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Abstract: Recent breakthroughs in microscopy have surpassed Abbe’s spatial diffraction
limit, especially in the regime of fluorescence imaging. Microcopy’s depth-imaging relative
tomography is, however, still confined to basic imaging quality, which is limited by the
Fourier bandwidth. In this paper, we explore the analogy between spatial microscopy and
temporal tomography based on the space-time duality, and hence enlighten the advancement
of tomography. As a proof-of-principle demonstration, an all-optical manipulation of the
point-spread function (PSF) of a swept-source optical coherence tomography (OCT) is
performed based on temporal phase modulation. Although the axial resolving power remains
the same, much sharper sketch lines can be obtained from the specimen. In addition, the
imaging quality is also improved with suppressed ghost fringes and better sensitivity.
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1. Introduction

Absolute distance measurement by the reflective interferometry can achieve ultrahigh
resolution, especially the optical modalities, owing to its short wavelength range over the
ultrasound counterparts [1,2]. Such as the gravitational waves were observed by advanced
laser interferometer gravitational-wave observatory (advanced LIGO) recently, which
achieved as high as 10™'° m distance accuracy [3]. Another laser interferometer based imaging
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modality, optical coherence tomography (OCT) has proven to be a powerful non-invasive
cross-sectional imaging modality, and it is advantageous in terms of both axial and lateral
resolution. As in the early stage time-domain OCT, each axial A-line required the mechanical
scanning of the reference mirror over one period of time, which resulted in a poor frame rate
[4]. Later, the Fourier-domain OCT improved the frame rate by resolving the interference
fringes in the frequency domain [5], and the more recent swept-source OCT has realized a
record megahertz A-scan rate [6,7]. Some computational strategies, e.g. spectral shaping [8]
or deconvolution [9], have been reported to optimize the point spread function (PSF), and
achieve sharper boundaries, but its axial resolving power is still bounded by the limited
spectral bandwidth.

Similar situation was encountered in observing Abbe’s diffraction limit by microscopy,
where the resolving power is bounded by the wavelength and the inverse of the numerical
aperture (NA) of the objective lens [10]. With the emergence of the fluorescence microscope,
numerous super-resolution techniques arose by manipulating the PSFs of these point-imaging
systems, such as the stimulated emission depletion (STED) microscopy, which revolutionized
optical microscopy into the nanometer-dimension [11,12]. It is noted that, this PSF
manipulation enabled super-resolution is based on the point-imaging condition. According to
the space-time duality, there is a mathematic analogy between the spatial microscopy and
temporal tomography (see appendix I for more detailed analysis) [13,14]. Ideally, optical
temporal Fourier transformation is implemented by the time-lens focusing mechanism, which
has been applied in the ultrafast oscilloscope or spectroscopy [15—17]. However, most of the
existing OCT systems still directly capture the frequency interference fringes, and retrieve the
depth information by Fourier transformation in the electrical domain instead of the optical
domain [18]. Owing to the diffraction of light, the resolution of optical microscopy is limited
by its NA in the spatial domain [10]. Similarly, for its temporal counterpart tomography, the
resolution is limited by the spectral bandwidth [19]. To enhance the minimum resolvable
points in the spatial domain, the original excited diffraction-limited PSF is compressed by
introducing a doughnut-shaped depletion field [11]. In the work [11], the most essential part
is to introduce a spatial m-stepped phase mask to generate the doughnut-shaped PSF. By
adapting this concept in the time domain (especially for swept-source OCT, which linearly
maps the spectral information in the time domain), the spatial phase mask will become a
temporal phase modulator, and a subtraction will replace the depletion process [14].
However, this PSF manipulation cannot help to improve the resolution, since OCT is a line
imaging system, and the compressed PSF will be affected and merged with the neighboring
pulse during the subtraction process.

