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We present a broad-bandwidth comb-spacing-swept source (CSWS) based on a differential polarization
delay line (DPDL) for interferometric three-dimensional (3D) imaging. The comb spacing of the CSWS
is repeatedly swept by the tunable DPDL in the multiwavelength source to provide depth-scanning optical
coherence tomography (OCT). As the polarization differential delay of the DPDL is tuned from 5 to 15
ps, the comb spacing along the wavelength continuously varies from 1.6 to 0.53 nm, respectively. The
wavelength range of various semiconductor optical amplifiers and the cavity feedback ratio of the tunable
fiber coupler are experimentally selected to obtain optimal conditions for a broader 3-dB bandwidth of
the multiwavelength spectrum and thus provide a higher axial resolution of 35 um in interferometric OCT
imaging. The proposed CSWS-OCT has a simple imaging interferometer configuration without
reference-path scanning and a simple imaging process without the complex Fourier transform. 3D surface
images of a via-hole structure on a printed circuit board and the top surface of a coin were acquired.
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I. INTRODUCTION

Various optical interferometry methods have been
proposed for three-dimensional (3D) surface profilometry
and tomography imaging based on mechanical scanning of
the optical path length, including white-light scanning
interferometry [1] and coherence scanning microscopy [2].
Spectral interferometry without mechanical scanning has
also been proposed to simplify the imaging configuration.
This approach uses a wavelength scanning source or detector
spectrometer [3, 4]; however, there are practical limitations
such as the high cost of a tunable laser source and large
number of calculations in the Fourier transform process.

Recently, an alternative light source with frequency-comb
generation has been proposed to synthesize the coherence

function for the profilometry and tomography [5, 6].
However, this light source has a limited narrow bandwidth
of 2 nm, which implies an imaging resolution over 0.3 mm
[6].

In this paper, we propose a novel broad-bandwidth
multiwavelength light source based on a differential polari-
zation delay line (DPDL) to simultaneously sweep each
comb spacing of the multiwavelength spectrum. Various
multiwavelength light sources have been suggested mainly
for wavelength-division multiplexing (WDM) in optical
communication [7] and improved energy efficiency of a
spectrally sampled light source [8]. However, no study has
been reported on a fast and continuous tuning (sweeping)
of the comb spacing of a broad-bandwidth multiwavelength
source for interferometry imaging.
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II. PRINCIPLE

The proposed comb-spacing-swept source (CSWS)
employed a DPDL to generate the frequency comb. The
DPDL is an optical device which splits the input light
within a fiber into two paths with orthogonal polarizations
and modulates the relative delay time between the two
polarizations [9]. In the Sagnac loop, the light separated
by the polarization beam combiner/splitter (PBC) in both
clockwise and counterclockwise directions passes through
the DPDL. After passing through the DPDL, the recombined
light generates a frequency comb owing to the polarization
differential delay. The comb spacing of the CSWS is
determined by the delay time of the DPDL. Based on a
theoretical calculation, the comb spacing is expressed by [9]

2
A = A
c- At

M
where Al is the comb spacing along the wavelength, Ay is
the center wavelength, ¢ is the speed of light in air, and A
t is the delay time of the DPDL in the comb spacing
sweeper. According to Eq. (1), the free spectral range
(FSR) of the CSWS is inversely proportional to At. This
implies that we can change the comb spacing of the output
spectrum by adjusting At.

Based on the theoretical relation in Ref. 6, the optical
path difference between the reference and sample arms, nL,
of the optical interferometer can be measured by sweeping
the comb spacing of the CSWS. The interferometer signal
shows a peak interferogram when the following condition
is satisfied [6]:

_N'}'o2

nlL =
2-A4.
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where 7 is the refractive index of the medium and N is an
integer. This implies that the interferogram peaks can be
repeatedly monitored by increasing the wavelength comb
spacing Adc over the orders of N. By sweeping the comb
spacing between the adjacent orders of N, we can obtain
the multiple intensity peaks corresponding to the multiple
surface reflections of the sample. Therefore, instead of the
reference-path scanning in the conventional time-domain
optical coherence tomography (TD-OCT) system, the CSWS
tunes the light source spectrum to obtain the time-dependent
interferogram of the TD-OCT configuration.

