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Fig. 2 (a) AlGaAs bulk heterostructure superluminescent diode (SLD) spectrum,’ and (b) AlGaAs single

quantum well SLD spectrum."

of the central peak is still considered to be the expected axial
resolution when choosing an appropriate light source for an
OCT imaging system.’

2.3 Superluminescent Diodes

The following SLDs have been digitized from scanned SLD
spectra available from OCT literature. The OCT simulator’s
Matlab function, ImageProc, generates the digitized SLD
spectrum. It allows coordinate specification and generates
a Microsoft Excel file of the spectrum wavelengths and their
associated intensities. The OCT simulator then used this Excel
data to generate the OCT PSF and tissue phantoms A-scan. Both
measures of expected resolution, the SLD’s coherence length
Eq. (1) and the FWHM of the SLD’s PSF, are tabulated in
the results. These are compared to two measures of empirical
resolution outlined and justified in Sec. 4.

2.3.1 Bulk SLD

The use of SLDs as light sources for OCT in 1991'* was the
second wave of use, with the first instance being their use in
fiber-optic gyroscopes.!! These first SLDs were based on
bulk semiconductor heterostructures with thick active layers,
with their elemental III-V composition determining their emis-
sion spectra: InGaAsP emission 1.3 to 1.55 ym with 30 to 40 nm
bandwidth; AlGaAs emission in the 800-nm band, with a 15-
to 20-nm bandwidth.® The left-skewed Gaussian spectrum
[Fig. 2(a)] is shown for an AlGaAs Bulk SLD.!

These spectra (Fig. 2) were digitally generated from the spec-
tra provided in Shidlovski.!' Though the bulk SLD [Fig. 2(a)]
spectral shape is similar to the previously simulated spectra,’
having no satellite peaks in its PSF, its Gaussian resolution
limit from Eq. (1), the coherence length, is 17.3 um, differing
from its actual resolution, the PSF’s FWHM 22.3 um, by 29%.

2.3.2 Single Quantum-Well SLD

The introduction of quantum-well (QW) SLDs achieved signifi-
cant progress in resolution enhancing spectral broadening. The
active region in QW SLDs is narrow enough for quantum con-
finement, such that the wavelengths emitted are determined by
the width of the active region as well as by harmonic-like, sub-
energy bands existing in these QWs.” This means that central
wavelength and bandwidth broadening can be tailored by sand-
wiching a smaller band-gap semiconductor between a larger
band-gap material.

Spectral broadening occurs due to the increased density of
states and sub-band transitions.” While broadening increases
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with drive current, the spectrum can become multilobed
[Fig. 2(b)], which may increase the empirical axial SDRL
due to the appearance of satellite peaks in the PSF, interfering
with reflected signals from adjacent strata interfaces.

As the single quantum-well (SQW) SLD spectrum is bilobed
[Fig. 2(b)], it is no longer Gaussian, so the coherence length
Eq. (1) no longer applies. Instead, the FWHM of the SLD’s
PSF central peak is considered to be the measure of the reso-
lution limit.> As the o is 842 nm and A1 is 48.4 nm, the L
is 6.47 um from Eq. (1), whereas the PSF’'s FWHM is
8.5 um, differing by 31%. Clearly, the double peak in this
SQW SLD spectrum [Fig. 2(b)] will increase the SDRL above
the expected resolution relatively more than for the bulk SLD
[Fig. 2(a)], as demonstrated in previous research.’

2.3.3 Multiple QW SLD

By fabricating multiple quantum wells (MQWs) of incremen-
tally different widths, the emission spectrum can be broadened
further. One example is the double QW separate confine-
ment double heterostructure SLD, (InGa)As/(GaAl)As/GaAs)*
[Fig. 3(d)], with QWs of different widths.

Considered are three spectra of this one SLD, with the active
channel length of 600 um driven at three injection currents:
Fig. 3: (a) 170 mA, (b) 192 mA, and (c) 220 mA. The OCT
simulator will demonstrate the detrimental effect, to the PSF
and interferometric resolution limit per strata, the SDRL, of
over driving and under driving the SLD.
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Fig. 3 Spectra of the double quantum-well QW SLD,"" driven at
(@) 170 mA, (b) 192 mA, and (c) 220 mA. (d) The conduction energy
band structure schematic of the double QW separate confinement
double heterostructure SLD.*
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Based on the spectral 4, and A/, the Gaussian resolution
limits from Eq. (1) for Figs. 3(a)-3(c) are calculated to be
3.98, 3.83 and 4.68 um, respectively. Figures 3(a)-3(c) have
their expected PSF’s FWHM as 6.2, 5.2 and 5.1 um, respec-
tively; inflated above their coherence length by 56%, 36% and
9%, respectively.