In this paper, the PSF sidelobe suppression of the swept-source OCT is carried out.
Although the axial resolving power still remains the same due to the spectral bandwidth limit,
the sketch lines enhancement is observed from the real sample, and the isolated single layer
pulsewidth is compressed from 20 pm to 4 pum, which can be viewed as the sidelobe
suppression of the PSF. This single layer pulsewidth is different from the axial resolution,
since the adjacent multiple-layer PSF does not work based on this PSF sidelobe suppression
scheme, which will be discussed in detail in the later part. Moreover, similar to the balanced
detection (BD) technology, the suppression of the ghost fringes and the sensitivity
enhancement is also achieved based on this PSF sidelobe suppression scheme with single
detector, and these two schemes are easily compatible with each other. It is promising that,
this PSF sidelobe suppression scheme is able to break the axial resolving power limit, as long
as the OCT imaging modality is configured as a point-imaging system.
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2. Principles and experimental setup
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Fig. 1. Experimental setup of the conventional swept-source OCT (a) and the temporal phase
modulation based PISA-OCT (b), and these two systems are almost identical except for the
reference arm. (b) In the PISA-OCT, the mirror is replaced by a reflective phase modulator,
and its driving signal is adjusted by a frequency divider and an electrical delay line. (c)-(h)
Operation sequence of the temporal phase modulation scheme. (c) & (d) The swept-source and
its electrical trigger in the temporal domain. (e) In the reference arm, the swept-source is phase
modulated with a n-step in odd periods. (f) The interference fringes after combining the sample
arm and reference arm, and the phase modulation will introduce a phase inversion for the odd
periods. (g) After Fourier transformation, the single frequency peak becomes a twin-peak
shape. (h) By subtracting these two neighboring periods, we can obtain sharper PSF. Here, the
blue lines correspond to the electrical signals and the black lines correspond to the optical
signals.

In a typical swept-source OCT system, the spatial depth difference between the sample and
reference arms of a wideband source is encoded in the interference fringes in the spectral
domain [Fig. 1]. This fast wideband swept-source is applied to temporally retrieve the
wavelength information [20]; therefore, an ultrafast single pixel photodiode can obtain these
wavelength fringes, which are required to retrieve the depth information [6]. The
conventional reference arm provides a constant distance matching with the sample arm, and
consists of a collimator and a mirror, as shown in Fig. 1(a). The axial resolving power is
determined by the whole spectral bandwidth, which corresponds to the temporal NA,
according to the analogy between the temporal tomography and the spatial microscopy [14].
Within limited spatial NA, some super-resolution microscope is achieved by manipulating its
PSF, such as the STED microscopy. While for the swept-source OCT system, its PSF is the
Fourier transform of the temporal interference fringes, thus this similar manipulation of the
PSF can be performed in the time domain, such as the n-stepped temporal phase modulation,
as shown in Fig. 1(b), where this reflective phase modulator is applied to replace the mirror,
and it results in a twin-peak PSF. By subtracting this twin-peak PSF from the conventional
Gaussian PSF, its sidelobe seems to be annihilated, thus we call this scheme phase-inverted
sidelobe-annihilated OCT (PISA-OCT).

The temporal operation sequence of the PISA-OCT scheme is shown in Figs. 1(c)-1(h),
which also illustrates the overall principle: there are four swept-source periods considered
here, and the duty ratio of the electrical trigger is 50% [Fig. 1(d)], and all involved intensity
profiles are a Gaussian shape. Figure 1(e) shows the phase modulation of the reference arm,
and only the odd periods are manipulated, while the even terms are untouched. It is noted
that, there is no extra arbitrary waveform generator (AWGQG) required for this temporal phase
modulation, since it can be easily obtained from the electrical trigger, with a half-frequency
divider and suitable electrical delay line as shown in Fig. 1(b). Therefore, after the
tomography system, the interference fringes show the phase inversion in odd periods [Fig.
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1(f)], and the corresponding Fourier transformation generates the twin-peak-shaped PSF,
while that of the even periods remains a single Gaussian shape [Fig. 1(g)]. Finally, the PSF in
the even period subtracts its preceding counterpart, and the resultant pulsewidth of the PSF is
compressed [Fig. 1(h)]. Moreover, as long as the phase modulator is turned off, this system
can be easily converted back to a conventional swept-source OCT system.

3. Results and discussion
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Fig. 2. Simulation study of the double-layer reflection characterization of the axial resolving
power and the subtraction ratio. (a)-(f) The separation of these two layers is gradually tuned
from 35 pm to 5 um, and the subtraction ratio is kept at a = 1: the blue and red lines illustrate
the resolving power of swept-source OCT and PISA-OCT, respectively. (g)-(1),The
corresponding PSF shapes of the n-step phase-modulated periods. (m)-(q) The separation is
maintained at 20 um, and the subtraction ratio is gradually changed from 1.5 to 0.5: the blue
and red lines illustrate the resolving power of swept-source OCT and PISA-OCT, respectively.

