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We developed a structured interference optical coherence tomography (SIOCT) to enhance the lateral
resolution beyond the diffraction limit. A sinusoidal pattern is created on the interferometric beam with the
reference intensity temporally modulated. In the Fourier domain, the high spatial frequencies are shifted into
the detectable range which therefore enhances the lateral resolution beyond the diffraction limit by a factor
of two. The lateral resolution of SIOCT was characterized in our study as ∼5.5µm surpassing the diffraction
limit ∼9.6µm as in conventional Fourier-domain OCT (FDOCT). SIOCT was demonstrated on phantoms and
ex vivo adipose tissues. c© 2012 Optical Society of America

OCIS codes: 170.4500, 100.6640.

Optical coherence tomography (OCT) is a 3D imaging
modality with micron-level resolution and millimeter-
level penetration depth [1,2]. The illumination on a typ-
ical OCT system is implemented by a confocal scheme
that allows a focused Gaussian beam to scan later-
ally. The full-width-half-maximum (FWHM) and the
Rayleigh range of the beam determines the lateral res-
olution and the depth of focus, which pose an inherent
trade-off. By using an objective lens with higher numer-
ical aperture, the resolution can be increased but the
depth of focus will be shortened. To overcome this lim-
itation, different approaches have been developed. One
approach is to numerically solve the scattering problem
that recovers the resolution out of the Rayleigh range
without other additional hardware [3, 4]. The other ap-
proach is to modify the beam profile that extends the
depth of focus while maintaining the resolution, for ex-
ample, to create the Bessel beam illumination [5–9].
With those improvements, however, the lateral resolu-
tion is still constrained by the diffraction limit.
Here we present a technique to enhance the lateral

resolution beyond the diffraction limit by structured in-
terference in OCT, while the depth of focus is kept
the same. The idea comes from structured illumination
which has been demonstrated with wide field illumina-
tion with the image of a periodic grating projected on
the subject [10]. The high spatial frequency components
of the sample together with the illumination pattern pro-
duces moiré fringes. In the Fourier space, the delta func-
tion resulted from the periodic pattern shifts the high
spatial frequencies into the detectable range. With the
extended spatial frequency, the resolution is ultimately
enhanced by two-fold beyond the diffraction limit. Alter-
natively, the structured illumination can be realized in
the confocal scheme with a scanning beam [11]. As Fig.
1(a) shows, when the focal spot is linearly steered along
the lateral direction, the temporally modulated intensity
is transformed to a spatial pattern to the same effect as
in the wide field structured illumination. Typically the

incident intensity on the sample needs to be modulated,
while in OCT it can be the reference intensity that is
modulated due to the interferometric principle.
With the structured interference, the B-scan image in

SIOCT can be approximated as

I(x, z) = I0R(x, z)[1 +m cos(kmx+ φ0)], |m| ≤ 1 (1)

where x and z denotes the lateral and axial positions;
I and R denotes the image intensity and the true re-
flectance of tissue with I0 being the incident intensity;
m, km and φ0 denote the amplitude, frequency and the
initial phase of the modulation pattern. In SIOCT, the
structured interference is on the lateral extent, which is
independent of the axial profile obtained by an inverse
Fourier transform (IFT) of the interference spectrum.
Thus we will omit the parameter z from this point on.
The spatial frequency distribution is the Fourier trans-
form (FT) of the image intensity,

Ĩ(kx)/I0 =R̃(kx) +
m

2
ejφ0R̃(kx − km)

+
m

2
e−jφ0R̃(kx + km),

(2)

where Ĩ denotes the FT of I. We will use the tilde symbol
to represent the FT throughout this paper. kx denotes
the spatial frequency along the x direction. The optical
transport function (OTF) of the system plays an equiv-
alent role as a low pass filter in the spatial frequency
domain and the cut-off kx determines the diffraction lim-
ited resolution. After shifting the kx distribution by the
structured interference as the last two terms in the above
equation, high spatial frequencies can be shifted into the
range of OTF and detected. In principle, the range of
OTF is increased by twice when km is equal to the cut-
off frequency of initial OTF, and thus the resolution is
enhanced by a factor of two beyond the diffraction limit.
In order to separate three terms in Equ. 2, several frames
of B-scan images are required with the interference pat-
tern shifted. Assuming that the phase shift of the pattern
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between consequential frames is constant, Equ. 2 can be
rewritten as

Ĩ(kx, n)/I0 =R̃(kx) +
m

2
ej(nΔφ+φ0)R̃(kx − km)

+
m

2
e−j(nΔφ+φ0)R̃(kx + km),

(3)

where Δφ denotes the constant phase shift of the inter-
ference pattern between frames and n = 0, 1, 2... denotes
the frame number. By another FT in terms of the frame
number n, the second and the third term can be sepa-
rated completely from the first term:

˜̃I(kx,kn)/I0 = R̃(kx)δ(kn) +
m

2
ejφ0δ(kn −Δφ)×

R̃(kx − km) +
m

2
e−jφ0δ(kn +Δφ)R̃(kx + km),

(4)
where kn and n are Fourier pairs, and the delta functions
separate the three terms in the kn space. The extended
spatial frequency can then be shifted to the reciprocal
space of the original R̃(kx).
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Fig. 1. (a) Under a raster linear scan, the temporal mod-
ulation is transformed into a spatial illumination pat-
tern. The frequency of the temporal modulation deter-
mines the period of the pattern. (b) A cube beamsplit-
ter (BS) forms a open space Michelson interferometer.
The reference arm contained a dispersion control (DC),
a mirror and an optical chopper for temporal intensity
modulation.

