. This is several orders of
magnitude slower than commonly used SSOCT lasers, and is prohibitively slow for
practical imaging in traditional scanning OCT implementations.

Management of sample dispersion in traditional FD OCT systems is relatively easily
addressed because the amount of secondorder dispersion (group velocity dispersion, or
GVD) and higher order dispersion (HOD) within the limited sample depth of 1~2mm is
typically small compared to material dispersion mismatche s between sample and
reference arms. Thus, so long as the amount of glass in both arms can be controlled
within a few millimeters , the amount of chirp induced across the spectrum will be
negligible compared to the spectral channel width, and would not appr eciably degrade
the axial resolution. Furthermore, any remaining amount of dispe rsion mismatch
between the arms, as well as dispersionwithin the sample , may be corrected via
numerical post-processing [176. However, advanced system designs for increased
depth range (such asimaging through several meters of ice or water) must be tolerant of

much more significant spectral chirp.
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In the remainder of this chapter, we present a novel FFSSOCT systemdesign that

offers several advantages over traditional FDOC T systems outlined below.

1. The system employsa type of very high spectral purity tunable laser
developed for the telecommunications industry . These laserscan provide
<10MHz linewidth s (capable of supporting > 10 meters of SSOCT imaging
depth) with > 10 nm tuning range (delivering < 304 m depth resolution) over
a wide range of available centerwavelength s (600-1800 nm). The primary

limitation on sources available presently is tuning rate and accuracy.

2. These tunable lasersalso feature adjustable tuning speeds, which provide the
agility to sample at any desired spectral interval. This provides precise and
dynamic control over the depth dynamic range, a feature that is not

realizable with traditional FDOCT sy stems.

3. Due to the decoupling between frequency channel width and spacing, swept -
sourceslaserswith sufficient tuning agility can be constructed with greatly
increased tolerance to large amounts of sample dispersion by tuning the
spectral channel spacingto match the anticipated nonlinear spectral chirp.

This process can be done either prospectively, if ax estimate of the
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anticipated thickness of dispersive media is available, or iteratively. Having
appropriately sampled the chirped spectral interference data, sample
dispersion can then be compensated using numerical spectral phase

adjustment, as is commonly performed in FDOCT.

4. Swept-source systems can take advantage of modern fast 2D cameras capable
of multi -kHz megapixel frame rates, delivering the equi valent of multi -MHz
A-scan SSOCT imaging capability despite the relatively slow tuning speed of

the laser.

2.3.2. System Design

As a demonstration of this increased depth range FF-SSCT system design, we
constructed a prototype system based on a commercially available tunable laser source
and a high-speed CMOS camera.

The laser sourceused was a Thorlabs INTUN laser (Model TL780-B), which
operated with a center wavelength of 780 nm, 15nm tuning range , 1.8pm tuning
resolution and 1 pm wavelength repeatability . The effective linewidth of the laser was
4 MHz, and the maximum scanning speed was 80nm/s. Based upon these source
parameters, the predicted FFSSOCT system performance included an axial resolution of

30mm, and a zsqss range of 16.5m.The high-speed CMOS camera utilized was a Photron

62



model SA4, which was capable of acquiring 3600 frames per second at 1024x1024 pixel
resolution, with sufficient sensitivity to support this faster imaging speed.

A schematic of the full -field swept-source imaging system is illustrated in Figure
2.7. The design exclusively used off-the-shelf lenses, which were sourced from Thorlabs.
Two plano-convex cylindrical lenses were used to reshape the elliptical output beam of
in INTUN laser into a (nearly) circular beam, which was then fiber -coupled into a single
mode fiber (SM-800) usng an achromatic doublet. Single mode fiber coupling was
performed to limit feedback into the laser (due to the poor coupling efficiency of back

reflected light), and to facilitate coupling into the fiber k -clock (discussed below).
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Figure 2.7: Schematic ofprototype FF-SSOCT system.
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The interferometer was constructed in a Linnik configuration , as shown. Imaging
optics were optimized using ray-tracing optical design software (ZEMAX) to provide a
diffractio n-limited performance of < 45mm PSF FWHM across nearly the entirelcm x
1cm x 1cm design field -of-view. Figure 2.8 shows ZEMAX ray diagram s of the
illumination optics, the reference arm collection optics, andthe sample arm collection
optics, respectively. TheZEMAX estimated FWHM of PSF cross-sections & several

locations throughout the field -of-view are listed in Table 2.2.

ZEMAX Illumination Optics Design

Refarence

T or sample
B_i i ]
C260TM-B AC254-100-8 J—
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— 'U-
AC508-250-M Camera
f=250mm ACE0E-250-M

f=250mm

ZEMAX Sample Arm Collection Optics Design

Sample

e — — !

f=250 Smm aperture Camera
f=250

Figure 2.8: ZEMAX ray diagram of the illumination optics (top), reference arm collection optics
(middle), and sample arm collection optics (bottom).
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Table 2.2: FWHM of PSF at various locations throughout the field of view

Axial position (+5,#5)mm (+2.5,4#2.5)mm (0,0)mm (-2.572.5)mm (-5,-5)mm

5.0mm in front 45.8 pm 48.5 pm 54.4 pm 48.5 pm 45.8 um
Focal plane 44.3 ym 44.3 ym 45.4 uym 44.3 um 44.3 um
5.0mm behind 47.2 ym 44.8 um 44.3 um 44.8 um 47.2 ym

Wavenumber calibration was performed using a custom built, all -I B E I-EJQU® 02 O
as shown in Figure 2.9. Although not shown in Figure 2.7, the k-clock was connected to
the single mode fiber via a 90/10 fiber coupler. The k-itself clock consisted of two 50/50
fiber couplers with a ~7mm optical pathlength offset, arranged in Mach-Zehnder
interf erometer (MZI) configuration. The outputs of the second coupler were connected
to a balanced photoreceiver,and the resulting signal was digitally bandpass filtered and
then used to resample the acquired spectral data.An example of the processed output of

this calibration system is shown in Figure 2.10.
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Figure 2.9: Schematic of all -fiber MZI k -clock
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Figure 2.10: Processed k-clock signal from the fiber Mach -Zehnder interferometer.

Hardware interfacing between the computer and various hardware components
is illustrated in the flowchart in  Figure 2.11. The computer communicated with the
INTUN laser through a USB interface, and with the k-clock receiver and high speed

camera through a National Instruments (NI) DAQ connector block (BNC). Data
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a GigE interface.

k-clock

Optical

Optical

Camera

GigE

Figure 2.11: Flowchart showin g hardware interconnects

Data acquisition was driven by a custom developed LabVIEW program, which
operated as follows. Upon user request via a button click, a start acquisition trigger was
sentnearly simultaneously to the laser via the USB interface and to the camera via the
NI DAQ board. The laser would then perform a single, unidirectional sweep and the
camera would free-run at a preset frame rate to acquire a preset number of frames. The
camera also fireda TTL pulse at the start of the integration of each frame. The TTL
pulse, along with the signal from the k -clock balanced receiver,was digitized using the
same DAQ board. At the conclusion of the acquisition, data was streamed from the on-

board memory of the camera via a GigE interface and written to a solid state drive.
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Post-processing processing algorithms were developed in MATLAB, and
functioned as follows. Each pixel of the camera was treated as a separate Ascan, with
each frame corresponding to a sngle spectral channel. Wavenumber linearization was
performed by detecting the zero crossings of the k-clock signal and interpolating the
acquired spectral data corresponding to each pixel of the 2D array to be linear with those
zero-crossings. StandardOCT processing techniques, including DC subtraction and

spectral windowing , were then applied before Fourier transformation.

2.3.3. System Performance

The imaging speed, sensitivity, and axial resolution of the FF-SSOCT were
carefully characterized, as follows.
At the maximum sweep rate, the INTUN laser tuned over the entire 15 nm
tuning range in 280 milliseconds. Thus, with 1024 x 1024 A-scans acquired over 280
milliseconds, a net A-scan rate of 3.74MIHz was achievable. However, due to the
Gaussian power disUUDEUUDOOwWO! wOT 1 wel EOOwWwOO00awExxUORDPOE
had sufficient optical power to measure a usable signal. This usable portion of the
sensor areawas approximately 625 x 625 pixels, andcorresponded to a field-of-view on
the sample of aout 12.5mm x 12.5mm. Thus, the maximum net A-scan rate ofthe

system was 1.4 MHz.
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For the imaging experiments performed, however, the sweep speed was reduced
to increase the system sensitivity and to allow enough spectral samples to be acquired to
support an imaging depth >10mm. The FOV was also reduced to limit the acquisition
of data outside of the desired 10mm x 10mm lateral field-of-view. Thus, we used 512 x
512 pixels and a sweep period ofeither 0.52 seconds or 1.872 secondscorresponding to

net A-scan rates of 524kH and 140 kHz.

Assuming shot-noise limited performance, the theoretical system sensitivity can
be calculated using a modified form of the techgnique described by Choma et al [5]].
For a particular pixel of interest and assuming integration over the entire frame period,

the sensitivity is given by:

r 221
SNR= Lot 224
4 e &SOCI

T U OwdwbUwUT T wE 16 th& dabple webdctihseOaddlebsvti2 Blén@ntaty
charge. Sw is a parameter related to average power reaching the pixel of interest and

the number of spectral channels, and can be approximated by:

S.= MR,/ N (22.2)

avg source
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where M is the number of spectral channels, Psource is the average source power reaching
the sample, and N is the number of illuminated detector elements. Also, Bssoctis the OCT

signal bandwidth, given by:

B=(R R, /(o 1 (2.2.3)

PT 1T Ul wi OwbUwUT T wOOUE OwU O U U & isutBeféefdstBeiSdvabie® wb O wb E Y
El xOl OWEOGEwW! OwbUwlOT 1T wUPT T xwxi UDOES

Given the manufacturer specified detector responsivity of 0.6, and assuming a
sample reflectivity of 1 (for a mirror), source power of 4mW (maximum incident power
on the sample), and 182 spectral channels acquired ove 0.52 seconds with 512 x 512
active pixels, we predict a sensitivity of 101.5 dB. It is important to note that this is the
expected average sensitivity, and the actual sensitivity will vary from pixel -to-pixel

The actual sensitivity was measured by calculating the peak signal-to-noise ratio
of the signal from a mirror positioned near the zero pathlength position ( DC), with
sufficient attenuation to prevent saturation of the camera. Attenuation was achieved
both by placing a calibrated ND filter in the sample arm and reducing the camera

integration time . The peak signalto-noise ratio was then determined by taking the ratio
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of the largest A-scan peak to the standard deviation of the noise floor with the sample
arm blocked.

Using this technique, we measired a signal-to-noise ratio of 61dB with a total of
34dB of attenuation, yielding a sensitivity of 95dB. It is important to note that the
sensitivity varied across the field-of-view due to the Gaussian power distribution of the
source. The sensitivity measured was the peak value, whereas the calculated value was
the average expected sensitivity. Thus the true discrepancy between the theoretical and
measured sensitivities would be even larger than 6dB. However, the predicted
sensitivity assumed shot-noise limited detection. The large discrepancy between the
predicted and measured sensitivities suggests thatnoise contributions from digitization
round -off, receiver noise and/or relative intensity noise (RIN) were appreciable .

Axial resolution was measured by acquiring volumes of an attenuated mirror
placed at the various depths through the axial field -of-view. The central 100 x 100 A
scans of each volume were averaged, and the axial resolution was then measured as the
FWH M of the averaged mirror peak.

An estimate of the sensitivity fall -off can also be measured from this experiment
It should be noted that due to the extremely narrow linewidth of the laser, the observed
sensitivity fall-off is not due to the linewidth of the laser, but rather due to the

bandwidth over which the linewidth tunes during the integration of each frame. Thus,

EawUl EVEDPOT wUT 1 wEEOI UE z U wbad-off coultibéleRtén@ed U D O1 OwUT |
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However, this would ei ther require a camera capable of a faster framerate or would
come at the cost of system sensitivity. For these measurements, the camera integation
time was set to maximum, which was approximately the reciprocal of the framerate
(3600Hz). Results of the axial resolution and sensitivity measurement are shown in
Figure 2.12. The mirror signal at each depth is plotted, and the measured FWHM of each

peak is shown above.
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Figure 2.12: Sensitivity fall -off and axial resolution measurements

The axial resolution was better than 304 m throughout the 10mm extended axial
imaging range, with the measured axial resolution varyin g between approximately 16

and 29 microns. The degradation in axial resolution may be explained by the presence
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of clocking errors due to the relatively short etalon length of the k -clock as compared to
the imaging range (7mm), as well as the reduced SNR with increased imaging depth.
Sensitivity fall-off is often characterized by the -6dB imaging range, which for
this system was approximately 8mm (red line in Figure 2.12). As discussed above, this
sensitivity fall-off is due to the spectral sampling of the laser, and not the linewidth of

the laser itself.