Manipulation of the PSF enables the STED microscope achieve super-resolution, and it is
based on the fact that, the STED microscope is a point imaging system. From this point of
view, the super-resolution scheme will not work for the tomography imaging, which is a line
imaging system. However, the compression of the PSF will definitely improve the imaging
quality, to quantify the resolution enhancement of a multi-layer sample, we first designed a
double-layer simulation model with gradually changed separation, as shown in Figs. 2(a)-2(1).
It is noticed that the PSF compression does not work when the separation is narrower than the
axial resolving power of conventional OCT (d = 20 um, Fig. 2(c)), which is twice that of the
3-dB resolution (Rocr = 10 pum) [19]. In other words, PISA-OCT primarily improves the
sharpness of the isolated layers, while its resolving power is still the same as conventional
swept-source OCT, due to the affect of the adjacent layers; therefore, it cannot resolve density
layers that cannot be resolved by swept-source OCT, as shown in Fig. 2(f). Another essential
parameter of this subtraction strategy is the subtraction ratio a, which multiplies with the
phase-modulated fringes before the subtraction, although it is a post-processing factor, and
will not affect the practical data acquisition. Figures 2(m)-2(q) shows the simulation study by
changing this ratio a. In general, a larger a achieves a sharper peak, while a smaller a
maintains a larger effective region (see the appendix II document for detailed discussion)
[21]. Therefore, a = 1 is usually selected to balance the performance, and it also helps to
suppress the ghost fringes.
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Fig. 3. Comparison of the swept-source OCT and PISA-OCT with/without balanced detection
(BD). (a) & (c) the conventional swept-source OCT fringes in the frequency domain (blue
lines), with/without BD. Black lines: the OCT fringes after the temporal phase modulation. (b)
& (d) PISA-OCT fringes in the frequency domain (red lines), with/without BD.

In addition to the PSF compression, the autocorrelation term from the sample arm (ghost
fringes) and direct current (DC) term can be suppressed by the PISA-OCT scheme, and the
sensitivity is also improved with lower noise floor. Leveraging the aforementioned multi-
layer simulation model, the swept-source OCT (blue lines) and PISA-OCT (red lines) are
compared, with/without the BD, as shown in Fig. 3. It is interesting to notice that, the PISA-
OCT scheme without BD [Fig. 3(b)] achieves similar suppression function as that of BD
(blue line in Fig. 3(c)), where the DC and autocorrelation terms are fully suppressed (see
appendix for detailed mathematic analysis). However, their performance in terms of
sensitivity enhancement is slightly different: BD mainly increases the intensity power by 6
dB, while PISA-OCT mainly suppresses the background noise. Moreover, the PISA-OCT
scheme is compatible with the BD, with the result shown in Fig. 3(d).

