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: Mach-Zehnder interferometer with balanced detection. We show that the technique allows for a point
spread function with reduced full-width at half maximum compared to conventional optical coherence
tomography. The method further provides benefits similar to those of chirped-pulse interferometry
in terms of dispersion cancellation but only requires a broadband incoherent source and standard
detectors. The measurements are in excellent agreement with the theoretical predictions. Finally, we
propose an approach that enables the elimination of potential artefacts arising from multiple interfaces.

Optical coherence tomography (OCT) is a powerful, three-dimensional (3D) imaging technique which may be
operated in both the spectral and the temporal domain'?, and it is widely employed for biological in vitro and
in vivo imaging®. The axial resolution of conventional OCT is limited by the spectral bandwidth of the light
source and by the dispersion of the optical components and/or the sample under the test. Because of disper-
sion, especially in fiber-based setups, increasing the spectral bandwidth of the light source may not necessarily
lead to resolution improvement*. To circumvent this problem several approaches have been proposed, including
both numerical®® and experimental techniques’°. In particular, methods such as quantum-optical coherence
tomography (QOCT) or chirped pulse interferometry have been shown to possess built-in dispersion cancela-
tion and resolution enhancement; however, these techniques generally require sophisticated light sources such as
single-photon sources or chirped ultrashort pulses and advanced detection techniques®°. They also operate in
the time domain requiring in-depth scanning, which results in slow measurement times.

Intensity-based optical coherence tomography, based on higher-order correlations compared to standard
OCT, using a classical broadband light source and a Mach-Zehnder interferometer with balanced detection
was recently put forward in the time domain'#!>. The method produces improved resolution but is hampered
by the lack of ultrafast detectors capable of recording rapid intensity variations characteristic of incoherent
sources. Spectral intensity optical coherence tomography (SIOCT) on the other hand provides a much simpler
and cost-effective alternative that operates, without moving parts, in the spectral domain and can use a classi-
cal broadband light source of any state of temporal coherence and standard detectors!®!”. Furthermore, SIOCT
requires only a minor modification of conventional spectral-domain OCT imaging setup, exhibits a point spread
function (PSF) with reduced full-width at half maximum compared to standard OCT, and, significantly, possesses
built-in even-order dispersion cancellation. Yet, no experimental demonstration of SIOCT has been reported.
Numerical techniques based on higher-order correlations that yields the frequency-depth distribution'® have
been suggested and demonstrated" to provide useful information when the spectrum of backscattered light are
depth-varying along the imaging axis. These techniques require the use of multiple windows to maintain high
resolution in frequency and depth simultaneously. Here, we demonstrate experimentally SIOCT with a classical
incoherent source, confirming both the reduced PSF and the dispersion cancellation in the case of a single inter-
face. We also measure a sample with two interfaces and show how simple numerical post-processing similar to
that used to obtain the Wigner distribution of time-varying frequency fields'® allows to discriminate artefacts
arising from cross talk in the higher-order correlation signal. The measurements are in excellent agreement with
the theoretical predictions. Our results open up new perspectives for high-resolution imaging using classical light
sources.
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Figure 1. OCT and SIOCT concepts. BS - 50:50 non-polarizing beam splitter. OCT corresponds to a
single spectral interference measurement at Spectrometer 1 (or 2). SIOCT corresponds to a simultaneous
measurement of spectral interferences at Spectrometers 1 and 2.

Theory

The difference between the principles of the operation of conventional spectral-domain OCT and SIOCT is illus-
trated in Fig. 1. Light from an incoherent broadband source is divided between the two arms of an interferometer.
One arm serves as the reference while the other contains the sample to be characterized. In traditional OCT, the
spectral intensity recorded at the output of the beam splitter and resulting from the interference of the light in the
two arms is of the form

Tocra(w) ~ |Eg(w) + iEg(w) (1)

Tocry(w) ~ [iEg(w) + Ex(w)f, (2)

where w is the angular frequency, Es and Ey, are the complex spectral amplitudes of the electric fields emerging
from the sample and reference arms, respectively, and the subscripts a and b denote at which output of the beam
splitter the spectral OCT measurement is recorded. The phase difference between the reference and sample arm
fields is caused by the difference Az in distance that the light propagates in air and the propagation through the
dispersive sample of path length L. Both distances mark the total path, including wave transits before and after
reflection. The intensity of the recorded interferogram can then be written as

. 2
Locra(w) = 8 (w)[re eAe/H I 47 (3)

where S(w) represents the spectrum of the light source, r = |r| exp(i¢,) is the (complex) amplitude reflection
coefficient of the sample, and ¢ is the speed of light in vacuum. The coefficient §(w) denotes the
frequency-dependent propagation constant within the sample. Using a Taylor-series expansion around the cen-
tral frequency wj of the source spectrum up to second order, one obtains