2.3.4. Imaging Results

The FRSSOCT system was used to image the topography of a .45 caliber slug
scavenged from a shooting range. As the slug itself was opaque,it was mounted on a
rotation stage (Thorlabs, CR1-Z7) to facilitate imaging from multiple angles . Due to the
large field of view of this system, the entire slug was imaged in only four rotations,
rotating the sample 90 degrees between acquisitions. Volumes of 512 x 512 lateral
samples and 1872 axial samples were collected over 1.872s each, corresponding to an-A
scan rate of 140kHz. Thus, the total imaging time was approximately 7.5 seconds. The
entire acquisition pr ocess took approximately 20 minutes, limited by the rate at which
data could be read from the camera.

Image segmentation was performed in post-processing to locate the surface of
the bullet, using a modified graph-cut segmentation algorithm originally de veloping for
segmenting corneal OCT images[181, 194. A representative B-scan image of the bullet

cross-section and the corresponding segmentation data are illustrated in Figure 2.13.
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Figure 2.13 Left: Representative B -scan image of the bullet surface extracted from 3D FF -
SSOCT dataset (linear scale). Right: Corresponding bullet surface segmen ted.

Due to the bright boundary at the bullet surface, these images had a sufficiently narrow
dynamic range to permit display on a linear scale (as opposed to a logarithmic scale,
which is commonly used for viewing OCT images). Two types of artifacts are identified
in the left image. These artifacts were seen in all of the FRSSOCT images, and wee due
to the presence of a 2 mm thick cover glass over the image sensor. Although the cover
glass was AR coated, the coating was for visible wavelengths and did not perform well
at the NIR wavelengths used in this system. As a result, a portion of the light reflecting
off of the sensor would reflect back off of the glass/air interface. While these cover
glasses are typically not a concern for time domain FFOCT implementations (where the

source coherence length is only a few micrans), the instantaneous source coherence
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length in FF-SSOCT is sufficiently long for interference fringes to be observed from these
reflections off of the cover glass. As a result, the cover glass produceda sharp horizontal
line in the image as well asother weaker horizontal steaks, and also resulted in the
appearanceof ghost images from the crosscorrelation of the multiply -reflected
reference fields and the sample light. Fortunately, the segmentation algorithm was
sufficiently robust to ignore these g host images, but the presence of a cover glass on

camera sensors may be a concern for future applications of FFSSOCT.

Figure 2.14: Three-dimensional reconstructed surface renderings of a 0.45 caliber slug acquired
with from four rotations

Surfaces extracted from the segmentation algorithm were used to create surface
renderings of the bullet sample. The four surfaces were combined using a priori
knowle dge of their relative rotations , and then manually adjusted. Renderings of the

final reconstructed surface are shown in Figure 2.14. Rifling marks on the surface on the
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bullet are clearly discernible in both renderings. Upon very close inspection, slight
discontinuities can be discerned at the borders between each of the 4 volumes. These
were likely due to very slight field curvature i n the imaging plane. Though not
performed here, techniques for correcting field curvature in OCT images have been used

for corneal biometry applications [16§.

2.3.5. Dispersion Tolerance

The FF-SSOCTsystem design described hereis inherently much more tolerant to
dispersion that standard OCT systems. This tolerance arises from three factors. First,
the entire reference and sample arm are free space and dispersion matched. The only
components of the system that employ fiber, which often gives rise to dispersion in OCT
systems, are common to both paths and thus do not degrade the image resolution.
Second, this systen uses a narrower bandwidth than commercial OCT systems. The
optical pathlength difference over the optical bandwidth is therefore reduced, further
reducing dispersion artifacts. Finally, the relatively coarse axial resolution of the system
diminishes the significance of the dispersion that remains. For example, for this system,
a sample located beneath 10mm of waterwould give rise to only approximately 8 nm of
roundtrip lateral resolution broadening. This would broaden the system resolution to

between 24 and 34 microns,an increase of only 33%. However, for an ultrahigh
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resolution OCT system with a resolution of 2 microns, a similar amount of PSF
broadening would correspond to an 800% increase.

To quantitatively demonstrate the dispersion tolerance of this system, we imaged
a mirror both in air and behind a 25mm thick water cell at imaging depths of 4mm and
6mm. By evaluating the broadening of the coherence function (axial resolution) in each
case, we cartrack the effect of dispersion on image quality. The results of these

measurements are shown in Figure 2.15.
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Figure 2.15: Axial resolution measured at ~4mm and ~6mm imaging depth in air and behind
25mm of water
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In both cases, the FWHM of the observed coherence function degradedby less than 5
microns, without the use of numerical dispersion compensation .

Correction for additional dispersion can be achieved throu gh software
dispersion compensation. Even very large amounts of dispersion can be corrected in
software if sufficient spectral samples are taken, or if, as described earlier, the laser
sweep is deliberately chirped to facilitate denser spectral sampling at shorter
wavelengths. However, for samples with only small to moderate amounts of dispersion,
such as a bullet located within a few millimeters of water or ice, the dispersion tolerance

inherent to this system design may be sulfficient.

2.3.6. Summary

SSOCT sy$em designs offer several advantages over conventional, commercially
available SDOCT systemsfor extended-depth imaging applications, primarily because
of the decreased axialsensitivity fall-off effect afforded by lasers with narrow
instantaneous linewidt hs. By implementing SSOCT systems in a fulkfield configuration
employing high frame rate CMOS cameras, the drawback of long imaging times due to
the relatively low sweep rate of some very long coherence length lasers is mitigated. In
this work , we provide d a proof of principle demonstration of this concept by
constructing a novel FF-SSOCT system capable of better than @4 m axial resolution and

50 micron lateral resolution over a 1cm x 1cm x 1cm isotropic field of view, achieving
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dispersion-tolerant, 0.5 GVoxel volumetric imaging in under 2 seconds. While this
technique may be limited to imaging of non -biological samples due to its high spatial
coherence, it is well suited for surface topography applications of large objects that

exceed the field-of-view of traditional OCT systems.
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3. Coherence Revival in Swept Source OCT

In this chapter, we introduce coherence revival SSOCT, asimple and low -cost
implementation of heterodyne SSOCT(introduced in section 1.3.3 that is compatible
with cert ain swept source lasers This technique effectively resolves the complex
conjugate ambiguity, and thus can double the usable imaging range of SSOCT systems.

Although heterodyne SSOCT techniques have been used since 20090, 91, 93], a
complete mathematical derivation describing how this technique actually resolves the
complex conjugate ambiguity has not been published. This is perhaps due to the fact
that such adescription requires an understanding of the role of phase and group delay
in the SSCCT signal, which has also not been published. Hee[19 has previously
derived the time -domain OCT signal in the presence of dispersion using a Taylor
expansion of the propagation constant, and Izatt and Choma [89] have previously
derived the FDOCT signal in non-dispersive media, which is valid for both SDOCT and
SSOCT However, to our knowledge, no description of the FDOCT or SSOCTsignal in
dispersive media has been developed.

Thus, we begin this chapter by following ' 1 1 z UwWET UBYEUDPOOwWOI wll 1 w:
in dispersive media for SSOCT, but adapting this treatment for SSOCT. We then extend
this treatment to describe how heterodyne SSOCTresolves the complex conjugate.
Next, we describe the phenomenon of coherence revival and demonstrate its use for

extended depth imaging of the anterior segment. Finally, we investigate the use of
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mitigating axial PSF degradation in these systems.

Derek Nankivil aided in the system construction and data acquisition for the
coherence revivd experiments. Professor Andrew Rollins contributed substantially to
the development of the expressions for group and phase delay in RSODz With swept

source lasers

3.1. Theoretical Development of SS OCT
3.1.1. Derivation of SSOCT Signal in a Non-Dispersive Medium

We begin by following ' 1 1 z UwE | UtBeYifdJdoraai @OT signal in a non-
dispersive medium 1[195. Consider a Michelson interferometer illuminated with
coherent, monochromatic light ( Figure 1.1). Light returning from the sample and

reference arms produces, at the detector, two monochromatic electric field components:

ER — AQe(_ (26 R - 1) and ES :ASé_ (264 s - ) (311)

1The entire development of the TDOCT signal, up to equation (3.1.13), is reproduced from [195. It is
included here for completeness. Our original treatment of the problem (i.e. the derivation of the SSOCT
signal) begins with equation (3.1.14).
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where Er and Es are the electric fields returning from the reference and sample,
respectively, Ar and As are the field amplitudes, Ir and Is are the reference and sample
reflector positions, and ¢r and ¢s are the propagation constants in each arm. If the
detector used is a squarelaw detector, the time-averaged photocurrent at the detector

will be given by:

— h_eélER-l_Eslz ~

where Cis the detector responsivity, eis the electronic charge,i & the photon energy,

and G is the intrinsic impedance of free space.Combining these equations yields:

o

a DI 6

"t AAF r2AcA com

Zm i (3.1.3)

where we have assumed thesample and reference are in free spaceand, @ the
difference between the sample and reference reflector pathlengths.We now consider a
broadband source illuminating the same Michelson interferometer. The sample and

reference fields then become functions of optical frequency:

Ex() = Al wexp{- j(2 { - t} (3.1.4)
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Es(w) = A(exp{- j(2 4 Jn - t} (3.15)

The interference signal at the detector is proportional to the sum of the interference due

to each monochromatic component of the broadband light, and is thus given by:

& reafﬁuEs(W)ER(vy*%’ )“U/—r real P x| -] mf)]%i;?” . @19

where we have used the definitions:
SW) =A (WA W (3.1.7)
DF( =2 £ Ny 2 (b, (3.1.8)

2 p @ An general) equal to the power spectral density of source. The phase term 2 6 A
represents the phase mismatch at the detector for each frequency component. Assuming
the propagation constants are the same in each armg can be expanded using a first

order Taylor series expansion:

b( W= b () (w - @19
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Thus, the phase mismatch term becomes:
DF( =GR 1D HB(w M2 W (3110

Combining equations (3.1.6) and (3.1.10) then yields the detector photocurrentin a

TDOCT system:

[
[

| real%Ia exB-jmel) i (Sv - ur eigk v W

where g E O E warethe phase and group delay differences between the sample and

reference, given by:

w¢=b;@2k (3.1.12)
0
qj‘g: d Oy/ L (3113)

For SSOCT, we can consider each spectral channel as a separate, singlepth
TDOCT measurement. Each of these channels is centered at some instantaneous central

i Ul gUI.BE@RBWBEVUWEwWI POPUI wODPOI PPEUT wEIl WBUDPEIT EwWE a w
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Thus, we canmaodify the equation (3.1.11) in the following ways to make it appropriate

for a description of SSOCT:

1.

OO wOod bWl @ WuWEE L, &W& drat®ating each spectral channel as
EwUl xEUEUOT w. " 3wOl E U uwith &ihit® Bandwidt® 01 Ul E wE U w

El UEUPEI EwEa w0l | wODOI PPEUT w, I3p6KS

The source term inside the integral becdd O1 U uiGuth 6 A@G as the

2UOQUUET » wi OUwl EET whbEYI1 O1 61 U1 wel EOOI GQwb U
EUsd® OUDx OP1 EwEa w0l 1 wUOU UEWwE iWedEIP® Owi YE
term accounts for the shape oftheUbP 1T x OwUOUUET wOEUI Uz UwlOUO
and will ultimately determine the axial resolution. We assume that each

Uxl EOUEOWET EOOI OwbUwUUI d)EmhirtU0a wOEUUOP |

constant across the channel.

The phase and groupE1l OEa UwEUT wOOk,midunustl@EUD OO wdi we

evaluated for each spectral cannel.

Making these changes,the SSOCT signal in a nondispersive medium becomes:
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For simplicity, let us assume we have a Gaussian linewidth function:

o L (3.1.15)
o0 & Sw- w)

o w 22 Se i W
gsw - g 2%

This Gaussian linewidth profile has been normalized to integrate to unity, and has a

UUEOEEUE wEI ¥ SubstiitatiGgdhis @hio aur éxpression for the SSOCT signal

and solving the definite integral yields:

. @ Dt? (3.1.16)
()’ fea'fS( w- fyexg i @ C)Weeéw—;s(zw i

d
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related to the standard deviation of the linewidth profile lwpby [195:
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_2 (3.1.17)
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The expression above describes the SSOCT signal as a function of the instantaneous

frequency. As we are considering a non-dispersive material, the phase and group delays

are actually equal and independent of frequency. Accounting for this , we have:

g & o0 4 (3.118)
() reali S(w- wexd i @] eéxg—z N
| e t u
The desired A-scan is thenachieved by Fourier transformation OY 1 &4 066
N 1 . . e pt o (3.1.19
(1) O 5(a(t-oP e HOF ¢ Leny  owe
e t U

Here, S(t) is the Fourier transform of the source spectrum and represents the axial
resolution. This axial resolution term is convolved with a pair of delta functions
denoting the positive and negative p ositions of the sample reflector. The third term
remains unchanged from before the Fourier transform as it does not depend on time or
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frequency. This term represents the signal fall-off due to a loss of fringe visibility , and is

only a function of the de O E a .uFinally, the cosine term represents a rapid modulation

in depth that is analogous to the carrier frequency in TDOCT. This term is introduced

EIl EEUUI wOT T w»uOUUPI UwOUEOUI OUOwD UindudeBE@Y EUT EWEE O

for completeness. Inpractice, this modulation is not detected and has no significance.