A stationary reflective mirror was first tested by PISA-OCT. In the ideal case, the precise
frequency (namely position) is quantified by an infinitely long interference fringe; however,
the limited spectral bandwidth of the swept-source confined the fringe temporal window to 20
ps (100-nm bandwidth at 50-kHz swept rate, as shown in Fig. 4(a)). Figure 4(b) illustrates the
interference fringes of conventional swept-source OCT, or the un-modulated even periods.
On the other hand, the m-step temporal phase modulation on the odd periods created the
phase-inverted interference fringes [Fig. 4(c)], matching reasonably well with the ideal case
in Fig. 1(f). Then, we performed Fourier transformation to generate the PSFs, which are
shown as solid lines in Figs. 4(d) and 4(e) for conventional swept-source OCT and PISA-
OCT, respectively. Their subtraction compressed the pulsewidth of the PSF from 20 pum to 4
um, which corresponded to the axial resolution of the single layer (but differed from the axial
resolving power, according to the aforementioned explanation). To quantify the observation
range, the mirror was moved across the depth. Here, conventional swept-source OCT was
measured to have a 4-mm depth range (—6-dB degradation by the roll-off curve in Fig. 4(f)).
Since the peak value of conventional OCT overlaps with the trough of the twin-peak-shape,
the subtraction will not change the peak value of the PSF; the roll-off curves of the two
systems were almost identical, but a narrower pulsewidth of PSF and better signal-to-noise
ratio (6-dB lower noise floor) were realized by PISA-OCT [Figs. 4(f) and 4(g)].
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Fig. 4. Single layer reflection characterization of temporal phase modulation. (a) Spectrum of
the swept-source (centered at 1310 nm, AXSUN Technologies, Inc.), with 100-nm bandwidth
[20]. (b) & (c) The interference fringes for the odd/even periods with/without phase
modulation respectively. (d) & (e) PSFs after Fourier transformation, conventional swept-
source OCT (solid black line), compressed PISA-OCT (dash-dotted red line), and the phase-
modulated two-peak PSF (solid blue line). (f) & (g) The roll-off measurement of conventional
swept-source OCT (~1.5 dB/mm) versus PISA-OCT (~1.5 dB/mm).
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Fig. 5. Observation of the in vivo tomographic imaging improvement (without balanced
detection). The top four figures are captured by swept-source OCT, and the corresponding
bottom four figures are captured by PISA-OCT. (a) & (e), Cornea and lens of a fish eye. (b) &
(1), Iris and eyelid of a fish eye. (c) & (g), Nail side of a human fingertip. (d) & (h), Fingerprint
side of a human fingertip.

To demonstrate the improved imaging quality by PISA-OCT, we obtained images from a
fish eye and a human fingertip. They were first measured by the swept-source OCT (without
BD), which was implemented by simply turning off the phase modulation in the identical
PISA-OCT setup [Fig. 1]. They were then measured by the PISA-OCT system (without BD)
after the phase modulation was turned back on. Figures 5(a) and 5(¢) show the images of the
fish cornea and lens, respectively. It is clearly observed from Fig. 5(e) that the lens shape is
recovered in PISA-OCT by suppressing ghost fringes and background noise. For the iris and
eyelid, which have pronounced morphological information, axial resolution enhancement by
PISA-OCT is clearly observable in Fig. 5(f), with narrower structural edging and lower
background noise being achieved. Similar improvements also appear in the human fingertip
measurement (Fig. 5(g): nail side and Fig. 5(h): fingerprint side), in which the sketch lines are
compressed, and more information is recovered by suppressing the background noise.
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4. Conclusion

We have presented, for the first time, the analogy between temporal tomography and spatial
microscopy, based on space-time duality [14]. Temporal Fourier transformation can be
optically performed at the focal plane of the time-lens, but most OCT techniques rely on
digital transform to obtain the depth information, and the diffraction-limited resolution is
determined by the spectral bandwidth [5,6,18]. Inspired by this space-time duality and the
super-resolution STED microscope, where the PSF is greatly compressed by the depletion of
a spatial phase modulated doughnut field. In this paper, we present an all-optical PSF
manipulation scheme based on temporal phase modulation, though it will not directly
improve the axial resolving power, since OCT is a line imaging system, the imaging quality
can be enhanced by the well-defined single layer outlines. Moreover, this all-optical
processing enables the real-time imaging. Owning to the 100-nm bandwidth limit, this PISA-
OCT scheme compresses the isolated PSF from 20 pm to 4 um, which means much sharper
sketch lines can be obtained from the specimen. In addition to the sharper sketch lines, the
autocorrelation term from the sample arm (ghost fringes) and direct current term can be
suppressed by this scheme, and the sensitivity is also improved with lower noise floor. It is
believed that the analogy between spatial microscopy and temporal tomography will shed
light on the largely untapped super-resolution tomographic techniques, hence further
contributing to the development of the optical imaging community.

Appendix | — Space-time duality between spatial microscopy and temporal
tomography

Space-time duality was introduced to describe the analogy between the space-lens and the
time-lens, and it can also be applied to microscopy and tomography. Table 1 lists the different
parameters of the two systems and shows how these parameters correspond [14]:

Table 1. Space-time duality between spatial microscopy and temporal tomography.