Experimentally, a conventional Fourier-domain OCT
system is adapted and an optical chopper is installed
on the path of the reference arm (Fig. 1b). The illumi-
nation comes from a supercontinuum source (SuperK,
NKT) with bandwidth from 650-800nm, yielding the ax-
ial resolution of ∼1.5μm in air. A Gaussian focus beam
creates the illumination and is steered by the galvo mir-
ror. The theoretical FWHM is ∼9μm in air (single mode
field diameter: 4.6μm@680nm, l1: f = 10mm, Obj:
f = 33mm). Each B-scan is composed of 256 A-lines
(2.56kHz A-scan rate). The B-scan rate is 10 fps and the
period of the illumination pattern is configured to be
12 μm. The sampling interval between adjacent A-lines
depends on the scanning range. With 250μm scanning
range, the A-line interval is ∼1μm. The number of the
modulation periods during one B-scan is non-integer so
that the subsequent B-scan can have slight phase shifts
of the pattern as the Δφ in Equ. 2. For a better SNR,
ten frames were acquired with the total phase shift equal
to 2π.

During the data processing, two FT are first performed
on x and n according to Equ. 4 to separate the three
spatial frequency terms. Secondly, these three terms are
multiplied by a top head window with the width of the
OTF of the system, then normalized by the OTF which
is a Gaussian form whose width is determined by the sys-
tem resolution. Next, the two shifted spatial frequency
terms are shifted back by ±km. The value of m is esti-
mated by the least-square fitting of the overlapping area
of the original and shifted spatial frequency distribution.
The value of φ0 is obtained when kx = km and kn = Δφ
according to Equ. 4. At last, a Tukey window (α = 0.25)
is multiplied on the extended R̃(kx) to round off the
sharp edge and eliminate the high frequency artifacts.
The final SIOCT image is then re-transformed into spa-
tial space using the extended spatial frequency distribu-
tion R̃(kx).

Fig. 2. (a-b) Line spread function (LSF) map through
a depth of focus of ∼ 200μm in OCT and SIOCT. The
curvy pattern is caused by slight asymmetry from exper-
iments. (c) Averaged LSF ±SD over the depth of focus
from (a-b). (d) B-scan intensity on the surface of the tar-
get by OCT and SIOCT. Inset: 20x microscopic image of
the AF-1951 target. The yellow line depicts the B-scan
location.

To characterize the resolution of SIOCT, we firstly
imaged the edge of a large element (Group 2: element
1) on a AF-1951 resolution target. The derivative of
the B-scan intensity from the edge is calculated as the
line spread function (LSF). Figure 2(a-b) illustrate the
LSF measurements throughout the depth of focus in con-
ventional OCT and SIOCT by vertically translating the
sample. The target was shifted at various depths around
the focal point and the smooth map along z is obtained
by an interpolation. The actual measurements were per-

2



formed at the depth of -112, -72, -28, 28, 64, 120 μm
with respect to the focus spot. Each measured LSF is
normalized to have the maximum value equal to 1. The
averaged LSF over depth are compared in Fig. 2(c). The
diffraction limited transverse resolution is measured to
be ∼9.6μm while ∼5.5μm in SIOCT. The enhancement
of the resolution is demonstrated in Fig. 2d. Each three
strips of two small elements (Group 7: element 1 and
2) are clearly resolved by SIOCT in contrast to conven-
tional OCT.
To further demonstrate the resolution enhance-

ment, we composed a phantom with 0.8μm diameter
polystyrene microspheres. The sphere solution was dis-
persed in a hot Agarose gel solution which forms a clear
solid phantom when cooling down. Figure 3(a-b) shows
the comparison of the B-scan images from conventional
OCT and SIOCT. The mean intensity along depth from
three regions are compared in Fig. 3c, which evidenced
the resolution improvement over 370μm depth span.

To demonstrate the SIOCT on a biological sample, we
also imaged chicken adipose tissue with OCT and SIOCT
shown in Fig. 3(d-e), and the enhancement of the lateral
resolution is visually significant as well. Note that we in-
creased the scanning range from 0.25mm (Fig. 3a,b) to
1mm (Fig. 3d,e) with A-line interval from 1μm to 4μm,
the sampling rate drops to about 3 points per modulation
period and the resolution improvement is still apprecia-
ble. Yet with less precision of estimating the phase, the
SIOCT image is subject to more noise.

Fig. 3. (a-b) B-scan image of 1μmmicrospheres phantom
with OCT and SIOCT. Bar = 50μm. The label on the
depth is relative to the focal spot. (c) The mean inten-
sity over z from the squared areas in (a-b). Blue=OCT;
Red=SIOCT. (d-e) B-scan image of chicken adipose tis-
sue with OCT and SIOCT. Bar = 200μm. Insets in fig-
ures are expanded from the dashed regions for a clearer
view.

Without modifying the illumination beam profile, the
SIOCT enhances the resolution by a factor of two. The
sacrifice is that multiple B-scan frames of at the same
location are required to numerically synthesize the ex-
tended spatial frequency distribution. In principle only
three frames with 120◦ phase increment are needed.
With a current state-of-the-art high speed OCT system,
the A-line rate is over 400MHz which can make multi-
frame collection at the level of 1 ms. Assuming 10μm
drifting, the tolerant motion speed is around 10 mm/s
which can be well satisfied [12]. Therefore, SIOCT can
be adapted in real-time imaging and an electro-optic
or acousto-optic modulators can be used for high speed
modulation.
The maximum limit of the temporal modulation fre-

quency is reached when the spatial pattern period is the
system resolution. The precise transform from tempo-
ral to spatial pattern is to convolute the sinusoidal wave
with the point spread function. Thus when the mod-
ulation frequency exceeds the resolution limit, such a
transform is no longer able to produce a spatially vary-
ing pattern. This technique can be combined with other
resolution enhancement methods mentioned in the intro-
duction to improve the resolution further.
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