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Abstract—A non-destructive iterative interferometric tomo-
graphic technique is proposed for imaging fibers with high re-
fractive index contrast, complex structures, and/or large optical
path differences. Both simulation and experimental results demon-
strate that this technique enables the reconstruction of fiber refrac-
tive index profiles accurately and robustly with sub-wavelength
resolution.

Index Terms—Iterative reconstruction algorithms, optical
diffraction tomography, optical fiber measurements.

I. INTRODUCTION

QUANTITATIVE refractive-index profiling is highly de-
sired in the design and manufacturing of optical fibers and
fiber devices [1]–[4]. While topographic techniques re-

quire cleaving at the plane of measurement and careful etch-
ing and calibration [5], optical tomographic methods are non-
destructive and do not require sample cleaving. If diffraction
effects are negligible, as in the short-wavelength case, imaging
of optical fibers can be assumed to follow a ray-optics model and
reconstruction methods based on computed tomography (CT)
[6], [7], such as optical phase tomography [8], [9], can readily
be used. However, when the wavelength of illumination is on a
scale similar to the sample feature size, the wave nature of light
must be accounted for. Optical diffraction tomography (ODT)
[10] was developed for this purpose. So far, ODT has been used
for imaging a large-mode-area photonic-crystal fiber in the vis-
ible and near-infrared regimes [11] and also for applications in
label-free biological imaging [12] with sub-wavelength resolu-
tion [13].

In ODT, the object to be imaged is transversely illuminated at
each angle, and the diffracted field is measured. Under the weak-
scattering condition, the diffracted fields are linearly related to
the refractive index (RI) distribution of the object, through the
use of the first-Born [14] or Rytov [15] approximation. Unfor-
tunately, these linear inversion algorithms fail when the weak-
scattering condition is not satisfied, as is the case for samples

Manuscript received August 24, 2018; accepted October 8, 2018. Date of
publication October 15, 2018; date of current version November 28, 2018. This
work was supported in part by the National Science Foundation under Grant #
1509294. (Corresponding authors: Guifang Li and Bahaa E. A. Saleh.)

The authors are with the University of Central Florida, Orlando, FL 32816
USA (e-mail:, shengli.fan@knights.ucf.edu; ssmithdryden@knights.ucf.edu;
JianZhao@knights.ucf.edu; stefan.gausmann@knights.ucf.edu; axel@creol.
ucf.edu; li@creol.ucf.edu; besaleh@creol.ucf.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JLT.2018.2876070

with high RI contrast, complex structures, and/or large optical
path differences (OPDs) against the background, which cause
multiple scattering [16]–[18]. In these scenarios, the inversion
problem becomes very challenging.

In this paper, an iterative optical diffraction tomography
(iODT) algorithm is proposed and tested for the reconstruction
of optical fiber RI profiles beyond the weak-scattering regime.
This iterative algorithm seeks to improve reconstruction quality
by iteratively minimizing the error between the field diffracted
by the reconstructed object and the field measured experimen-
tally or obtained through simulations of phantoms. Based on
the error calculated from a previous estimate of the RI profile, a
perturbative correction to the RI profile is computed, forming a
new estimate for the next iteration. Both simulation and exper-
imental results demonstrate that the proposed iODT algorithm
can provide robust and accurate reconstruction of optical fiber
profiles with high RI contrast, complex structures, and/or large
OPDs.

II. RECONSTRUCTION ALGORITHM

A reconstruction algorithm aims at the inversion of a forward
model relating the diffracted field to the object RI distribution.
Reasonable assumptions are usually adopted to render the in-
version feasible and efficient. In this section, we first discuss
the standard ODT inversion that is based on the Born or Ry-
tov approximation, which linearizes the relation between the
diffracted field and the object function. We then introduce the
framework of iODT, which is based on iterative perturbation for
which the relation between the perturbative diffracted fields and
the perturbative object function is linearized in each iteration,
though ultimately the reconstructed object is nonlinearly related
to measured diffracted fields.

The tomographic imaging configuration is shown in Fig. 1.
For simplicity, two-dimensional (2D) phase objects are con-
sidered in this paper, but extending the analysis to three-
dimensional objects is straightforward. The phase object to
be reconstructed (e.g., an optical fiber cross-section) has a RI
profile n(x, y) = nb + Δn(x, y), where nb is the RI of the
background. The contrast of the object is defined by the ra-
tio max|Δn(x, y)|/nb . The object is illuminated by a set of
plane waves with propagation constant kb directed at differ-
ent angles and the diffracted field is measured at each angle to
form a sinogram. For illumination at an angle θ, the incident
and diffracted fields u0(ξ, η) and u(ξ, η, θ) are expressed in the
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Fig. 1. Schematic of the tomographic imaging configuration.

rotated “local” coordinates (ξ, η) which are related to the fixed
“global” coordinates (x, y) by the relations: x = ξcosθ − ηsinθ
and y = ξsinθ + ηcosθ. Both ODT and iODT rely on Fourier
transform operations. Throughout this paper, we use the same
symbol to designate a function and its Fourier transform; for ex-
ample, ψ(kη , θ)is the one-dimensional (1D) Fourier transform
of ψ(η, θ) with respect to η.