Though varying the QW width of a specific semiconductor
species to broaden the SLD spectrum is considered in this
spectral investigation, it is noted’ that varying the QW depth
by varying the percentage composition of a heterostructured
semiconductor will also broaden the SLD spectrum. However,
such broadening can demonstrate poorer in vivo resolution,
6 um,'* than the MQW SLD example considered from Ref. 4.

2.3.4 Single and Chirped Quantum Dot SLDs

In this section, a comparison is given between single-quantum
dot (SQD) and chirped quantum dot (CQD) SLDs.> CQD multi-
layers, in strain reducing QWs of varying composition, will
broaden and red shift the emission spectrum, compared to
the SQD spectrum, depending on the thickness and composition
of the strain-reducing layers.” The percentage of Indium in the
InGaAs QWs was chirped from 9% to 15% in steps of 1.5%.>
The conduction band structure [Fig. 4(b) inset] and the digitized
emission spectra of the SQD and CQD SLDs [Figs. 4(a) and
4(b)], generated from Fig. 1 of Li et al.’, are shown.

The Gaussian resolution of Figs. 4(a) and 4(b) is 16.0 and
10.1 um, respectively. When excited and ground state emissions
combine, a 6.1-um coherence length results.” In Figs. 4(a) and
4(b), their PSF’s FWHM are 20.3 and 12.8 um, respectively,
exceeding their Lc’s by 27%.

2.3.5 Quantum Dash SLDs

The quantum-dash (Q-Dash) is a finite-length wire-like structure
with height and width similar to a quantum dot (QD), but with a
length much longer than the QD.” To test the resolution limit and
verify the PSF of such an SLD, the SLD of Somers et al. 15 would
have been ideal. They demonstrated an InAs/InAlGaAs/InP Q-
Dash SLD with spectral gain bandwidths of over 300 nm with
near-Gaussian emission, though only above the “therapeutic
window.” However, Ooi et al.'® presented a suitable spectrum,
demonstrating an SLD with an InAs Q-Dash in an asymmetric
InGaAlAs QW (Fig. 5, inset). This generated a quasi-Gaussian
emission, with a bandwidth over 140 nm, peaking at 1.6 ym, at
close to room temperature. Examined is the 77 K, state-filled,
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Fig. 4 Normalized room temperature photoluminescence spectra of
(a) single-layer InAs QD SLD and (b) InAs multiple QDs in chirped
InGaAs QW SLD, digitized from Ref. 5. Inset is conduction band
schematic of the chirped QW SLD adapted from Ref. 5.
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Fig. 5 77K state-filing photoluminescence spectra 1.5 kW/cm
excitation power from the InAs-Q-Dash-in-QW SLD, digitized from
Ref. 16. Inset: conduction band schematic of the four-stack InAs/
InAlGaAs Qdash-in-QW active region; SCH, (undoped) separate
confinement heterostructure.

photoluminescence spectrum at 1.5 kW cm™2 excitation power
(Fig. 5). The OCT simulator’s digitized spectrum is shown. The
Gaussian coherence length, 6.46 ym, is exceeded by 15% by this
SLD’s PSF FWHM of 7.4 ym.

Monolithic spatial bandgap engineering techniques using
regrowth, selective area epitaxy, or quantum heterostructure
intermixing have been used to further broaden the Q-Dash spec-
trum.'® By using suitable combinations of larger direct bandgap
semiconductor materials, blue shifting the Q-Dash spectrum
into the therapeutic window (800 to 1400 nm) may be possible,
while still keeping the Gaussian and bandwidth spectral advan-
tages of the Q-Dash SLD.’

2.3.6 Tandem Multi-SLDs

Tandem SLDs are often used to increase bandwidth significantly
beyond that of the single, chirped QD, QW, or Q-Dash SLDs.
Wang et al.5 demonstrate a combination of four SLDs with the
given spectral characteristics [Fig. 6(a)], and their combined
spectrum [Fig. 6(b)], digitized by the OCT simulator from
Fig. 2 of Wang et al.% This tandem SLD’s Gaussian coherence
length is 5.3 um.5 This is exceeded 27% by the SLD’s PSF’s
FWHM of 6.75 um.