The length resolution AL of the optical path difference
between the reference and sample arms can be expressed
as [6]

2
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where « is a coefficient approximately equal to 1, determined
by the envelope shape of the multiwavelength spectrum.
This relation shows that the length resolution AL is inversely
proportional to the 3-dB bandwidth of the light source AL
s- The length resolution corresponds to the axial resolution
in the interferometric image of the OCT system. The
broader bandwidth helps us obtain a higher resolution to
clearly distinguish the multiple reflection layers.

II. EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the proposed
interferometry imaging setup. The system consists of three
parts: light source, Michelson interferometer, and electrical
control part. The proposed Michelson interferometer is
similar to a conventional swept-source optical coherence
tomography (SS-OCT) system as it employs neither a free-
space spectrometer of spectral-domain (SD) OCT nor a
reference-path scanner of TD-OCT [10]. However, instead
of the conventional single-wavelength SS, the CSWS is
proposed to induce an optical interferogram and obtain
depth scanning for tomography imaging. The proposed signal
processing method for depth scanning is similar to that of
the conventional TD-OCT; however, the periodic scanning
of the reference path is replaced by the periodic sweeping
of the comb spacing from the inside of the light source.

In the all-fiber CSWS, the light from a semiconductor
optical amplifier (SOA) is separated along two polarization
states by a PBC and a circulator. A periodic comb-spacing
spectrum filter can be implemented using a fiber-pigtailed
DPDL (DDL-650-11, Oz Optics). By varying the delay time
of the DPDL using an applied external voltage signal, we
can sweep the comb spacing for the A-scanning of a depth
image. The maximum delay range of the DPDL is £50 ps,
while the delay resolution is 0.0027 ps. The delay time of
50 ps corresponds to a delay length of ~15 mm in the air
medium. For the displacement tuning of the DPDL, the
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FIG. 1. Experimental setup of the all-fiber interferometer
using the multiwavelength CSWS.
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speed is 3 ps/s, while the repeatability is smaller than 0.05
ps, which could be easily enhanced if the electrooptic
modulation can be applied in the tuning of the DPDL [11].
For a comb-spacing sweeper based on the polarization
diversity loop configuration (PDLC), the PBC and circulator
can be replaced by a simple 50:50 directional coupler,
which is typically used in a fiber Sagnac loop. For the
output port, a tunable coupler can be located in the fiber
ring cavity to control the cavity feedback ratio from the
lasing output.

In the interferometer, the other tunable coupler splits the
interfered light into reference and sample paths and
combines the reflected light from both paths. The reference
path is fixed as there is no need to induce a path-length
difference in the Michelson interferometer although the
signal processing is the same as that in TD-OCT. A
simple B-scanning is used to move the sample path in the
lateral direction. An objective lens (LSMO02, Thorlabs) with
a pupil diameter of 4 mm and focal length of 18 mm was
used to obtain an interferometric image in the OCT system.
As the numerical aperture (NA) of this objective lens is
0.11, the diameter of the beam focused by the objective
lens of the OCT system at 1550 nm is ~18 um [12].
Therefore, the theoretically estimated lateral resolution of
this OCT system at 1550 nm is ~9 pm, which is half of
the beam diameter owing to the Rayleigh limit [13, 14].

IV. RESULTS

The comb-spacing variation was experimentally measured
while the delay time of the DPDL was linearly changed.
As presented in Fig. 2, which shows the output spectra of
the CSWS according to the delay time of the DPDL, the
comb spacing can be decreased by increasing the delay
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FIG. 2. Multiwavelength source output spectra according to
the delay time of the DPDL.

time of the DPDL, At. For Ar=10, 20, and 30 ps, the
measured comb spacings, Alc, were 0.82, 0.40, and 0.27
nm, respectively, which are in good agreement with the
values calculated using Eq. (1).