3.1.2. Derivation of SSOCT Signal in a Dispersive M edium

We now consider an SSOCT signal in a medium with group velocity dispersion
(GVD). In this analysis, we neglect higher order dispersion and assume the dispersion is
constant throughout the sample. That is, we neglect sample dependent dispersion and
only consider dispersion introduced by the interferometer, such as what would be
created by a fiber length mismatch between the reference andsample arm. The Taylor

expansion of the propagation constant from equation (3.1.9) then becomes:

b( = bt (B)(w -dy wD)b ) (3120

As we are neglecting higher order dispersion, the third derivative of the phase
propagation constant is presumed to be zero, and thusUT T wUl EOOEWEI UPYEUDYI u

constant. The phasemismatch term then becomes:
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where ¢zis the GVD mismatch between the sample and reference paths overthe

mismatch length of 2L, i.e.:
Dbi(iy = L v - (5y) (3.1.22

Inserting the new phase term from (3.1.21) into equation (3.1.6) yield sthe TDOCT signal

in a dispersive medium :

. e .. . . (3123
| reall exg-im@y) i (V- e Py, goU
3 e E )3 ( W)O
e 159 () weoi 2 P
Casting equation (3.1.23) in its SSOCT form (as above) yields:
I (w)” reaI{S( w- wWex i @Y g (3.1.24)
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Using the same Gaussian linewidth function as before, the definite integral can be

evaluated:
P L . 2 5 € Dt2 (3.1.25
| (w) reaI}S(l/g- Wex@ i @y ‘Zt gegx-p% g

Here, again following Hee [195, we have defined” asthe characteristic width of the

fall -off function in the presence of dispersion,a complex parameter given by:

0°=s? 4 ab( W12 ='sj+, (3.1.26)

This expression makes use of adispersion parameter, Jeit, given by:

G.=( & ¢ L) (3127

So far, this treatment has not yet addressed the key difference between SSOCT and
TDOCT, namely that because SSOCT can be thought of as a train of singlgoint TDOCT

measurements centered at different optical frequencies, thephase and group delay
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terms can themselves be frequency dependent. In order to account for this, the
frequency dependence of the phase and group delay terms must be incorporated.
We begin by replacing the phase and group delays by their definitions with

respect to the propagation congant:

s . e (4 2 4(3.1.28
()" reali Z-S( w - ) exsg ] 48 g @@M ﬁ
i a é w, u g 270 ¥

Wenowtake 3EA OOUwl RxEOUDPOOUWOT wé wECE wd aneep @60 wli 1 u

modified to account for the fact that the G VD only exists over a length 2L:

p(d)= bop (B)(w ) g0 GoowSgy O

2
v 0= ko @ 4 o

Asbefore OWET EEUUT wbkil weUIl wOI 1 Ol EUDPOT wi Bl Thisthat OUET U wE

carrier component of the SSOCT signal becomes:
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expg jb( w20 g (3.1.31)

—expS 1 205b( W) b W . wi) i@ ( §( w Jriwe
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We now define the phase and group delays at the center sweep wavelength:

b (3.1.32)
o, = (WIM 21
0
W= H oW E (3.1.33

Substituting with the definitions of phase and group delay (defined at the center

frequency of the sweep) yields:

expg jb( w2 g (3.1.34)

-
=exp§ -Jgaé%qofpo Wyb( o wo) us o Y w ¥ L

defined above applies here as well:

Q.= & wL)y 24 ba) (3.1.35)
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Similarly, the Gaussian in the SSOCT signal becomes:

2w v () (w, -w) Ly 2 G130

2%

2UEUVUUDPUUUDOT wbbUT wUT 1 WET i DOPUDPOOUWOI wil UOUx wET O

& (4 2 g > 2 (3.1.39)
expe- (b(ﬂ Uexp £ P+ Cm(_J « W 0?,)W ,
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Combining all of these terms yields a complete expression for the SSOCT signal in

dispersive media:
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(3.1.39)
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While this expression may seem initially daunting, several simplifications can be made.
The final exponential in equation (3.1.39) ultimately defines the falloff profile of the

SSOCT signal. Focusing on and reexpressing the argument of this exponential ;

(ngo + 0 w- 0,»2 (3.1.40)
2(st2 + J L’Erit)

_ (Cp‘go+ ,lt( - o%zé-

) 2 dcst4' éitical

2
S t J' éritical
4. 4
S criti!al

O

11 E E O O b Qsithe thar&cténistic length of the sensitivity fall -off (typically several
OPOODPOI Uleillislih Eharactiistic droadening of the axial PSF (vhich would be

tens of microns in an extreme case) for all practical SS " 3 wU a U {5l 6@ sddu b

therefore we can make the following simplification:
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Similarly , in practical systems, this characteristic fall-off length, b, will be much larger
than any variance in the group delay created by the presence of GVD. Thus, we can

assume the group delay is constant for the purposes of determining falloff.

oo+ (W Wy (3.1.42)
252 2 ¢

Finally, this same observation allows for one additional simplification:

real

—=%D:
=) |F5’)

3 (3.1.43
1
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Applying these simplifications, the expression for the SSOCT signal becomes
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& D2 (3.1.449)
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Taking the Fourier transform over 6¢t Go yields:

e Dt’, o (3.1.45)
i(t)=expé —% gos(w, D)
6 2S¢ o
3gs(t) %(d(t -®) (¢ gipcvow

Here, the first term represents the falloff and is a function of group delay. As before, the

cosine term represents a rapid modulation that is introduced because the Fourier

UUEOUI OUOwD U wl ¥kt @dil BQJandhasth& ghddtidaliignificance.

The s(t) term is the source function Fourier transform and represents the axial resolution.

The two delta functions are the reflector positions under Hermitian symmetry. GVD(t)

is the Fourier transform of the quadratic phase function , and broadens the axial PSF in

the presence of group velocity dispersion. Assuming the source function Fourier

transform s)PUW& EVUUUDPEOwP D UT wE w\ thebiohdengdERSE $tarida 0D OO w i

deviation after convolution with GVD(t) would be given by [195:
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4 (3.1.46)
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Thus, as expected, the expression for the SSOCT signal in a dispersive medium is nearly
identical to that of a non -dispersive medium, except that the axial PSF is degradeddue

to the GVD in the system.

3.1.3. Derivation of Heterodyne SSOCT Signal

Heterodyne SSOCT techniques work by adding a phase modulator (typically an
acousto-optic modula tor, or AOM) to both the reference arm and sample arm, or just the
reference arm. In the former case, the two phasemodulators are operated at different
frequencies, and only the net modulation is of significance.
In order for heterodyne SSOCTU Owb OUOOwWUT T w ., zUwlOUUOwUT bi (
interferometric fringe frequencies without shifting the fall -off profile. To understand
how this is possible, we begin with a modified form of the SSOCT signalexpression

derived above:

I () real{S( w- yexg i @Y g (3.1.47)
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T Ul whpl wi EYIl wE E ExbuB)unhichGitcountdifor th®ghase shift created by

the AOM . This term is expressed as a function ot to indicate that the phase shift

varies in time. However, it is critical to note that the instantaneous phase shift produced

EawUTl 1 uatany,giwedhtime is achromatic. BI EEUUT wUT T wOEUI Uz UwOUUx U
swept in time, both 6¢ E O Eaum&ary in time, and we will eventually need to derive an

I B x Ul UU oo thanis &functidn of 6c. Nevertheless, 2aompU A wubD UwOOU wE wi UOE U

and thus comes out of the integral here:

| (w) reafs(w- grexg § @Y W i-i(t) 8 (3149
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The rest of the derivation follows as before, yielding:

Dt?,

s : 3.1.49
() realS(w - WexE o b o B | (1) (3.149
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s e B w W) e%j%( CWO)2W§

For simplicity, we assume that the frequency sweep of the SSOCTlaser is linear in time,
and that the AOM produces a pure cosine modulation in time. Wenow I R x U lacd(f) w2
EUwWEwWlI UOGEUDOOWOI w6
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Jaom( W) =exp 4( w - B (3.1.50)

Here, 3om relates the laser sweep speed and the AOM modulation frequency. After

substituting this expression, Fourier transformation of the signal yields:

_ e Dti, o
i(t) =expé 5s? gos(w, ZP)
e t

(3.1.51)
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displacements have been shifted by- 3gaom, yielding a separation between the

EOONUT E UdmUNotd ithat khe group delay and the sensitivity fall -off are not

affected. As a result, the zero pathlength difference position (ZPDOwH 8 1 6 whJ=I0Wi wUT T w
is now encoded at. gomd w wAod Suuy Hgen the axial position shift created by the

effectively resolved.
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3.1.4. Electronic Fall -off

A complete description of sensing depth limitations in SSOCT must also account
for fall-off due to the electronic bandwidth of the electronic detection components, i.e.
OT 1T w?1 O 0 Uthe®métranic BEalddif is similar to the optical fall -off in that it
attenuates high fringe frequencies. However, the mechanism by which this occurs is
fundamentally different. Optical (linewidth) fall -off occurs due tothe loss of fringe
visibility from the fringe signal being averaged over the instantaneous linewidth ,
whereas dectronic fall -off arisesbecauseeach spectralmeasurement occurs over some
finite integration time, during which the wavelength of the laser output is not stationary.

The effects of electronic fall-off can be combined with optical fall -off, creating an
"effective” linewidth. In order for such a tre atment to be accurate, however, the
electronic fall-off term must account for the bandwidth of all of the electronic
components in the system, including the photodiode , the digitizer and any amplifiers or
filters. Assuming all of these components have linear responses, the net frequency
response is simply the product of the frequency responses of allof the electronic
components.

Further analysis can be performed by taking the inverse Fourier transform of the
total frequency response, which yields a temporal impulse response function. Assuming
that the laser sweeps linearly in time, this impulse response can be converted from time

to optical bandwidth by simply multiplying by the sweep speed of the laser. The
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effective linewidth is then given by the convolution of this ?electronic OP O1 panE U1 » w
the laser linewidth. Fourier transformation of this effective linewidth then yields the
effective fall -off. It should be noted that, in practice, neither the laser sweep speed nor
the laser linewidth are constant, and typically both of these will depend on the output
wavelength of the laser. Thus, the effective linewidth is actually a function of optical
frequency.
In the preceding discussion, we assumed that the both the optical fall-off profile
and the electronic profile were centered about the same point. That is, the optical fall-off
profile was centered about the zero pathlength difference (ZPD) position, while the
electronic fall-off position was centered at DC, and these two points were coincident.
In the case ofheterodyne SSOCT, the optical falloff remains centered about ZPD,
ECOQwUT T wi UBOT 1T wi Ul gUI OEDPIT Uwli EY low Hhelcddnbiketl D1 U1 EwU
effect of optical and electronic fall-off can no longer be computed as described above.
Instead, the optical fall-Of | wx UOI DOT wUT OUOE WET wUioD&nd&nE wO OwWET
electronic fall-off profile should be computed from the Fourier transform of the

electronic PSF. The product of these two profiles then yields the combined

optical/electronic fall -off profile.
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3.2. Coherence Revival -based Heterodyne SSOCT

Heterodyne SSOCT resolves the ambiguity by creating a frequency shift that
moves the peak sensitivity position away from DC, such that positive and negative
displacements from that position can be discerned. A significant advantage of this
technique is that it shifts the complex conjugate, rather than attenuating it, and thus does
not result in distracting ghost images. This technique has previously been implemented
using acousto-optic modulators (AOMs) and electro-optic modulators [93] to apply a
differential frequency shift between the sample and reference armg90, 91]. The
drawbacks of the technique mostly stem from the use of these modulators, in that they
typically have large insertion losses and restricted optical bandwidths, which results in
reduced imaging sensitivity and reduced axial resolution. Furthermore, data processing
in traditional implementations of heterodyne SSOCT is significantly more complicated
than in traditional SSOCT, requiring either hardware demodulation [91] or complicated
post-processing [90].

Here, we present anovel and extremely simple method of realizing heterodyne
SSOCTusing a phenomenon referred to ascoherence revival. This technique exploits the
fact that some external cavity tunable lasers (ECTLs) used for SSOCT automatically
produce a phase madulated signal when used in an interferometer whose arms are
OPUOEUET I EwWEAwWEOwWDOUI T1 UwOUOUDLXxO1 woOI wlT 1T wOEUI U

number of advantages over traditional, AOM -based heterodyne SSOCT in that it is
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simple to implement, causes noreduction of axial resolution, and requires no additional
hardware beyond a traditional SSOCT system. Furthermore, the only additional
processing step required is the use of a numerical dispersion compensation algorithm,

which is an ordinary processing step in many SSOCT systems.