Toera(w) = Sy + o) x Jre 1B n (Gt i )
where w’ = w — wyand 7 = Az/c + ,L, with 3, 3,, and 3, being the propagation constant, the group delay,
and the group-velocity dispersion at frequency wy, respectively. The envelope of the spectral interference pattern
represents the source spectrum whilst the frequency, phase, and amplitude of the modulation underneath depend
on the sample position and reflectance, which can then be obtained through a Fourier transform of the recorded
interferogram. The full width at half maximum (FWHM) of the PSF is given by the Fourier transform of the term
corresponding to the optical path difference between the reference and sample arms. In the absence of dispersion,
the PSF is inversely proportional to the source bandwidth. With dispersion present in the system, the resolution
decreases by a factor [1 + (3,L)* (Aw/2+/2In2)* ]'/?, where Aw is the FWHM spectral bandwidth of the light
source.

In SIOCT, the spectral interference patterns of the fields in the two arms are recorded simultaneously by two
separate detectors at the two output ports of the beam splitter. The location and reflectance of the sample are
obtained from the Fourier transform of the cross product of the individual spectral intensities
C(w') = Inera(wo + W) Ioemy(wy — w'). Itis straightforward to show that the interference pattern of the SIOCT
signal is then given by
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Figure 2. Modified Mach-Zehnder interferometer, experimental setup: BS - 50:50 non-polarizing beam
splitter. S1, S2 - spectrograph input and output slits. D1, D2 - photodiodes.

C(W) = S(wy + w)S(wy — W)leo(w) + (W) + cy()], (5)
where
co(w') = (|r|2 4 1)2 + 2,«29;:‘{e*iIZ“Jo(AZ/C)HL(50*([32/2%‘/2)]}7 (6)
(W) = —a(|rf + 1)3{e ™} x R{e LB/ LB/ 7)
(W) = —2[rfR{e ™Y, 8)

with R and J denoting the real and the imaginary parts, respectively. One can see that the Fourier transform of
the SIOCT signal produces a PSF with a width reduced by a factor of /2 compared to that of conventional OCT.
The Fourier spectrum of the function C(w") gives access to the sample information and consists of three separated
peaks corresponding to the Fourier transforms of ¢ (w'), ¢;(w’), and ¢,(w') convolved by the Fourier transform of
S(wy + w)S(wy — ).

Several observations can be made. We first remark that the product S (w, + w')S(w, — w') is always an even
function, even if the spectrum of the light source is not symmetrical with respect to wy. The term ¢ (w’) is an even
function whose Fourier transform produces a real-valued peak centered at the zero delay (equal path lengths).
The term ¢;(w'), on the other hand, is an odd function that depends on the optical path length and its Fourier
transform corresponds to an imaginary-valued peak centered at the optical path difference between the two arms.
Finally, the Fourier transform of ¢, (w’) gives rise to a real, negative-valued peak at twice the optical path differ-
ence. It is precisely this peak in the Fourier spectrum that gives information about the sample position and, after
correcting for the distance, one obtains an overall PSF reduced by a factor of 42 compared to standard OCT.
However, it should be noted that this decrease in the PSF width comes with a price: the imaging depth is only half
of that obtained by the standard OCT. We further note that the number of data points is identical in both OCT
and SIOCT but their density is doubled in SIOCT, allowing for better accuracy in locating interfaces. Note further
that in practice the terms arising from ¢, (w') and ¢, (w') can be distinguished as one is real and the other imagi-
nary. Besides the point density increase in the measurement, another benefit of SIOCT is the inherent dispersion
cancellation of all even-order terms in the Taylor-series expansion. This is because in SIOCT intensities of oppo-
site frequencies relative to central frequency w, are multiplied, cancelling the even-order phase terms that arise
from dispersion.

In the case of multiple interfaces, artefacts which have generally complex values appear in the Fourier signal
due to cross-talk between the terms corresponding to the multiple interferences. This means that they can not be
discriminated from the real interfaces by solely considering the real part of the Fourier transform of the SIOCT
interferogram. Yet, in this case, one can take advantage of the fact that the amplitude of the artefacts correspond-
ing to the ¢, (w’) term in Eq. (7) depends on the center frequency wj of the source spectrum. Indeed, for a station-
ary light source the spectrum does not need to be symmetrical with respect to wj, so that one can choose
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Figure 3. False color representation of the numerically simulated real part of the Fourier signal recorded by the
IOCT system vs. center wavelength ), of the light source for two interfaces: (a) without dispersion and (c) with
dispersion. Fourier signal for selected center wavelengths indicated by the arrows: (b) without dispersion and
(d) with dispersion. For clarity, the position of the two interfaces (I, and I,) and artefact A are marked.