Figure 3 shows the output spectra of the CSWS when
the delay time of the DPDL is varied by the A-scanning
signal. As shown in Fig. 3(a), when the center wavelength
is 1550 nm, the measured Alc values for Ar=5 and 15 ps
are 1.6 and 0.53 nm, respectively. Similarly, in Fig. 3(b),
when the center wavelength is 1300 nm, the measured Alc
values for Ar=1.5 and 15 ps are 3.8 and 0.38 nm,
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FIG. 3. Multiwavelength source output spectra with various comb spacings obtained by tuning the delay time, A¢, for output coupler

cavity feedback ratios of (a) 70% and (b) 0%.
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respectively. For comparison, we employed various experi-
mental setups using a variable-ratio output coupler and
various SOAs with center wavelengths of 1550 and 1300
nm. For example, with the increase in the cavity feedback
ratio of the output light into the input of the SOA, the
output port of the CSWS shows lasing spectra with a larger
finesse (ratio of the FSR to the linewidth).

The change in the output spectral bandwidth of the
CSWS was measured when the cavity feedback ratio of the
output light was tuned. As shown in Fig. 3(a), the output
spectrum of the CSWS showed a typical multiwavelength
lasing characteristic when we increased the cavity feedback
with a cavity feedback ratio of 70%. Owing to the lasing
characteristics, the peak intensity increased up to approxi-
mately -10 dBm and the finesse increased to approximately
20, as obtained from the optical spectrum analyzer (OSA).
However, the 3-dB bandwidth, Als, of the multiwavelength
spectrum became narrower (approximately 10 nm). In
contrast, when the cavity feedback ratio of the output
coupler was reduced to 0% in Fig. 3(b), the finesse of the
multiwavelength spectrum decreased to 2. This corresponds
to a simple cascade configuration of the amplified
spontaneous emission (ASE) source and sinusoidal comb-
spacing spectral filter. For this ASE-type output of the
CSWS, the peak intensity is not so high below -35 dBm,
obtained from the OSA. However, the 3-dB bandwidth of
the multiwavelength spectrum can be significantly broadened
over 50 nm, which is equal to the original ASE bandwidth
of the SOA.

Therefore, the 3-dB bandwidth of the CSWS could be
changed from 10 to 50 nm as the feedback ratio of the
output coupler was tuned, from 70 to 0%, respectively. As
shown in Eq. (3), the 3-dB bandwidth affects the axial
resolution of the interferometric imaging. This implies that
the ASE spectrum in Fig. 3(b) will be more useful for a
higher-resolution tomography image, compared to the lasing
spectrum in Fig. 3(a). For a high axial resolution, the
interferometric image was obtained using the broad-bandwidth
CSWS output light with a feedback ratio of 0%.

Figure 4 shows the point spread function (PSF) of the
proposed interferometer imaging system with the CSWS.
For example, as we control the delay time of the DPDL in
the CSWS, from 20 to 30 ps, the output spectrum of the
CSWS varies its comb spacing, from 0.40 to 0.27 nm,
respectively. The periodic sweeping of the comb spacing,
from 0.40 to 0.27 nm, corresponds to the A-scanning of
the path-length difference of the TD-OCT up to 3.5 mm,
repeatedly.