3.2.1. Theory

Coherence revival

Coherence revival refers to the phenomenon where interference fringes are
observed in an interferometer illuminated by a light source with a comb -like spectrum
not only when the reference and sample arms are matched in delay, but also when the
two arms are mismatched at periodic intervals . These intervals can be several orders of
magnitude longer than the source coherencelength.

This phenomenon occurs if the light source in the interferometer is a laser
simultaneously oscillating at multiple longitudinal modes . The period at which each set
of interference fringes is observed is then equal to the reciprocal of the mode spacing,
which is also equal to the roundtrip delay of the laser cavity . This phenomenon has been
used to measure the mode spacing of multi-mode diode lasers, and is discussed
extensively in [196].

Briefly, if such a laser oscillates at multiple longitudinal modes simultaneously,

even if these modes have random phase relationships with respect to each other (i.e. the
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laser is not mode locked), the multi-mode field emitted from the laser has aperiodic
waveform . This periodicity stems from the fact that the mode spacing is constant, or,
equivalently, that the laser cavity length is fixed . The field outside the cavity is thus

periodic with a period equal to the roundtrip cavity delay [196.

Coherence revival in SSOCT

This phenomenon is important for SSOCT as many currently available and
emerging commercial swept source lasers are externaicavity tunable lasers (ECTLS) that
exhibit this behavior . These lasers typically contain a semiconductor gain chip inside a
long external cavity (typically tens of millimeters) . The long cavity provides very fine
mode spacing, and because the semiconductor gain media is inhomogenously
broadened, several of these longitudinal modes can oscillate simultaneously [197]. These
lasers then sweep by employing a tunable filter, located inside the cavity, that creates
large loss at all but a small subset of these modesAs the filter tunes, the laser mode-
hops between these finely spaced longitudinal modes, but becausemany of the finely
spacedmodes are excited simultaneously, the tuning appears smooth on a macro-scale.

An important consequence of this phenomenon is that interference fringes can be
observed when the sample and reference arm are mismatched by an integer nultiple of
the laser cavity length. This effect can be understood as arising from the interference of

sequential pulses emanating from a pulsed laser, where the first emitted pulse travels
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through the reference arm, and the second emitted pulse travels through a shorter
sample arm. Both pulses arrive at the receiver simultaneously and with a high degree of
mutual coherence. Therefore,by mismatching the interferometer arms by one cavity
length, the optical path delay of the laser cavity is effectively appli ed in the sample arm.
This concept can be extended to place any integer number of virtual cavities in the

sample arm.

Phase modulation in the virtual cavity

An important consequence of this virtual cavity effect is that the optical path
delay of the cavity is effectively applied in the sample arm (under conditions of
coherence revival). In anordinary SSOCT system effects such as dispersion and phase
modulation that occur in the laser cavity are common to light propagating in both the
sample and the reference arm, and thus do not affect the SSOCT signalHowever, when
coherence revival is used to place a virtual cavity in only one arm of the interferometer,
this symmetry is broken, and the optical path delay of the cavity is applied in the sample
arm only . Thus, any dispersion or phase modulation that is created in the laser cavity
will then affect the SSOCT signal.

One of the challenges ofprevious heterodyne SSOCTsystemsis that the AOMs
used are expensive, lossy, dispersive, and difficult to implement [90, 91]. A significant

advantage of the virtual cavity effect is that it allows for the placement of a phase
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modulator directly inside the laser cavity. In fact, we have observed that at least two
different models of commercially available swept source lasers create phase modulation
automatically when employed in a coherence revival configuration. We suggest that the
source of this phase modulation is a frequency shift due to variation of the optical
pathlength (OPL) of the laser cavity over the course of the laser sweep This frequency
shift may be due to a change in the physical length of the cavity, likely as part of the
tuning mechanism, or a modulation of the refractive index of some element in the cavity,
perhaps due to carrier-induced changes of the refractive index of the gain media [19§].
To demonstrate mathematically how a variation in the lasercavity OPL results in
phase modulation, we derive an expression for the SSOCT signal in a system where the
OPL difference between the reference and the sample vaies during the scan. The
interferometric cross term of the SSOCT signal in a system where the length of one arm

changes over the course of the sweep is given by 87, 199:

i1 cof % €]z -7 ()) (3.2.1)

where in(t) is the time dependent photocurrent due to the nt sample reflector, k(t) is the
wavenumber that is swept in time, and z and z(t) are the axial positions of the
reference mirror and nt reflector. The axial position of the sample reflector is allowed to

vary in time during the sweep.
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We initially assume that the change in the cavity OPL varies linearly with the

instantaneous central wavelength of the laser sweep, .. The reflector position can then

be castasa function of M

Z(/c)=20 M7y L) (322

where Wois the central wavelength of the sweep, zo is the mean position of the nt
sample reflector, and M is a parameter that describes the slope of the OPL change with
wavelength (e.g. in mm/nm). We combine equations (3.2.1) and (3.2.2) and recast the

photocurrent as a function of the instantaneous central wavenumber, k., to yield:

in(ke)” cof Xs(z -z9 M,) 4pM) (323

I Ul O wdidrnh reprekents the axial position shift produced by the phase
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Dz= M/, (3.2.4)
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It is important to note that this axial position shift is created as a phase delayonly.
Group delay is given by the derivative of the instantaneous phase shiftwith respect to
frequency, and although the laser cavity OPL changes over the course of the sweepthe
cavity length is constant with respect to optical frequency at all times du ring the sweep.
Thus, the cavity OPL variation creates a phase delay without creating an offsetting
group delay. It is this separation between phase and group delay that enables the

separation between the real image and its complex conjugate[87, 199.

Coherence revival in the Fourier domain

The effects of the swept laser mode structure upon the observed SSOCT signal,
including the loss of visibility in coherence revival, are readily understood in terms of
simple Fourier relationships ( Figure 3.1). The length and finesse of the Fabry-Perot
resonator cavity determine the spacing and spectral purity of the resonator modes,

respectively. The transmission function of the resonator is given by [200:

(3.2.5)

Tcavity('/’/) = e o

where Tnax DU wUT T wxl EQwUx]1 EUUEOQWET OU BAisah® angulabiideu U1 | WEE
spectral range given by w..= &/ n L. Assuming the laser has at least moderate finesse,
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(F >5), this expression is well approximated by a series of Lorentzian functions, i.e. a

Lorentzian convolved with a comb:

T el Toa % 4 wm (3.2.6)
cavity m +(;m§.. ] F

where 3 wb U wi H2F D wEandiis inversely proportional to the linewidth of the
Lorentzian,and ¥ WET OOUT UwUT | w# BroeEETLBI$oGas & tunbbledilerd D OO w
placed inside the cavity, with a passbandthat is much broader than the mode spacing,

such that many modes will oscillate simultaneously. If we denote the transmission

function of the tunable filter as Trrer, the instantaneous spectrum of this type of laser can

be expressed as:

& T GAg ¢ (327
Snst(VV’ VL{): %ource( WTfiIter( 1Wc)/’m %@. ( a -mr FSF)Mé

where Ssourc®) is the integrated power spectral density of the laser sweep, and Tiiter alSo
El x1 OE Y thidtar@aneous central frequency of the laser that varies over sweep.

For each spectral channel ofan SSOCT AscanEl OUI Ul EwE Uwkeul Ul gUI OE
detected photocurrent is equal to the ideal spectral interferogram multiplied by the

instantaneous spectrum Sinsp6 @ &nd then®D O U1 T U E U ITHislisGiNalogbus@od w
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convolving the ideal spectral interferogram with the instantaneous spectrum, and thus

the sensitivity fall -off profile is related to the Fourier transform of the instantaneous

spectrum. The ideal spectral interferogram is defined as that resulting from the sample

structure only, absent any SSOCT instrument function. For simplicity, we assum e that

Tihrer Maintains a constant shapeacrossthe sweep, andthus the magnitude of its Fourier

transform is constant. The fall-off profile is then given by directly taking the normalized

magnitude of the Fourier transform of equation (327)P D UT wUT Uxl ECwUOwH6 OwWE OE

in terms of the pathlength mismatch, z:

L& 8z &2 o (32.8)
franort (2) = Frier (D *éeXPe — g@@ d(z Mg D ¢
€ ¢ < gm-a +

where z=tc/ 2, L is the physical cavity length, nertis the effective refractive index, @ is the
characteristic decay distance given by z =nLF/ ¢, and fiier is the Fourier transform of
Tiee.! T EEVOUT wOT 1 wUOUUET WEEOEPPEUT wbhUwWOUET WEUOEEIT
after Fourier transformation, the contribution of the source to the fall -off profile is
negligible and has thus been dropped.
The fall-off profile in equation (3.2.8) is composed of a comb with a period ner
that is multiplied by a double -sided exponential function with a characteristic decay

distance ¢. The comb is then convdved with fiier , which is the magnitude of the Fourier
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transform of the tunable filter passband. As with conventional SSOCT, fiter defines the
SSOCT faltoff profile. For coherence revival, this profile applies to each set of fringes,
which are separated by the period of the comb. The exponential function, heretofore
referred to as the coherence revivédll-off envelopedetermines the loss of fringe visibility
at increasing multiples of the cavity length. These relationships are all depicted in Figure
3.1

Conventional fall -off profiles are typically specified by the pathlength mismatch
that results in a 6dB loss in sensitivity. For comparison, we derived the characteristic

distance at which this envelope is reduced by the same amount:

Dz gq °0.44 Ny LF (3.2.9)

This result suggests that, for ideal cavities with large finesse, the coherence revival fall -
off envelope would allow the use of many cavity length offsets before fringe visibility is

severely degraded.

Non -linear cavity length variation

An important consideration that has not yet been addressed relates to the
assumption that the cavity OPL changes linearly with wavelength. Eq uation (3.2.3)
demonstrates that such a linear relationship would result in a pure phase modulation. In

practice, however, the OPL change may not be linear in wavelength, and may instead
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exhibit a non-linear relationship. This non -linear cavity length variation still creates
phase modulation, but the modulation frequency is chirped rather than constant. This is
analogous to different wavelengths experiencing different OPLs in the sample arm, a
phenomenon that is closely related to material dispersion. Therefore, while a non-linear
cavity length variation still creates phase modulation, it also results in distortion in the
axial point -spread function (PSF). Fortunately, well-established numerical techniques

used to correct dispersion in SSOCT[17€ can also be used to orrect this PSF distortion.
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Figure 3.1: Time and Fourier domain representations of coherence revival. The ideal
interferogram is convolved with the instantaneous source spectrum to yield the measured
spectral interferogram, which is the Fourier transform of the observed A -scan. Equivalently,
the ideal sample reflectivity is multiplied by the fall ~ -off function, resulting in the observed
A-scan.
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3.2.2. Methods

Numerical simulations

To validate the theory develo ped above, we created a numerical simulation of a
coherence revival SSOCT system in MATLAB. The simulation was designed to model an
SSOCT system comprising an ECTL with a Gaussianshaped tuning bandwidth centered
at 1050nm, FWHM bandwidth of 50nm, cavity | ength of 80mm and cavity finesse of 25.
These parameters were chosen to mimic theobserved behavior of the Axsun laser. The

Ssaurceterm from equation (3.2.7) was given by:

) Aw- ) (32.10)
Ssource('/y) - % eXp(?T
S

where S is a normalization term and b is the standard deviation. The cavity
transmission function from equation (3.2.5) was used, except that either the physical
cavity length or the cavity index was allowed to vary over the sweep, resulting in the

i OOO0OPDPOT wi BRx1 UUDPOOU Wi OUw6

(3.211
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These expressions allow the mode spacing and cavity transmission spectrum to
vary as a function of the instantaneous central frequency. Finally, the tunable filter
passband was modeled as a Gaussian with a FWHM of 0.05nm, which corresponds to a
SSOCT faltoff profile similar to what is observed with commercially available lasers.

The tunable filter passband is thus given by:

S(w- w)’ (3.2.12

€
Tﬁner(W' '4/) :EXpe: 2
e filter

where bier DU wUT I WUUEOEEUE WE| Y b E Usxid stedtianedis denid EUUUDE O
frequency of the sweep. Using these formulas, A-scans were simulated using 9216
spectral channels over a bandwidth equal to four times the source FWHM (200nm). For
each spectral channel,TirerO ws€and Teaity were computed for the corresponding
DOUUEOQUEOI OUUwWE L, vnithvia®stepped ligedrly GvErahe &mulation
bandwidth. The instantaneous source term was then computed using equation (3.2.7).
Each spectral channel of each Ascan was then computed as a single timedomain

OCT measurement, as derived by Hee[195, but replacing the original source term with

the instantaneous source term, and dropping the high frequency carrier:
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interferogram, which was then Fourier transformed to yield a depth scan.

Simulations were run for a stationary cavity, a cavity whose pathlength varied
linearly with the instantaneous central wavelength, and a cavity whose pathlength was
varied linearly with the instantaneous central frequency. In the latter two cases, the total
cavity length variation was 100um over the sweep FWHM (50nm), and 400um over the
entire simulation bandwidth (200nm), yielding a slop e parameter M of approximately 2
pm/nm.