arbitrarily the center frequency as long as the detected signal significantly exceeds the measurement noise.
Because the phase of the ¢;(w’) term oscillates with wj, the amplitude of the peak in the Fourier domain corre-
sponding to artefacts oscillates when spectra of different center frequencies are measured. This is illustrated in
Fig. 3 where we show numerical simulations of the Fourier signal recorded for two interfaces separated by 95 um
(optical thickness) as a function of the light source center wavelength A\ = 27c/w,. We show results both without
[Fig. 3(a,b)] and with dispersion [Fig. 3(c,d)] present in the system. We can see how in both cases the peaks cor-
responding to the interface positions always remain negative with a change in amplitude that follows the spectral
amplitude of the source vs wavelength. On the contrary, the amplitude of the peak corresponding to the artefact
arising from cross-talk oscillates dramatically between negative and positive values. We also note that when dis-
persion is present, it is cancelled independently of the center wavelength with a constant width for the PSE.
Interestingly, multiple measurements with a different center frequency can be numerically performed by
post-selection of a smaller number of points from the measured interferogram, which in turn shifts the spectral
window together with the central frequency. In this way, one can produce an ensemble of data sets corresponding
to spectra with different central frequencies. Therefore, in principle, only a simple post-processing operation of
the recorded interferograms is required to discriminate possible artefacts when multiple interfaces are probed.
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Figure 4. Comparison of OCT and intensity-based SIOCT in the absence of dispersion in the system. The
solid lines show the experimental results and the circles correspond to theoretical predictions. (a) OCT result.
(b,c) Real and imaginary part of the Fourier transform of the SIOCT interferogram, respectively. The inset in
(b) displays a direct comparison of the PSF of both techniques: black OCT, blue SIOCT.

Experimental Results

We confirmed experimentally the narrowing of the PSF and dispersion cancellation in SIOCT as compared
to standard OCT using a modified Mach-Zehnder interferometer with balanced detection. The experimental
setup is shown in Fig. 2 (see also Methods). The signal recorded at either detector independently is identical to a
conventional OCT system, while measuring simultaneously the signal at both detectors allows to construct the
SIOCT interferogram.

In order to characterize the PSE, we first performed measurements in the absence of dispersion in the sample
arm. The results are shown in Fig. 4 where both the real and the imaginary part of the Fourier transform of the
cross-product function S (w’) are presented. For comparison, the theoretical results obtained on the basis of Eqs.
(4) and (5) are superimposed as circles. The optical path delay was converted into physical distance as light would
travel in vacuum and thereby the 0 point represents equal path lengths. For ease of comparison with the conven-
tional OCT result, the distance was divided by 2 for the SIOCT measurement so that the image peak would cor-
respond to the actual sample position. In general, we observe excellent agreement between the experimental and
theoretically predicted results. Specifically, we see that the measured imaginary part of the Fourier spectrum is an
odd function and corresponds precisely to the Fourier transform of the term ¢, (w’), while the measured real part
is even and matches closely the Fourier transforms of the terms ¢,(w’) and ¢, (w’) of the SIOCT interferogram.
Significantly, we also observe how the width of PSF is reduced in comparison to that of standard OCT (see inset
in Fig. 4). The FWHMs of the OCT and SIOCT PSFs corresponding to the sample position are respectively equal
to 23.5 um and 17.3 yum, giving a ratio of 0.736 close to the +/2 theoretical PSF width reduction predicted for a
light source with a Gaussian spectrum.

We next proceeded to confirm experimentally the built-in dispersion cancellation of the SIOCT scheme. For
this purpose, an 8 cm thick bulk piece of SF10 glass was inserted into the sample arm. In order to increase the
effect of dispersion the beam was propagated eight times through the glass cube, effectively corresponding to a
64 cm glass piece. The group-velocity dispersion coefficient of SF10 at 1610nm is 3, = 1.63410 *°s>/m, which
should lead to a PSF width increase by a factor of about 2.4 in the case of conventional OCT. The measurement
results for conventional OCT and SIOCT are illustrated in Fig. 5. As for the dispersionless case, the theoretical
results computed from Egs. (4) and (5) are also superimposed as circles. It can readily be seen that the experimen-
tal results in both cases follow the theoretical predictions with great accuracy. More specifically, we observe how
in the case of conventional OCT the FWHM of the PSF corresponding to the sample location has broadened

SCIENTIFICREPORTS | 6:22126 | DOI: 10.1038/srep22126 5



www.nature.com/scientificreports/

1r (a) u OCT i

o
Ul
I
1

Normalized intensity (a.u.)