In order to measure the PSF of this OCT system, we
installed a mirror on the sample path and detected the
fringe burst pattern between the reference and sample
lights with a photodetector. A 50/50 fiber coupler was
used to divide the CSWS output light into reference and
sample paths with equal intensities. By moving the target
mirror at intervals of 0.3 mm in the sample path, we
could successfully measure a clear PSF up to 3.5 mm in
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FIG. 4. PSF of the proposed interferometry imaging system.

depth; the measured signal-to-noise ratio was approximately
30 dB up to 3.5 mm. As shown in Fig. 4, the amplitude
fall-off is smaller than 1 dB at the path length difference
of 3.5 mm. The fall-off along a deeper imaging is one of
the serious problems of SS-OCT and SD-OCT owing to
the effects of limited spectral resolution and sampling upon
the spectral interferogram [10]. However, this problem is
not monitored in the proposed OCT system as we use the
simple signal processing of the TD-OCT without Fourier
transform. It is expected that the intensity of the inter-
ferogram is not affected by the relative distance between
the reference and sample paths when the generation of the
interference signal is induced from the CSWS in the
proposed OCT system [6]. According to Eq. (3), the
theoretical axial resolution is 24 pm when the center
wavelength is 1550 nm, while the spectral bandwidth is
50 nm. The 6-dB bandwidth of the PSF up to 3.5 mm
was measured in the range of 24 to 35 pum. The average
value of the measured axial resolution is 28 um, which
corresponds to the theoretically expected axial resolution
of 24 pum. This degradation of axial resolution seems to
originate from the insufficient sampling rate in the
measurement of the PSF.

For the multiple-layered tomography imaging experiment,
we prepared samples using a cover glass with a thickness
of 170 um, which were analyzed with the CSWS using
an SOA of the 1550-nm region. A printed circuit board
(PCB) and Korean 10-won coin were also prepared for the
top-surface profilometry experiment. Figures 5(a) and 5(b)
show axial A-scan interferogram signals obtained from one
and three sheets of the cover-glass sample, respectively.
We swept the comb spacing, from 1.6 to 0.53 nm, which
correspond to delay times of 5 to 15 ps, respectively.

By gathering the B-scanning data along the lateral
positions, we acquired two-dimensional (2D) tomography
images, shown in Figs. 5(c) and 5(d), which correspond to
the A-scan interferogram signals in Figs. 5(a) and 5(b),
respectively. The depth range of tomography can be simply
extended by increasing the delay time of the DPDL and
decreasing the NA of the objective lens.



\®}
[e)

(g)1 (b)

5 0.1

8

=

G 0.0 0.0

| =

e

c

©-01] -01

=

S 6 9 12 15 6 9 12 15

D: Delay Time (ps) Delay Time (ps)
(©)

| 200 pm 1 200 um

FIG. 5. One-dimensional interferometer signals from (a) one
and (b) three sheets of the glass sample. 2D tomography
images from (c) one and (d) three sheets of the glass sample.

We also acquired top-surface profile images of via holes
on the PCB using the 1550-nm SOA and Korean 10-won
coin with the CSWS using the SOA of the 1300-nm
region. The via hole is a cylindrical hole structure of epoxy
polymer between two copper clad layers. The depth of the
via hole is 104 um, while its diameter is 110 um. Figure
6(a) shows an optical microscopy image of the via holes
on the copper clad laminate (CCL). The result of the
profile measurement is shown in Fig. 6(b). The CCL was
measured by moving it in the lateral direction for a lateral
size of 1.4 um per pixel (Fig. 6(b)). According to the edge
response on the boundary of the via hole, the measured
lateral resolution was approximately 10 um, similar to the
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theoretically expected value. The 3D surface profile of the
coin is also successfully demonstrated in Fig. 6(d) by
sweeping the comb spacing of the CSWS for an axial
position and scanning the objective lens for lateral positions.

V. CONCLUSION

In this study, the sweeping of the comb spacing of the
broad-bandwidth multiwavelength source was experimentally
implemented by a tunable DPDL to obtain depth scanning
for both top-surface profilometry and multilayer tomography.
The signal processing of the proposed CSWS OCT was
significantly simpler than that of the single-wavelength SS
interferometry in the conventional SS-OCT. The interferometer
structure of the all-fiber source scanning type was simpler
than those of the conventional interferometer setups using
the free-space spectrometer and reference-path scanner in
the conventional SD- and TD-OCTs, respectively.
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