Microscopy (spatial) Tomography (temporal)
Vertical axis X,y Time axis t
Axial distance z GDD (dispersion) (]
Focal length f Focal GDD D,
Axial angle % Wavelength A
Wavelength A Group velocity Ve
Numerical aperture D/2f Frequency bandwidth AL

Previous research has demonstrated the analogy between the spatial diffraction and the
temporal dispersion, and also the quadratic phase modulation between the space-lens and the
time-lens, as shown in Table 1. In this paper, their Fourier transformation features were
emphasized at the focal plane of these two systems. For the microscopy system, the spatial
frequency (surface dimension) is focused as an intensity profile at the vertical axis, while in
the tomography system; the temporal frequency (depth information) is focused as an intensity
profile at the time axis. It is noted that most of the Fourier transformation in the tomography
system was performed in the electrical domain, while the optical Fourier transformation based
on the time-lens is highly desired [18].

Appendix Il — Detailed mathematic model of the PISA-OCT

First, the swept-source needs to be modeled, assuming its intensity profile is a Gaussian
shape, and its intensity and phase term need to be described separately
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a(t)= A(r)exp[ip(r)] = exp{—ﬂnZ(TL]z}exp{i?—thz +ia)0t} (1)

where 7 is the swept temporal window, and Aw is the swept bandwidth. With a single layer
reflection in the sample arm, this swept-source is delayed by 6¢ = 2Ad/c << T,. Therefore, the
signal of the sample arm and the reference arm become

a,(t)=a(t-6t)~ A(t)exp[ip(t-6t)]
a, (t)=ia(t)=id(t)exp[ig(t)]
where the imaginary unit of the reference arm is introduced by the w/2 phase shift of the 50/50

coupler, and thus the interference between the sample arm and the reference arm becomes
(one port - constructive)
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The Fourier transformation of this intensity trace can be described by

D(w)=|F[1(1)]

2 2 2 2 2 2 (4)
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By applying the frequency-to-depth relation w=2Awd/cTy, the depth information becomes:

z 1 Aw’ ! Aw’ 2 A&’d’
D(d)=,|-——T,{—exp| - d-Ad) |+—exp| - d+Ad)’ |+exp| - (5)
@)=z °{26Xp{ a2l )} 2 Xp{ a2 )} Xp{ 42

From Eq. (5), we can obtain the axial resolution Roct = 2102/ /zAX; this is limited by the
spectral bandwidth and wavelength, which is quite similar to the diffraction limit of the
aforementioned microscopy. Therefore, to break through the limited resolution, schemes that
are similar to those in the STED microscope may be applicable to the tomography system.
First, we introduce a temporal phase mask (namely a phase modulator) in the reference arm,
and the signals of the sample arm and the reference arm become

{ a,(t)=a(t—ot) = A(t)exp|ip(1—ot) ]
a, (t)=ia(t)sgn(r) = iA(t)exp[igb(t)]sgn(t)

The interference fringes of one port thus become

1,'(t) =a, (t)+ia, (1) = 2exp[—41n2[Tij2H1+ co{A;’& [r —%Jra;“—gﬂsgn(t)} (7

0 0

2

(6)

The Fourier transformation of this intensity trace can be described by
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Similarly, D.(x) = exp(—x*)[;* exp(£*)dt is the Dawson function. Also, if the frequency-to-
depth relation @ = 2Awd/cTy is applied, the depth information becomes
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There are two symmetric twin-peak structures in the frequency domain, namely the
modulated interference peak and the central peak, which is the DC component. Unlike with
STED microscopy, there is no stimulated emission depletion to perform the subtraction.
Therefore, these two traces [Eq. (5) and Eq. (9)] are obtained separately, and the enhanced
tomography trace is their subtraction as follows:

} (10)

. 7 Aw'd?
D)=\ 1T {eXp[_ ac 1n2J+ﬁ P

D"(d)=D(d)-D'(d)

T, )1 A&’ 2
= |Z1 ~exp| -2 (d-Ad) |2
n2 0{2 Xp[ w2 A }

b {Aw(d—Ad)}
| 2¢d/In2

b4 1 Aw’ > Aw(d+Ad)
21, | Sexp| - d+Ad)’ |-2|p,| =222
In2 °{2exl{ w2 )} { 2eIn2

The central DC components are identical, and are thus removed after subtraction.
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