For simulations where the cavity pathlength varied linearly in frequency,
numerical dispersion compensation algorithms [176 were also applied to correct the
degradation in the axial PSF. For each of these simulatims, multiple A -scans were
computed, modeling a single sample reflector at various delays. Fall-off profiles were

then computed by plotting the peak of each as a function of the delay.
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SSOCT systems at 840nm and 1040nm

To demonstrate coherence revival SSOCT in practice, two SSOCT systems were
constructed using different commercially available ECTLs ( Figure 3.2). The first used a
Thorlabs SL850P16, with a central wavelength of 840nm, tuning bandwidth of 80nm,
and repetition rate of 8kHz (forward sweep only). The balanced receiver used was a
Thorlabs PDB120A, a Si receiver with 75MHz electronic bandwidth. The second system
used an Axsun Technologies swept source lase with a central wavelength of 1040nm,
tuning bandwidth of 100nm and repetition rate of 100kHz. The balanced receiver used
in the 1040nm system was a Wieserlab3VL-BPD1GA, an InGaAs receiver with 1GHz
electronic bandwidth. An RF amplifier ( HD24388, HD Comm unications Corp.) was also
used with the 1040nm system (not shown). An Alazar Technologies ATS9870 digitizer
was used for both systems, operating at 250MS/s and 1GS/s for the 840nm and 1040nm
systems, respectively. Both systems had identical topologies, aad made use of the
spectrally balanced interferometer configuration recently suggested by Klien et al [15]].
While the fiber couplers and detectors differed between the two systems, the same
digitizer and reference and sample arm optics were used. A very long motoriz ed
translator (SGSP46400X, Sigma Koki) was used in the reference arm.

Sensitivity and fall -off measurements were made with both systems with the
sample arms matched, and at various cavity length offsets. The cavity length of each

laser was measured by placing an attenuated mirror in the sample arm and translating
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the reference arm over its entire linear travel (400mm). The distance between the peak
fringe visibility positions of each set of interference fringes was determined to be the
cavity length. We use the terms +1 or-1 cavity length offset to refer to the situations in
which the sample arm was longer or shorter than the reference arm by one cavity length,
respectively.

For the 840nm source, falloff measurements were taken with cavity length
offsetsof -2, -1, 0, +1 and +2. For the 1040nm source, only thel, 0 and +1 cavity length
offsets were used, because the phase modulation imparted by-2 and +2 offsets exceeded
the electronic bandwidth of the digitizer. For each system, fall -off measurements were
made using consistent levels of sample and reference power across all cavity lengths

offsets, to allow the relative signal levels to be compared.

Laser X BD Referencearm
50/50

BR

50/50

PM X UpP Sample arm

Figure 3.2: Schematic of SSOCT systems tested. Laser waseither an 840nm or 1040nm ECTL.
BR: Balanced receiver. PM: power meter. BD: beam dump. UP: Unused port. G: galvanometer.
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Finally, to demonstrate the feasibility of this technique for in vivo imaging, the
ocular anterior segments of healthy human volunteer s were imaged. For these
experiments, the powers incident on the patient cornea were 600uW and 1.8mW for the
840nm and 1040nm systems, respectively, which were within the limits of the ANSI
Z136.1 standard[159. To demonstrate the improved imaging depth with coherence
revival CCR, both systems were used at both 0 and +1 cavity offsets. The sample arm
used consisted of two galvanometers (Cambridge technologies) and a compound
objective lens designed to provide sufficient depth of field to demonstrate the extended

imaging range of the SSOCT systemq87].

Wavenumber recalibration and dispersion compensation

As the SSOCT signal was sampled linearly in time, and the lasers swept non
linearly in wavenumber, the acquired signal required resampling before Fourier
transformation. Both lasers contained an internal Mach-Zehnder interferometer clock,
whose signal was digitized along with the photoreceiver signal. The zero -crossings of
the clock were detected and used to generate a lineafsin-wavenumber recalibration
vector that was used to resample the SSOCT signal linearly in wavenumber. However,
because the clock sigrals were only intended for imaging depths of 2.9mm and 3.7mm
(for the 840nm and 1040nm systems, respectively), the recalibration vector was first

interpolated to increase the achievable imaging depth to 9.4mm and 12.4mm,
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respectively. The photoreceiver signals were then resampled using this recalibration
vector via linear interpolation.

The numerical simulations described above demonstrate how a non-linear-in-
wavelength cavity length variation results in axial PSF degradation, analogous to the
effects of material dispersion. In fact, we observed such an axial PSF degradation in our
experiments. These dispersiontlike effects, as well as true dispersion from unmatched
optics and fiber lengths in the sample and reference arm, were corrected using a
numerical dispersion compensation [17§. Briefly, after resampling to linearize the
spectral interferogram in wavenumber, the spectral interferogram was multiplied by a

complex phase function, given by:

po=exp( -i(atk kP aHk k¥)) (32.14

where a1 and az are fitting parameters and ko is the central wavenumber of the sweep.
Optimal values of a1 and a: were determined using an optimization algorithm to

maximize the peak signal from a mirror.
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3.2.3. Results

Numerical simulations results

Results from the numerical simulations are shown in Figure 3.3, Figure 3.4 and
Figure 3.5. Figure 3.3 shows the results from the simulation with a fixed cavity,
demonstrating coherence revival without a frequency shift. Figure 3.4 and Figure 3.5
show the results from simulations in which the cavity length varied linearly with the
instantaneous central wavelength and instantaneous central frequency, respectively. For
the linear-in-wavelength case, the slope of the cavity variation was precisely 2um/nm,
while the linear i n frequency case used amaverageslope of 2um/nm. From equation
(3.2.4), the expected axial shifts for cavity offsets of 0, +1 and +2 are Omm, 2.1mm and
4.2mm. To allow for relative comparisons, all simulation figures are plotted on the same
vertical scale. Also, as the simulated spectral interferograms are real signals, ther
Fourier transform remain Hermitian symmetric. Thus, only positive (frequencies)
displacements are shown. Furthermore, the abscissain the fall -off plots is the axial
position that is extracted from the Fourier transform, and thus does not represent the
axial position of the reflector for coherence revival peaks. Conversely, the fall -off profile
in Figure 3.3D was extracted by plotting the peak of the Fourier transfor med SSOCT
signals against the simulated reflector positions that generated the corresponding
signals. Fall-off profiles for the simulations in which the cavity length varied are not

shown but were identical to Figure 3.3D.
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Figure 3.3: (A-C) Fall-off plots from a numerical simulation of a coherence revival SSOCT
system with a stationary cavity for 0, +1 and +2 cavity length offsets, respectively. Note that no

shift in the peak sensitivity position is observed. (D) Fall

-off profile demonstrating coherence
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2um/nm, for +1 and +2 cavity length offsets, respectively . The expected axial position shifts of
the peak sensitivity positions are observed, but the axial PSFs are severely degraded due to the
non-linear phase modulation. C and D showt he same data as A and B after applying

dispersion compensation.

Experimental fall -off measurements

Fall-off profiles from the 840nm system are shown in Figure 3.6. A peak

sensitivity of 95dB was measured near the 0 cavity offset with 600pW incident on the

sample. This was reduced from the theoretical shot noise limit of 104dB due to coupling

losses, unbalanced RIN, and digitization noise due to the low effective number of bits of

the digitizer (6.7 ENOB). Sensitivity relative to this peak value is plotted on the ordinates
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of Figure 3.6. Results are shown for the 0, +1 and +2avity offsets. Measurements at-1

and -2 cavity offsets were also made, but the results have been omitted here as they were
nearly identical to the results from +1 and +2 offsets, respectively. The physical

pathlength difference between the peak visibility positions of the 0 and +1 offsets was
66.1mm. The physical pathlength difference between the peak visibility positions of the

0 and +2 offset was precisely double (within the resolution of the translation stage), at
132.2mm. Exactly the same distances wes observed for the negative offsets. These

Ol EUUUI O OUUwPkT Ul wbOwl OOCEWET UTT 01 O0wkPPUT w
length as approximately 50mm of physical pathlength, without accounting for refractive
index.

Fall-off profiles from the 1040nm system are shown in Figure 3.7. A peak
sensitivity of 98dB was measured near the 0 cavity offset with 1.8mW incident on the
sample. The theoretical shot noise limit for this system was also 104dB, and the
discrepancy between the measured and theoretical sensitivity was due to the same
factors discussed above, as well amplification noise from the RF amplifier. Sensitivity
relative to this peak value is plotted on the ordi nate of Figure 3.7. Results are shown for
the -1, 0 and +1 cavity offsets; the-2 and +2 offsets could not be measured as, for those
offsets, the phase modulation created by the laser cavity up-converted the spectral
interferogram beyond the digitization bandwidth of the digitizer. The physical

pathlength difference between the -1 and 0 and the 0 and +1 offsets were 115.0mm and
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114.8mm, respectively. Again, this was in good agreement with the pathlength
suggested by the manufacturer of approximately 80mm of fiber.

Because the sample and reference powers were kept constant during these
measurements, we can determine the loss in peak sensitivity for each cavity length offset
from the falloff profiles. Figure 3.6 shows that the peak sensitivity in the +1 and +2
offsets for the 840nm system were attenuated by 5dB and 10.5dB, respectively, from that
of the pathlength matched case. If we define the usable imaging range as the depths over
which the signal amplitude is reduced by less than 6dB, the imaging ranges for the

840nm were approximately 2.5mm, 5mm and 4mm for the 0, +1 and +2 offsets.
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Figure 3.6: Fall-off measurements from the 840nm system for O ( A), +1 B) and +2 (C) cavity
length offsets. The physical separations between the peak sensitivity position from 0 to +1 and
from +1 to +2 were both 66.1mm.

Similarly, Figure 3.7 shows that the loss in sensitivity at the -1 and +1 offsets was
only about 1dB, despite the considerably longer cavity length. From this, we infer that
the finesse of the 1040nm laser was much higher than the finesse of the 840nm laser. The
usable imaging ranges were 9mm, 5.5mm and 9mm for the-1, 0, and +1 offsets,

respectively.
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It is interesting to note that the optimal dispersion compensation phase functions
were nearly identical between the +1 and -1 cavity length offsets for both systems.
Furthermore, the phase function parameters a and a2 used to optimally correct
measurements from -2 and +2 cavity length offsets (for the 840nm system) was precisely

double that of the phase function used for the -1 and +1 cavity length offsets.
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Figure 3.7: Fall-off measurements from the 1040nm system for -1 (A), 0(B) and +1 (C) cavity
length offsets. The physical separations between the peak sensitivity positions ofthe -1 and 0
and the 0 and +1 offsets were 115.0mm and 114.8mm, respectively
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Imaging Results

Figure 38UT OPUwUT T wUT UUOUU WO wUOPOWDLOET T Uwdil wlT 1
anterior segment for comparison. The image in A was taken with the reference and
sample arms matched in pathlength, whereas the image in B was taken with the sample
arm one cavity length [ onger than the sample arm. Both images were acquired on the
840nm system, and each image comprises five averaged frames. The locations of the
zero pathlength difference (ZPD) position and the +1 offset position are indicated. Figure
3.9 shows the results of the same experiment conducted on the 1040nm systemFigure
3.10shows two volume projections taken on the same eye with both the 840nm (left) and

1040nm (right) systems.
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/ZPD

Figure 3.8: Comparison images taken on the 840nm, 8kHz (Thorlabs SL850-P16 laser) system
with 0 (A) and +1 (B) cavity length offsets. Both images comprise 1000 (lateral) x 1300 (axial)
pixels spanning 13 mm (lateral) x 5.3 mm (axial), the latter scaled to account for refractive
index. Each image represents 5 averaged frames obtained over 0.6s. The locations of the ZPD
and +1 offset positions are indicated.
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Figure 3.9: Comparison images taken on the 1040nm, 100kHz (Axsun Technologies laser)
system with 0 (A) and +1 (B) cavity length offsets. Both images comprise 2000 (lateral) x 2300
(axial) pixels spanning 14 mm (lateral) x 6.9 mm (axial), the latter scaled to account for
refractive index. Each image represents 5 averaged frames obtained over 100msec. The
locati ons of the ZPD and +1 offset positions are indicated.
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Figure 3.10: Volume projections of the same eye acquired with the 840nm (left) and 1040nm

(right) systems. The 840nm volume consisted of 1300 (axial) x 500 x 200 samples, acquired in

12.5 seconds. The 1040nm volume consisted of 2304 (axial) x 500 x 200 samples, acquired in 1
second.