Similarly, Cense et al.”* demonstrate a multiplexed SLD, the
Superlum Broadlighter T840-HP, with a spectral bandwidth of
111 nm, centered at 840 nm. The OCT model’s digitized spec-
trum of the T-840 is shown in Fig. 7(a). This SLD, also char-
acterized empirically by the OCT simulator, has a coherence
length of 2.8 ym and a PSF FWHM of 3.46 um, exceeding
the coherence length by 24%.
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Fig. 6 (a) Individual SLD spectra, adapted from Wang et al.,® and

(b) combined multiplexed SLD spectrum, used by the OCT simulator,
digitized from Fig. 3 of Ref. 6.
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Fig. 7 (a) Digitized Tandem T840-HP SLD spectrum,” (b) digitized Tandem Q-940 Quad-SLD
spectrum,* and (c) the Gaussian spectral equivalent of (b).

Last, from the multiplexed SLD sources of Andreeva et al.t
the 4 mW Q-940 with a bandwidth of 307 nm and less than 50%
flatness [Fig. 7(b)] has been selected for PSF and empirical
SDRL analysis. This SLD’s coherence length is 1.3 ym, exceed-
ing by 35% the PSF’'s FWHM of 1.75 um. The resolution
expected by Andreeva et al.* was quoted as 2.9 ym.

The broad spectrum of the Q-940* is made possible by the
development of longer wavelength SLDs in the 1 to 1.1 ym
range, multiplexed to older shorter wavelength SLDs. The
development of these 1-yum SLDs was achieved using metal-
organic chemical vapor deposition, which was used to fabricate
the double quantum-well (DQW) (InGa)As/(GaAl)As/GaAs
separate confinement double heterostructure [Fig. 3(d)]. Such
an example is the 4.4-mW DQW SLD variant in Table 1 of
Andreeva et al.,* centered at 1027.3 nm with a 114.5-nm band-
width, demonstrating a 4-um coherence length.

It may be possible to broaden such SLDs such as the Q-940
[Fig. 7(b)] further by multiplexing them to even longer

wavelength SLDs,* as demonstrated by the MQD SLD example
[Fig. 4(b)] or the room temperature variant of the Q-Dash SLD
(Fig. 5). However, these QD or Q-Dash SLDs would need to be
significantly blue shifted, so that their spectra overlap with the
1.1-pum spectral edge of the Q-940. It is worth noting that Fig. 9
in Ref. 4 shows a significant lack of broadband SLDs between
1.05 and 1.3 um. If this lack has been supplemented more
recently, then broadening the Q-940 spectral bandwidth by fur-
ther multiplexing SLDs with a longer NIR wavelength, below
1400 nm, may be possible.

Figure 7(c) is the Gaussian spectral equivalent of the Q-940
SLD [Fig. 7(b)], equal in bandwidth and central wavelength.
This spectrum will also be used to generate an A-scan of the
epithelial sample so that its SDRLs can be compared to that
of the Q-940’s PSF and A-scan characteristics, particularly
with reference to the effect of satellite peaks.

All of the above SLD expected resolutions will be tested with
a quasi-real skin sample. Is this empirical SDRL resolution

Table 1 Summary of normal skin strata depths and refractive indices.

Skin stratum Depth (um) Refractive index (n)
Stratum corneum (SC) 226" 1.51 +0.02; 1.5-1.55'8
1510 1.5
8-15%0 1.47 £0.01%'
Epidermis Stratum lucidium 42.4'8 NA 1.34 +0.02'® NA
(SC subtracted)
Stratum granulosum 87.5" 3-6% 1.50" 1.43 +0.02?1
Stratum spinosum 50-150%° 10l > 1t n' NA
Stratum germinatum 4-7%0 1.34 4+ 0.02%1
Upper dermis Papillary dermis 5002220 200"° 1.41+0.03 1.36"°
Reticular dermis 300922 1.37-1.51022 1.381°
Blood plexis 807525 1.38 £0.01%2
1.55'°
1.37 < 980 nm*®
1.36 > 980 nm?®
Lower reticular dermis 1500922 1.38'°
Hypodermis 3000'° 1.44"
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dependent only on the spectral shape—from which the L and
PSF are derived—or does the tissue’s strata reflection profile
plays a more significant role in defining the empirical SDRLs
defined in the generated A-scan? If the reflection profile is
detrimental to this empirical SDRL, then is it possible to
digitally enhance the empirical resolution to bring it closer to
the expected SLD resolution; the SLD’s PSF FWHM? These
questions are answered in this research along with any justifi-
cation for the validity of the digital resolution enhancement
techniques used.