-0.5} | | | —
—400 —200 0 200 400
Distance (microns)

Figure 5. Comparison of OCT and intensity-based SIOCT when dispersion is present in the system. The
solid lines show the experimental results and the circles give the theoretical predictions that are based on Eqs.
(4) and (5). (a) OCT result. (b,c) Real and imaginary part of the Fourier transform of the SIOCT interferogram,
respectively. The inset in (b) illustrates the direct comparison of the PSF in the two techniques: black OCT, blue
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Figure 6. Experimental results for two interfaces. (a) False color representation of the numerically post-
processed real part of the Fourier signal recorded by the IOCT system vs. center wavelength ), of the spectral
window. (b) Fourier signal for selected center wavelengths as indicated by the arrows.
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nearly 2.5 times to 58.0 um due to the dispersion of the SF10 glass, a value very close to that expected from the
theoretical calculations. Most remarkably, the width of the SIOCT PSF at the sample position is unaffected by the
presence of the bulk piece of glass, clearly demonstrating that dispersion is inherently canceled in SIOCT. In fact,
the width of the PSF was found to be 16.2 ym, which is even slightly reduced compared to the case when disper-
sion. This slight change in the resolution is caused by third-order dispersion, which is not canceled in SIOCT
(only even order are). Finally, we also see how the artefact peak corresponding to the term ¢, (') is generally
affected by dispersion, which provides an additional means of discrimination.

We also performed experiments with a dual-interface sample. for this purpose, we inserted a thin microscope
cover slip consisting of two air-glass interfaces in the sample arm. Note that no dispersion was added in this case.
The results are illustrated in Fig. 6. In order to discriminate the actual interfaces from the artefacts we processed
the experimental data by post-selecting a smaller number of points from the measured interferograms which
allows to shift numerically the spectral window and center frequency (or wavelength). A false color representa-
tion of the real part of the Fourier signal is shown in Fig. 6 as a function of the center wavelength. The amplitude
of the artefacts oscillates between positive and negative values as the central wavelength is changed in perfect
agreement with the numerical simulations of Fig. 3. In marked contrast, the amplitude of the peaks corresponding
to the actual interfaces remains negative independently of the center wavelength of the source and their amplitude
follow the spectral intensity of the source vs wavelength. The optical distance between the two interfaces can then
be readily inferred to be c.a. 270 um, resulting in a measured physical thickness of 185 ym for the cover slip in
very good agreement with the manufacturer specified value of <200 um. This experimental result demonstrates a
convenient approach to effectively eliminate artefacts in the case of samples with multiple interfaces.

Conclusions

In summary, we have experimentally demonstrated spectral intensity optical coherence tomography and proved
the associated reduced point spread function and dispersion cancellation. The imaging depth for SIOCT is only
half of the one obtained by the standard OCT but the density of measurement points is doubled in SIOCT allow-
ing for better accuracy in locating interfaces. We further suggested a possible approach to eliminate artefacts
that might be present in the case of samples with multiple distinct interfaces. No fast detectors are needed in
our technique as only mean spectral intensities are measured. The method works with classical light sources and
standard photodiodes, illustrating the simplicity of the technique and showing its potential application to high
resolution imaging.

Methods

The light source used in the experiments was a fiber-coupled superluminescent diode (Exalos ESL 1620)
with a center wavelength of 1604 nm. The source spectrum is close to Gaussian with a spectral bandwidth of
55nm (FWHM). The light emitted by the source was collimated with a parabolic mirror and three identical
non-polarizing beam-splitter cubes were used to divide the light among the sample and reference arms. A single,
partially reflecting mirror placed on a manual translation stage to adjust the optical path length was used as the
sample. The reference wave transmitted through beam splitter BS1 was reflected from an additional beam splitter
BS2 in order to equalize the dispersion and phase shifts experienced by both beams due to the various optical
elements. As a result, any difference between the complex amplitudes of the electric fields in the sample and ref-
erence arms before interfering on beam splitter BS3 is caused only by the path difference between the two arms
and sample presence. Light at the two output ports of BS3 was coupled to a single-mode fiber using achromatic
lenses. The fiber outputs were then placed on top of each other in the object plane of a monochromator (Horiba
iHR 550) allowing to measure simultaneously the spectral intensities at the two detectors. On passing through
the output slit of the monochromator, light was collected by multimode fibers and intensities were measured by
InGaAs amplified diodes (Thorlabs PDA10CS). Lock-in detection was used to improve the signal-to-noise ratio.
Wavelength scanning and data acquisition were controlled by a PC.
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