3.2.4. Discussion

Summary

Coherence revival is an attractive implementation of heterodyne SSOCT, and carries
with it a number of advantages over traditional methods employing AOMs. First and
foremost, the method is simple and inexpensive; in cases where the laser already
exhibits phase modulation, all that is required is an adjustment of the reference arm
length and an increase inthe digitization speed. Second, while there is an associated loss
in sensitivity, the magnitude of this loss depends on the laser design (primarily the

cavity finesse). We have shown that, for at least one commercially available swept
source laser, this lass in sensitivity is only about 1dB. Finally, no additional complicated
signal processing or image processing techniques are required. The axial PSF
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degradation observed in the coherence revival configurations can be managed using

numerical dispersion comp ensation, a common processing step in SSOCT.

Dispersion

The dispersion compensation algorithm used in our experiments , from equation
(3.2.14) , employed two fittings parameters, a: and az, which are related to the group
velocity dispersion (GVD) and third order dispersion (TOD), respectively. These fitting
parameters can be used to quantify the GVD and TOD of the system[201]], although it is
important to note that the parameters were optimized to correct dispersion -like effects of
coherence revival as well as true material dispersion due to unmatched optics and fiber
lengths between the sample and reference arm. For the 1040nm laser, the group delay
dispersion and total TOD of the system, when operated in a +1 cavity length offset
configuration, were measured to be 9400fs? and 55700fs?, respectively. Assuming this
dispersion occurs over the cavity length of 115 mm, and accounting for the index of
Ul TUEEUDPOOWOI! wUT 1T wi PET UwbOwUT T wEEYDPUa wp" OUODOI
60.0fs?mm (or -105ps/nm/km) and a TOD of 356 fs3y OO8 w31 1 wOEOUI EEUUUI Uz L
value for GVD of HI1060 fiber is -38 ps/nm/km, suggesting that there is significantly
more dispersion in the system than would be caused by the fiber in the cavity alone. For
the 840nm laser, the group delay dispersion and total TOD of the system, when operated

in a +1 cavity length offset configuration, were measured to be 5300fs2 and 22800fs3,
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respectively. Assuming the dispersion occurs over the 66.1mm cavity length offset and
that the cavity is free-space, this implies a GVD of 40.3fsZmm (or -108 ps/nm/km) and a

TOD of 172 fs3/mm.

Digitization

Huber et al [149 and Goldberg et al [20] have demonstrated that, for SSOCT
systems, 8bit digitization results in only a marginal reduction in image quality and SNR
as compared to digitization at higher bit depths . This is in large part due to the dynamic
rangeUl ECwWPUWEOOUI UYIl EwEawUI I wEUUI Qdingtted OO wOi wlT 1
spectrally balanced detection scheme discussed above.

However, even in cases where spectrally balanced detection is not possible,
heterodyne SSOCT techniques are well suited to $iallow bit -depth digitization because
the signals of interest are shifted away from DC. Thus, residual DC artifact can be
removed by high -pass filtering before digitization .

The required digitization rate depends on the laser sweep speed, desired

imaging depth and the frequency of the phase modulation created by the ECTL. As the
up-converted frequencies must be Nyquist sampled, the required digitization rate is

equal to the digitization rate of a conventionally configured (i.e. non -heterodyne) SSOCT

system plus twice the modulation frequency. For the lasers used in our experiments, this

133



resulted in approximately a two -fold increase in required digitization bandwidth as

compared to conventional SSOCT.

Image Artifacts

We observed the generation of two distinct types of image artifacts when using
this method. First, with the 840nm laser, we observed the appearance of faint but sharp
2T T QU0 WP OET I-off platsbadlydl thd deelpdst@dl of the imaging depth. These
artifacts appeared even when the cavity length offset was zero, and can be clearly seen
in Figure 3.3A, as faint reflectors between 6 and 10mm with amplitudes between -30
and -50dB. However, these artifacts were not sufficiently bright to appear in biological
images. The second type of artifact we observed was seen with both lasers, and was
characterized by the appearance of highly dispersed ghost images near the deepest end
of the imaging depth. The amplitudes of these artifacts were measured and compared to
the amplitude of the desired sign al. The relative artifact amplitude depended on the
axial position of the true reflector signal, and ranged between -36.5dB and-42.5dB for
the 1040nm laser and between-25.5dB and-33.5dB for the 840nm laser. Examples of
these artifacts can be seen irFigure 3.8B and Figure 3.9B, at the top of the images, as
faint ghosts of the pupil (in Figure 3.8B) and cornea (in Figure 3.9B).

We attribute these artifacts to two sources. First, non-linearity in the cavity

length variation might give rise to multiple phase modulation frequencies, or even
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harmonics of the phase modulation frequency that are then aliased into the passband of
the system electronics. These higher order modulation frequencies would create
EEEDUDOOEOwW?1T 1T OUU? wbOET I UwEIT OUI-dbtks usédlouwtkeb i i 1 UT O
840nm and 1040nm sources were designed for imaging depths of 2.9mm and 3.7mm,
respectively, and were not intended to be interpolated out to 9.4mm and 12.4mm. Thus,
the artifacts may also be caused by inaccuracies in the wavenumber recalibration.
In practice, these artifacts only appeared at the deepest imaging depths where
the sensitivity was poor , and were also so faint that for biological imaging, they were
only visible in the presence of very bright reflectors or averaged images. Nevertheless,
the wavenumber recalibration issue can be easily addressed in future designs employing
the same lasersby constructing a Mach-Zehnder interferometer with a longer mismatch,
UEUT T UwOT EQwUUDOT wlOT 1T wOEUI U Uinesiitddd thedcityO WE OOE 06 w
length variation is a more challenging problem, and may not be necessary as the artifacts

were generally unobtrusive.
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3.3. Dispersive Optical Delay Lines in Coherence Revival SSOCT

371 wOEUT I wE OOU R 2l EMRE W/UDPWWEI T UEEEUDOOO
offset that must be generated between the sample and reference arm, can complicate the
implementation of coherence revival-based heterodyne SSOCT systems. In this section,
we describe the use of a dispersive optical delay line (DODL) that can provide large

reference delays as well as hardware dispersion compensation in a relatively small

footprint.

3.2.1. Grating -based Dispersive Optical Delay Line

Figure 3.11 below shows a ray-traced model of a grating-based D-ODL, which is similar
DOwWEI UPT OwUOwWUT | wUEXxPEWUEEOODOT wOXxUPEEOWEI] OEau
iterations of time -domain OCT systems[32, 33]. However, this D -ODL differs from an

RSOD in that the scanning mirror in the image plane of the grating lens is replaced with

a mirror at a fixed angle.
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LODL compound achromatic lens with focal lengthf oo,Ow, 6 wi OOEwWOPUUOUUOwg OwdbhU
green and blue lines represent ray traces at wavelengths of 1090nm, 1040nm , and 990nm
respectively.

12. #zUwl EYT wEIT T OQwUUI Ewl RUT OUDYI CawbOw3#. " 3u
rapidly scanned group delays, while also providing precise control of the Doppler
frequency and dispersion compensation [32, 33, 35]. Design considerations are described
in detail in reference [33], but were derived for time -domain OCT applications. Thus,
we begin by deriving the group and phase delay through a DODL with a stationary
mirror and swept wavelength source.
61 WET 0®OWEMwWUT T wEl OUI UwPEYI Odtdbe tld certeri wOT 1T wl C
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system. Then,following the derivation in [33], the phase shift for a single pass through

the D-ODL (double pass of the grating) as a function of Wis given by:

fl 0:4/0 Foo( 7 o) (331)

where ¢ is the mirror angle, fooL is the lens focal length and p is the grating pitch . This
expression was derived using the grating equation and the small angle approximation.

Specifically, this small angle approximation was used to compute the diffraction angle

as a function of wavelength, as follows:

b o Iy, (3.3.2

L&/ -
9 ( J=arcsnrbeT >
(;‘ -

P
It was found that the use of the small angle approximation introduces less than 0.02%
error over the range of diffraction angles used in our experiments (-30mrad to 30mrad).

Next, equation (3.3.2) is expressed as a function of angular optical frequency:

f( V)/:4/7 dODL( 4 ) (333

1o
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When expressed as a function of angular frequency, the phase shift can be used to

determine the phase delay as follows:

(W (3.3.4)

Note that the phase delay is defined according to the phase shift of the instantaneaus

central wavelength. Combining equations (3.3.3) and (3.3.4) yields:

foo ( £~ of (3.3.5)

()=l

Thex T EUI wEl OE a wb U wy Whithisudvept rapldlg it Brd.d h&ffeesspace
phase pathlength difference, relative to the central wavelength, is then also a function of

e

@, (/C): zqfooL(/c' é) (3.3.6)

Thus, the free-space phase pathlength varies linearly with the instantaneous

wavelength. The group delay can also be defined from the phase shiftfrom the relation:
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ur ( @a (3.3.7)

Combining equations (3.3.3) and (3.3.7) yields:

= 40 oo _2 f@p /o (33.9)
pug cp

Thus, despite the fact that the phase delay variesover the course of the laser sweepthe
group delay is constant with respect to the instantaneous optical frequency. As
demonstrated in section 3.1.2 only the group delay factors in to the SSOCT signal, and
thus the dependence of phase delay on the instantaneous optical frequency is not a
concern.

To clarify, the group delay computed in equation (3.3.8) is applied in a single
pass through the D-ODL (double pass of the grating) . However, because thedouble-pass
mirror in the D -ODL will also serve as the reference mirror in the OCT interferometer, it
PUwUT DUwW?UDOT Ol wx E U Eyuation (@FEshcaribe ésebiuoralaulérd theb OUT U1 U
range of single-pass group delays achievable with a D-ODL given the lens focal length,
grating pitch, central wavelength and the angular range through which the mirror can

be tilted.
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3.2.2. Hardware dispersion management
An additional advantageE OOi 1 UUTl EwEa w01 | wtdomaimOCTw1 2 . # z U wl
was the ability to manage dispersion in hardware . In fact, the RSOD design was based
upon Fourier domain pulse shapers and pulsecompressors, which were designed
specifically for managing dispersion [34-37]. In the RSOD and D-ODL embodiments,
dispersion management is achieved by simply displacing the grating from the focal
plane of the lens. Positive dispersion is created when the grating-to-lens distanceis less
than fooL, and negative dispersion is created when the grating-to-lens distanceis larger
than foo.. ( OwUT PUwPEaAOQw12. #zUwl EY]I WEI T OwUUl EwOOWEOO
$ . , 493 and relatively long lengths of fiber [32]. Fork et al [203 and Tearney [204]
have previously derived expressions for the GVD in an RSOD with the grating d isplaced
from the focal plane of the lens, and thus these expressions will not be rederived here.

Following their derivations, t he GVD through an RSOD or D-ODL is given by:

-/3 - 3
GVD :% cos(qo)?

(3.3.9)

where L is the grating to lens distance, Go is the diffraction angle of the central
wavelength, and all other parameters are defined as above.
As an example, to compensate for the 9400fsof GVD observed in the coherence

revival PSF with the Axsun laser described in section 3.2.4 a D-ODL with a grating pitch
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of 1.67um and focal length of 200mm could be constructed. The diffraction angle of this
D-ODL would be 38.6 degrees. Then, using equation (3.3.9), an offset of approximately

4.5mm would be required to offset this dispersion.
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4. Sweep Buffering in Swept Source OCT

In this chapter, we describe the development of advanced sweep buffering
techniques that can increase the imaging sed of SSOCT systems employing low duty-
cycle swept source lasers. These techniques are an improvement upon previously
described buffering systems conferring potential advantages in power efficiency,
sensitivity, axial resolution and axial imaging range. Furthermore, these techniques are
compatible with coherence revival, enabling the realization of SSOCT systems with both
enhanced imaging depth and increased imaging speed.

In section 4.1, we describe the design considerations and evaluate the
performance of a prototype buffered SSOCT system, andthen demonstrate the use of
this system to enable high speed, high resolution imaging of the posterior eye. In
section 4.2, we describe the combining of sweep buffering techniques with coherence
revival -based heterodyne SSOCT to achieve both increaseimaging speed andextended
imaging depth in the same system. This system is used to demonstrate high speed and

high resolution imaging of the anterior eye.

Several of my colleaguescontributed to the work presented in this chapter.
Kevin Shia aided with the construction of the buf fered SSOCT system, data acquisition
and analysis. Hansford Hendargo and Derek Nankivil constructed the posterior eye

and anterior eye sample arms, respectively, and also aided with data acquisition.
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4.1. Sweep Buffering in SSOCT using a F ast Optical Switch
4.1.1. Introduction

The imaging speed of OCT systems has increased dramatically in recent years,
with A -scan rates in the megahertz regime recently being demonstrated forin vivo
imaging [73, 88, 15]]. These fast acquisition rates confer important advantages in
numerous clinical applications. For example, high speed imaging of the anterior
segment minimizes artifacts due to patient motion (discussed in section 1.5), enabling
improved accuracy in the extraction of biometric parameters [86, 164, 175 187. High
speedimaging is also important for Doppler OCT imaging of retinal blood vessels [115
160, 205213, where fast acquisition speeds facilitate the resolving of high speed flows in
the optic disc without fringe washout [214]. Finally, and perhaps most critically, high
speed imaging techniques are valuable for catheterbased intravascular OCT imaging,
where the imaging time is limited by the requirement of administering saline flushes to
remove blood fromthe . " 3 wE E Ufield Ofivievg [A1, 23)].