3 Theory

The OCT simulation models a single axial scan Michelson inter-
ferometer (Fig. 1) using a virtual translating mirror in the time
domain on a virtual linear scanner as the ODL. The model was
developed from low coherence interferometric first principles. It
uses purely the optical and spectral physics involved in an ideal
Michelson interferometer and includes the interaction with the
sample. It does not involve a direct integral convolution of the
PSF envelope with a series of virtual sample strata-interface
delta functions scaled by strata reflectivity. The later, using
only the PSF envelope, could not include the effect of full
phase interference that is demonstrated by this more developed
OCT model. In this study, we are interested in determining the
limits of resolvability, which are affected by destructive interfer-
ence in the phase modulation between reflected strata interface
full phase PSFs.

The virtual sample used is a 1-D stratified five layer structure
with definable layer refractive indices typical of normal epi-
thelia, from which layer reflectivities are calculated using
Fresnel’s law. The sample model is a tool that is used to deter-
mine the effect of different low coherent light sources on the
empirically obtained minimum depth resolution per sample
stratum. In this case, because of the sample model’s simplicity,
this will be a relative depth resolution. As long as all the real
SLD light source spectra are applied to the same refractive
index layer epidermal model, comparison of the resolution
limit between the A-scans of the light sources is possible.

Previous research used this model with simulated single and
tandem Gaussian spectra. It demonstrated that the presence of
satellite peaks in the PSF-degraded resolution are due to multi-
ple peaks in the spectra.” To corroborate these results using real
OCT light source spectra, this research used the same LCI
model, modified to allow the scanning and digitizing of any
real low coherent light source’s spectrum.

The model presented here includes the effect on the resulting
A-scan by the refractive index profile of the sample strata, result-
ing in the slowing of the speed of the light in each layer propor-
tional to the refractive index. However, for this research, for
direct comparison between the actual layer depths and those
in the A-scans, the model’s ability to account for the effect
of layer refractive index on light speed in the tissue has been
suspended.

The following sections detail the equations of the optical
model developed. This model, which has been formulated previ-
0us1y,8'9 has been reformulated into a more effective model from
the point of view of sample application and real light source spec-
tral application from that of the recent previous model.”

3.1 Modeling the Light Source

Suppose that a light source emits a continuous distribution
of wavelengths whose amplitude, A, is a function of the
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wavelength 4 (the wavelength in the surrounding medium, typ-
ically air); that is

A=A(Q2). @)

For example, if the distribution of wavelengths has a
Gaussian form we have

In(16)
A(2) = Apexp sz 0, 3)

where A, is the peak amplitude, 4, is the central/peak wave-
length, and AA is the spectral bandwidth (FWHM intensity).

The laser power is given by P = A,Ad\/x/In(16).

3.2 Modeling Light in the Interferometer

The distribution of wavelengths is first passed through a 50%
mirror, with half of the light reflected and half transmitted.
The result is a reflected (R) and transmitted (T) wave with
amplitude distributions,

A = ar() =2, @

The transmitted wave, considered to be the sample arm of
the interferometer, travels to a multilayered surface consisting
of m partially reflecting interfaces, the phantom structure to
be imaged. The transmitted wave goes through transmission
and reflection at each interface. Upon returning from the multi-
layered interface, the transmitted wave is reflected by the 50%
mirror to the detector. The reflected wave, considered to be the
reference arm of the interferometer, travels from the 50% mirror
to another reflector which is moved incrementally (i.e., no
Doppler effect) before being reflected back through the 50%
mirror (transmitted) to a detector.

Once the original light source is split, it becomes important to
keep track of the virtual distance traveled by each wave, as any
difference will be associated with a phase shift and therefore
a change in the interference pattern. The virtual distance, as
opposed to the actual distance, takes into consideration changes
in the velocity of the wave as it passes through layers with differ-
ent refractive indices, which is relevant to the generation of real
LCT A-scans.

The total distance traveled by the transmitted wave which
reflects off the top surface/interface of the multilayered structure
is denoted as d;. The thickness of the i’th layer in the sample
[i.e., the distance between the ith and (i + 1)th interface] is
denoted Ad;, for i =1,2,...,m — 1. Hence, the total distance
traveled by the wave reflected off the i’th surface of the sample
is given by

i—1
d;=d, + ) 2Ad;,

J=1

i=2,3,...,m, %)

whereas the virtual distance traveled by these waves is given by
i1

~ 2Ad;n;

dl‘:d1+ E #, i:2,3,...,m, (6)
=1 Mo

where ng is the refractive index of the medium in front of
the sample and n; is the refractive index of the j’th layer of
the sample. The total distance traveled by the reflected wave
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