While the fastest imaging speeds demonstrated to date have been achieved using
swept source OCT lasers, many of these lasers operate with duty cycles of less than 50%,
including some %# , +[448 149, fiber ring lasers [215 216 E OE w$ "[156; 161)247.
In section 1.4, we reviewed how sweep buffering can be used to increase the duty cycle
of these low-duty lasers. The most straightforward buffering technique, as demonstrated

by Potsaid et al[15§], is to simply split the light emerging from the laser into two paths
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using a fiber coupler, delay one path by the sweep period using an appropriately long
spool of fiber, and then recombine the two using a second fiber coupler. This
configuration is show n in Figure 1.15. Unfortunately, this technique is rather lossy, as
only half of the light emerging from the buffer stage is used.
Furthermore, when imaging through birefringent tissues such as the cornea and
retinal nerve fiber layer (RNFL), p olarization mode dispersion (PMD) in the buffered
output due to birefringence in the fiber spool can produce image artifacts and, for phase
sensitive applications, corruption of the phase signal[16(. Beumann et al[160
demonstrated that the PMD through the fiber spool could be removed with the addition
of alinear polarizer after recombining the original and buffered sweep s. However, the
optical losses through the polarizer, coupled with the inefficiency of the buffered design,
result in substantial optical attenuation. To mitigate this attenuation, an amplification
stage consisting of an SOA and two isolators was added. A schematic of this
configuration is shown in Figure 1.16. Unfortunately, the use of the SOA resulted in a
narrower tuning bandwidth and broader linewidth, which degraded the axial resolution
and axial imaging range, respectively.
One additional drawback of using fiber coupler to recombine the original and
EUIT T UI EwUPI T xUwbUwUI OEUI Barplidge Wi E DWUEAEE ai El A 1 u(ES EuwB
0EUI UwOO? wEUUAWEAEO]I wOi wOOPwWEUVUVAawWEAEOI WOUBEEQ
the proportion of the sweep period where the wavelength sweep is linear (or pseudo-
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linear). The laser on duty cycle refers to the proportion of the sweep period that the laser
outputs appreciable power, but is not tuning linearly. For the specific case ofthe Axsun
laser used in these experiments (which is presumably similar to the ones used in
references[158 and [16(Q), the laserhad a sampling dutycycle of 44% and a laseron
duty cycle of 62%. Thus, if a 50/50 coupler is used, the beginning and end of the buffered
sweep will be corrupted by the end and beginning the original sweep, respectively, and
viceversa. 31 UUOWEx xUORPOEUI Oawt YYOUWOTI wEOUT wOi 1 wiEl 1
sweep will be subject to this corruption, corresponding to 13% of the sampling

dutycycle. In practice, this effect is mitigated by the fact that the spectral shaping
windows that are often applied in SSOCT processing minimize the contribution the
extreme ends of the sweep have on the processed Ascan. Nevertheless, this crosstalk
between the beginning and end of opposite sweep types still results in an increase in
shot noise, and also contributes to the ANSI limited power [159 that can be directed
towards the patient eye. As a result of both of these effects, the system sensitivity would
be reduced.

Here, we describe a novel buffering strategy that employs a very fast optical
switch (< 60ns switch time) instead of a 50/50 fiber coupler. The use of this switch
allows the buffered OCT system to be substantially more power efficient than
techniques employing 50/50 couplers, and prevents crosstalk between the beginning and

end of opposite sweep types.
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We also demonstrate a technique for transforming the wavenumber calibration
UPT OEOwWi UOOwWUT T wOUDPT POEOWUPIT 1 x wpE I-coé)Ysigriawi UOOwU
for use with the buffered sweep that maintains transform -limited axial resolution
without requiring the construction of a second interferometer.
Finally , we report on the results of a careful PMD analysis of the system, and
devise a strategy to minimize polarization -related image artifacts without the use of
lossy linear polarizers. Because of the overall power efficiency of this technique, booster
2 . ar&not required, and therefore the spectral narrowing and linewidth broadening
EUUOGEDPEUI EwbbUT wa resgltlthe Bxiadsoiufidd Bnid Enéging range of

the un-buffered system are preserved.

4.1.2. Methods

Buffering stage design

A schematic of the buffering stage is shown in Figure 4.1. The laserused was an
Axsun Technologies swept source laser with a central wavelength of 1040nm, tuning
bandwidth of 200nm and repetition rate of 100kHz. A 60/40 coupler was used to
compensate the 1.5dB attenuation (~70% transmission) of the fiber spookuch that both
the original and buffered sweeps had similar power. The spool itself consisted of
~1000m of HI1060 fiber. Three polarization controllers are used to orient the

polarization at the input of the fiber spool and at both inputs to the optical switch. A
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custom optical switch produced by Boston Applied Technologies was used, based upon
their Nanona FOS platform. The switch employs transparent electro-optic ceramics,
which have been described previously [21§, to produce a variable waveplate, which is
then used in a polarization encoded Mach -Zehnder interferometer configuration to
produce a 2x2 optical switch. Specified parameters of interest of the switch were an
insertion loss of ~1.1dB (78% transmission) and switching time of 50ns, both of which
were verified experimentally. By tuning the output voltage of the switch driver, the
crosstalk between the output channels can be varied up to a maximum crosstalk
suppression of 21 to 26dB (varied between channels).Thus, the crosstalk can be adjusted
to achieve any splitting ratio from 99/1 to 50/50. By increasing the crosstalk the second
port of the switch could be u sed as a kclock channel. However, as we employed the
integrated k-clock in the Axsun laser for these experiments, the k-clock port was not

used, and thus, the output voltage was adjusted for maximum crosstalk suppression.

Laser to OCT system
switch
up optional
k-clock port

Fiber spool

Figure 4.1: Schematic of buffering stage. PC: Polarization controllers. UP: Unused port
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SSOCT system design

A schematic of the SSOCT system used to demonstrate the buffering system
described above is shown in Figure 4.2. The system made use of the spectrally balanced
interferometer configuration suggested by Klien et al [15]]. A sample arm adapted for
retinal imaging and a conventional reference arm were constructed. In compliance with
the ANSI z136.1 standard[159, power incident on the patient eye was limited to 1.8mW.
A 635nm fiber coupled diode laser was also used as an aiming beam, but the power
incident on the patient eye was limited to less than one microwatt and thus did not pose
an exposure hazard. OCT lght returning from the reference and sample arms was
detected with a NewFocus 1807 balanced receiver an InGaAs receiver with 120MHz
electronic bandwidth. An Alazar Technologies ATS9870, operating at 1GS/swas used to
record both the integrated k -clock signal from the Axsun laser and the interferometric

signal from the balanced receiver.

From buffer ’X BD L2

N 1 G L2
stage 50/50 O m m @
30/50 Sample arm

BR Q: 50/50 PC o o |

(] % up Reference arm

Figure 4.2: Schematic of SSOCT system. BR: Balanced receiver. AL: Aiming laser . BD: Beam
dump. UP: Unused port. PC: Polarization controller. L1,L2: Lenses. G: Galvanometers
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Optical switch timing

The delay between the front sweep and buffered sweep was calculated by
measuring the outputs from laser and the spool simultaneously on two separate
photoreceivers. The peak of the crosscorrelation of these two signals then corresponds
to the optical delad wD OwUT I wi PET UOwbkT PET whEUwWOI EUUUI EwUOOw

data used to perform this cross-correlation is shown in Figure 4.3.

RN RN TS NN

S EEEEEEEEEEEEEEEEEEE

Signal Amplitude (arb. units)

Figure 4.3: Traces of original (blue) and buffered (magenta) sweeps. Green vertical lines
denote the start of each sweep, while red vertical lines denote the end.

The blue trace represents the original signal while the magenta tracerepresents the
buffered sweep. For the purposes of data processing, the original sweep was deemed to
occur between sample 1 and sample 4608, and the buffered sweep was deemed to occur

between sample 4911 and9519 In Figure 4.3, the beginnings of the original and buffered
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sweeps are denoted by green vertical lines, whereas the end of each sweep is denoted by
a red line. In normal operation, the green lines would denot e the switching points of the
optical switch. This figure also demonstrates the appreciable optical crosstalk that would

occur between the two sweeps if a 50/50 coupler were used.

Hardware triggering and timing

The hardware triggering of this system wa s dightly more complicated than that
of a traditional SSOCT system, andwas carried out as follows. First, because the laser
only fired a single start trigger for each original sweep/buffered sweep pair, the digitizer
was used to acquire a continuous streamOi wNk+ t WUEOx Ol wopNd ks UAwi OU wli
which thus contained both the original and buffered sweeps. The digitizer thus
operated at a 95% duty cycle, and output a digital high (5V) on its auxiliary 10 (auxIO)
channel when integrating . Therising edge of this auxIO channel was used to trigger an
SRS DS345 digital function generator, which was set to output a single square wave
pulse at a frequency of 107.3kHz and initial phase of 22 degrees. This effectively
produced a square wave that was low for the first half of the sweep period and
transitioned to high just before at the start of the buffered sweep. This square wave was
used as the control signal for the optical switch driver. Finally, a TGP110 pulse
generator (Aim -TTi) was synchronized with the SRS function generator and set to create

a doubled pulsed with a pulse delay 0f 49115 U8 ww3 1T T wOUUxUO0wi UOOwUT T wx
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was then fed into a National Instruments DAQ card (NI PCI -6221) and used as the
sample clock for the drive waveform for t he galvanometers. A schematic of the timing
scheme is shown inFigure 4.4. Red vertical lines indicate the start of an original sweep,

magenta lines represent the dart of the buffered sweep and green lines representthe end

of the buffered sweep.

Line trigger from Axsun laser

0 5 10 15 B
Time (us)
AuxIO output from Alazar digitizer

0 5 10 15 20 25
Time (us)
Output waveform from SRS function generator (control signal for optical switch)

N

~
I

R | | 1 | |
0 5 10 15 20 25
Time (us)
Qutput waveform from the pulse generator (sample clock for galvanometers)
& .

30
Time (us)

Figure 4.4: Timing and triggering in buffered SSOCT  (simulated)

Management of Polarization Mode Dispersion (PMD)

Both the fiber spool and the optical switch result in the generation of PMD,

which in turn may result in the creation of image artifacts and ghosts when imaging a
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birefringent sample. PMD (or, more precisely, differential group delay 2) occursin the
fiber spool because?single mode? fibers actually support two orthogonal ly polarized
modes. Due to imperfections and asymmetries in practical fiber, these two polarization
modes will have different propagation velocities, resulting in a differential group delay
between the two polarization modes. External forces on the fiber, such as bends, twids
and compression, also induce birefringence, and PMD due to these effects often
dominates over PMD due to the geometry of the fiber.

The generation of PMD in the optical switch occurs by a different mechanism.
As described above, the optical switch functions by splitting incoming light into  two
polarization channels. An electro-optic device is then used as a tunable waveplate to
impart either a 0 or 90 degreerotation of the polarization state in each channel Two
polarization channels are then combined and directed into either of the two output
ports. As a result of the design of this system, even slight differences in the optical
pathlengths of the two channels in the switch will result in the generation of appreciable
PMD.

The combination of PMD from the spool and from the switch complicates
matters further, especially if the fast and slow axes of the two components are not

aligned. For example, if we consider a pulse of unpolarized light entering the system,

2The term PMD, in its usage here, is a misnomer. The transient difference in the group delay of the two
orthogonal polariza tions in a single mode fiber is commonly referred to as the differential group delay
(DGD). DGD is a dynamic phenomenon that fluctuates in time, especially in deployed fiber, and thus is a
statistical process. PMD refers to the length-normalized statistic al average DGD for a given fiber type.
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after traversing the spool, the light will be split into two differentially delayed pulses.
After entering the switch, if the axes are not aligned, each of those two pulses may be
split into two differ entially delayed pulses, resulting in the generation of four
propagating pulses of light , each of which is in a different polarization state . After
entering the OCT interferometer, the four pulses will travel to the reference and sample
arms before reaching the receiver. Depending on the orientation of the polarization axes
and the amount of birefringence in the sample and reference arms, each of the four
pulses in the reference arm will exhibit a varying degree of coherence with each pulse in
the sample arm. Thus, in normal OCT operation, a single A-scan of a mirror will display
not one, but several peaks corresponding to the interference between differentially
delayed pulses in the reference and sample If this system were used for imaging, its
axial PSF would also have many peaks, resulting in severe image artifacts.

Fortunately, the PMD in this system can be managed through the use of fiber
polarization controllers. For the buffered sweep, because the laser is partially polarized
(we measured a degree of a degree of polarization of 66%, discussed in sectiorb.2.2, we
used a polarization controller at the entrance of the spool to align the polarization axis of
the laser output to one of the polarization axes of the spool. A second polarization
controller was used to align the polarization of the light leaving the spool to the axes of
the switch. Similarly, for the original sweep, a polarization controller was placed before

the switch to align the polarization axis of the laser output to one of the axes of the
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switch. While these polarization alignments cannot be perfect due to chromatic
considerations, they significantly reduced the effects of PMD by largely restricting
power in the system to only two of the four possible polarization states. Furthe rmore,
these two dominant polarization s are orthogonal, and thus, in the absence of
birefringence in the sample arm, each polarization state should only interfere with itself.
This would result in a single peak, analogous to an OCT system without PMD.

The final consideration in polarization management is the potential presence of
birefringence in the sample. By placing a polarization controller in the reference arm,
birefringence can be introduced into the reference arm that offsets the birefringence in
the sample arm. Thus, when imaging through birefringent tissue, such as the corneaor
the RNFL, the reference arm polarization must be adjusted to optimize signal. As we
demonstrate below, these polarization artifacts can be suppressed beneath the noise
floor with careful adjustment of these polarization controllers.

To demonstrate the effects of these multiple polarization states, we performed
the following measurements. First, we constructed an OCT system with the switch
placed in the source arm, but without the fiber spool. Second, we replaced the fiber
spool with the switch. Finally, we constructed the complete buffered system, with both
the spool and switch. For each experiment, we acquired A-scans with only a mirror in

the sample arm, and adjusted the polarization controllers to enable visualization of the
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multiple peaks corresponding to interference between the various polarization states .

These A-scans are shown inFigure 4.5.
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Figure 4.5: SSOCT A-scans of a mirror in the presence
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of PMD. A: Switch only in source arm.

B: Spool only in source arm. C: Switch and spool in source arm. D:  Same as C butcorrected
with polarization controllers.

Figure 4.5A shows an A-scanof a mirror with only

the switch in the source arm, and

contains three peakseachseparated by approximately 40 microns. Figure 4.5B shows an

A-scanof a mirror with only the spool in the source arm. Because the PMD through the

spool is comparable to the axial resolution of the system, the expected three peaks

overlap partially. Thus, the reference arm polarization controller was adjusted to
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emphasize only the outer two peaks. Thesetwo outer peaks are separated byabout 16
microns, implying that the separation between individual peaks was 8 microns, 5 times
less that the peak separation through the switch. Figure 4.5C shows an A-scan of a
mirror with both the spool and the switch in the source arm, and shows 3 pairs of split
peaks. Each pair of peaks corresponds to the 3 peaks created by PMD in the switch, and
the centers of the pairs are separated by approximately 40 microns, as egected. The
splitting of the peaks is due to the PMD in the spool, and the separations between the
paired peaks were all approximately 16 microns, as expected.Finally, Figure 4.5D shows
the axial PSF once the polarization controllers have been optimizedto maximize the
central peak. While some residual sidelobes remain, the largest sidelobe peak is
approximately -42 dB weaker than the central peak. For all of these measurementsthat

used the fiber spool, wavenumber recalibration was performed as described below.

Wavenumber recalibration

For processing the original sweep, the signal from the integrated k-clock of
Axsun laser was digitized and processed as previously described in section 3.2.2
Briefly, the zero-crossings of the clock were detected and used to generate a lineaiin-
wavenumber recalibration vector. This recalibration vector was interpolated such that
the vector length matched the number of data samples in the original sweep (4608),

which provided a z max 12.4mm. This interpolated vector was then used to resample the
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portion of the photoreceiver signal corresponding to the original sweep (i.e. the first
4608 samples) to be linear in wavenumber.

By appropriately transforming the k -clock signal from the original sweep, the
buffered sweep can also beresampled. Dispersion in the fiber spool causesshort
wavelengths to travel slower than long wavelength s, and because the laser sweeps from
short wavelengths to long wavelengths, the entire laser sweep is compressed after
travelling through the spool. If we were to direct this compressed laser sweep into the
k-clock and compare the resulting signal with the k-clock signal from the original sweep,
we would expect the zero-crossing intervals to be progressively shortened towards the
end of the laser sweep. Thus, by adjusting the zero-crossing timings from the k -clock
signal of the original sweep, we can estimate what the clock signal would be for the
buffered sweep. A description of this transfo rmation follows.

The zero-crossing timings from the original clock processing were modified by

applying a polynomial delay function as follows:

T,[n - delay=Th + $n ph pha (4.1.1)

Here, Tz is a vector of estimated zero-crossing timings for the buffered sweep, nis the
index of the zero-crossing (between 1 and 1376, delayis the delay between the original

and buffered sweeps (49114 Y] T1is the vector of the zero-crossing timing from the
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original sweep, and the b coefficients are fitting parameters. This technique is very
similar to the disper sion compensation techniques described in[107, 176 and in section
3.2.2above. Thus, a @milar optimization approach can be used to find the b coefficients
as was used to find the a coefficients in section 3.2.2 using an A-scan of a mirror.
However, to ensure that the fitting of the b coefficients is correcting for wavenumber
recalibration only and not dispersion, it is important to minimize disper sion between the
mirrors in the sample and reference arm, or to account for the dispersion in the
optimization. This latter technique works because the dispersion parameters should be
identical between the original sweep and the buffered sweep.

Using thi s technique, we were able to achieveidentical sensitivity and axial resolution
between the original sweep and buffered sweep using only two b coefficients (o and bx).
Here, the bo term adjusts the buffer delay computed by the cross-correlation, while the
applies a linear ramp to the delay timings over the course of the laser sweep.

Three plots of an A-scan of a mirror are shown in Figure 4.6. Part A shows the
A-scan from the original sweep, part B shows the A-scan from the buffered sweep
processed with the unmodified clock (i.e. the clock simply delayed by 4911), and part C
shows the A-scan from the buffered sweep processed with the optimized b coefficients.
Thus, processing the buffered sweep with the modified clock provides a very similar

axial PSF, in terms of peak height and sidelobe suppression, as the original sweep. The
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very slight difference between the plots in A and C is likely due to residual PMD that

was not corrected by the polarization controllers.
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Figure 4.6: A-scans of a mirror using (A) the original sweep, (B) the buffered sweep processed
with the original clock, and (C) the buffered sweep processe d with the transformed clock

In vivo retinal imaging

To demonstrate the feasibility and performance of this buffered SSOCT system,
we acquired images of the posterior eye from healthy human volunteers. To manage
PMD, the system was optimized as above with a mirror placed in the reference arm.
Then, during patient alignment, only the reference arm polarization controller was

adjusted while looking at a bright layer in the resulting image (usually the RNFL). The
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polarization was adjusted until this layer ap peared as bright and sharp as possible with

OPOPOE Ow? UbD O1Bxéahsweréihetaduited with 5600 A-scans per Bscan at

aframe rate of 125Hz.

4.1.3. Results

Peak Sensitivity and Sensitivity Fall-off

3171 wUauU] dgtivipant sesitividy fall -off were measured, using
techniques that have been described previously in section3.2.2 The sensitivity was
measured at a depth of approximately 500 4 O w Ef6uiid to be 97dB with 1.8mW on the
sample (the ANSI limit [159 at this wavelength), as compared to a theoretical sensitivity
of 102 dB. The 5dB discrepancy is attributed to coupling losses and residual RIN. The
sensitivity fall-off profile was measured and had a 6dB fall -off range of 5.5mm.
Although not shown here, the fall-off performance was nearly identical to the results
shown in section 3.2.2(Figure 3.7). Furthermore, both the peak sensitivity and 6dB fall -
off distance were identical for the forward and buffered sweeps, once the wavenumber
recalibration and polarization control techniques described above had been

implemented.
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Imaging results

Representative B-scans of the foveal region of the retina from a healthy human
volunteer are shown below. Theseimages were acquired at a 200kHz A-scan rateusing
the buffered system described in the previous section. Each frame consisted of 800 A
scan pairs, for a total of 1600 A-scans.Acquisition time for each frame was 8ms
(corresponding to 125Hz), and thus the 5x averaged frames shown below represent the
image quality achievableE Uw? YDET OQwWUEUI » wopl k' 4 A8 w

Figure 4.7, and its enlargement in Figure 4.8, show the typical image quality
achieved before fine tuning of the reference arm polarization controller (but after
optimizing the controller on a mirror reflector ). Some ringing artifacts can be seen above
the bright RNFL boundary (see enlargement in Figure 4.8), but these artifactsare much
weaker than the peak signal, and do not appear surrounding the dimmer layers. These
artifacts disappear when the polarization controller is adjusted, as shown in the B -scan

in Figure 4.9 and its enlargement in Figure 4.10.

Figure 4.7: In vivo B-scan of fovea acquired before optimization of polarization controller.
Image consists of 1600A-scans x 5 averaged frames. Total acquisition time was 40msec.
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Figure 4.8: Enlargement of top left corner of Figure 4.7

Figure 4.9: In vivo B -scan of fovea acquired after optimization of p olarization cont roller. Image
consists of 1600 A-scans x 5 averaged frames. Total acquisition time was 40msec.

Figure 4.10: Enlargement of top left corner of Figure 4.9
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4.1.4. Discussion

We have demonstrated the development of a novel buffering strategy for
increasing the imaging speed of SSOCT systems that employ duty cycles of 50% or less.
This technique has numerous advantages overpreviously described buffering
techniques. First, it is very power efficient, with roughly 60% of the source power being
transmitted through the buffering stage after accounting for all insertion losses. It also
exhibits superior sensitivity because the patient eye is not exposed to light that is not
used for imaging, at the tails of the SSOCT sweep. Lastly, he system employs numerical
methods that allow the use of the original sweep s calibration signal for recalibration of
the buffered sweep. This dramatically simplifies the implementation of buffering with
turnkey systems that contain integrated k -clocks. While the presence of PMD in the
source arm can result in the generation of image artifacts, we have demonstrated that
these artifacts can be mitigated by careful manipulation of fiber polarization cont rollers.

In addition, the buffering system described here is completely compatible with
coherence revival-based heterodyne SSOCTdescribed in chapter 3. The conbination of
these techniques would result in an SSOCT system with twice the imaging speed and
nearly twice the imaging depth of conventional SSOCT systems employing the same
source. In the next section, we describesuch acombination system, and demonstrate its

increased speed and enhanced depth imaging.
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4.2. Sweep Buffering and Coherence Revival
4.2.1. Methods

To demonstrate the feasibility of combining sweep buffering with coherence
revival, we modified the SSOCT system presented above to enable extended depth
imaging of the anterior segment. Coherence revival was used in a +1 cavity length offset
configuratio n (i.e. with the sample arm one cavity length longer than the reference).
Other changes to the system included replacing the aiming laser with a power meter (to
monitor reference arm power) and replacing the NewFocus balanced receiver with a
Wieserlabs receiver (WL-BPD1GA) which had substantially higher bandwidth (1 GHz).
Due to the low transimpedance gain of the Wieserlabs receiver, an RF amplifier
(HD24388, HD Communications Corp.) was also used. A schematic of the buffered,

extended-depth SSOCT system is shownFigure 4.11.

From buffer BD L1 G L2
stage O % [..]
Sample arm
BR
0 0

Reference arm

Figure 4.11: Schematic of buffered, extended -depth SSOCT system. BR: Balanced receiver. BD:
Beam dump. UP: Unused port. PC: Polarization controller. L1, L2: Lenses. G: Galvanometers.

165



4.2.2. Results

Peak Sensitivity and Sensitivity Fall -off

31T 1 wUa U U iséngitiity and geasitivity fall -off were measured, using
technigues that have been described previously in section3.2.2 The peak sensitivity
was located at a depth of approximately 6mm and found to be 94 dB with 1.8mW on the
sample, as compared to a theoretical shotnoise limited sensitivity of 102 dB. The 5dB
discrepancy is attributed to coherence revival sensitivity penalty, amplification noise,
coupling los ses and residual RIN. Although not shown here, the fall -off performance
was nearly identical to the coherence results shown in section 3.2.2(Figure 3.7), with a
9mm 6dB-imaging range spanning from 1.5mm to 10.5mm. Furthermore, both the peak

sensitivity and 6dB -imaging range were identical for the forward and buffered sweeps .

Imaging Results

Figure 4.12 shows a representative B-scan of the anterior segment of a healthy
human volunteer. As before, eachB-scans consisted of 800 Ascan pairs (1600 Ascans)
and was acquired in 8 ms, supporting a framerate of 125Hz. The image in Figure 4.12
represents 5 averaged frames, demonstrating the image quality that can be achiged at
video rate, i.e. a frame rate of 25Hz. Figure 4.13 shows an enlargement of the apex of the
cornea, and Figure 4.14 shows an enlargement of the iris and anterior surface of the

crystalline lens.
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Figure 4.12: In vivo B -scan of anterior segment . Image consists of 1600A-scansx 5 averaged
frames. Total acquisition time was 40msec.

Figure 4.13: Enlargement of apex of cornea from Figure 4.12

Figure 4.14: Enlargement of iris and anterior lens from Figure 4.12
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