A. Optical Diffraction Tomography

Conventional computed tomography (CT) is applicable to
low-contrast phase objects with feature sizes much greater than
the wavelength of the probe light so that diffraction is negli-
gible. With a ray-optics forward model, measurement at each
angle produces a projection of the object function, which can
be used to obtain a slice of the Fourier transform of the ob-
ject function in accordance with the projection-slice theorem.
The measurements constitute a Radon transform, which may be
inverted by means of filtered backprojection (FBPJ) [19].

When the feature size of a low-contrast phase object is com-
parable with the wavelength, the effects of diffraction cannot
be ignored. Under the condition of weak scattering, the Born
or Rytov approximation is used to linearly relate the measured
fields to the object function f(x, y) = (2πk0)2 [n2(x, y) − n2

b ].
ODT reconstruction relies on the diffraction-slice theorem [20]
whose inversion is commonly performed by filtered backprop-
agation (FBPP) [21]. In this paper, we will adopt the Rytov
approximation, which has been shown to be typically superior
to the Born approximation [22].

When reconstructing an off-axis object, the defocused optical
field may fluctuate rapidly and the validity of the Rytov approx-
imation then breaks down. A modified FBPP algorithm, called
the extended-depth-of-focus (EDOF) FBPP, offers considerable
improvements in the reconstruction of features at locations offset
from the center of rotation [23]. The Rytov-based EDOF-FBPP
algorithm involves the following steps:
i) The measured field is backpropagated through the background
medium to obtain the field u(ξ, η, θ)from which the Rytov com-
plex phase is computed

ϕR(ξ, η, θ) = ln
u(ξ, η, θ)
u0(ξ, η)

. (1)

ii) The complex phase is unwrapped and filtered in the spectral
domain,

ΠEDOF(ξ, kη , θ) = ϕR(ξ, kη , θ) |kη | . (2)

Fig. 2. Block diagram of the iODT algorithm. f (0) : an initial guess of the ob-
ject function; m: the iteration number; f (m ) : the reconstructed object function
in the mth iteration; u0 : the known incident wave (plane wave); ut : the true
field, which is obtained experimentally or through simulations of phantoms; C:

a constraint operator; u(m )
fwd : the 2D forward-propagated incident field through

the reconstructed object f (m ) ; u(m )
bwd : the 2D backward propagated true field

through the reconstructed object f (m ) ; εA (m), εφ (m) : the normalized root-
mean-square errors in the amplitude and phase of the sinograms in the mth

iteration, respectively.

iii) The inverse Fourier transform of ΠEDOF(ξ, kη , θ) is summed
over all illumination angles to reconstruct the object function

f(x, y) = −j2πkb

∫ 2π

0
ΠEDOF(ξ, η, θ)dθ. (3)

B. Iterative Optical Diffraction Tomography

For phase objects having high RI contrast, complex structures,
and/or large OPDs against the background, multiple scattering
occurs and introduces nonlinearities between the measured field
and the object function, which will render the linear reconstruc-
tion methods (including CT and ODT) ineffective. To reduce
the reconstruction errors caused by multiple scattering, we pro-
pose an iODT algorithm, schematically shown in Fig. 2. This
method aims at improving the reconstruction quality by itera-
tively reducing the error between the fields that are diffracted by
the reconstructed object, and the true fields that are measured
experimentally or obtained through simulations of phantoms,
for all illumination angles. The true field ut(ξ = d, η, θ) is ob-
tained by measuring the complex field in the plane of the CCD
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camera and backpropagating it to the ξ = d plane through free
space and any intervening optical elements (This may also be
accomplished by forward propagating the field from the plane
conjugate to the camera plane to the ξ = d plane through back-
ground medium).

The iterative algorithm is based on successive improvements
on estimates of the object function. If in the mth iteration
f (m )(x, y) is a known imperfect estimate of the true object
function f(x, y), and if the field generated by forward propa-
gating the known incident field u0(ξ, η) through f (m )(x, y) at
angle θ is u(m )

fwd (ξ, η, θ), then the associated complex phase is

ϕ(m )
R

(ξ, η, θ) = lnu
(m )
fw d (ξ ,η ,θ)
u0 (ξ ,η ) . The perturbative complex phase

is then

Δϕ(m )
R

(ξ, η, θ) = ln
u

(m )
fwd (ξ, η, θ)
u0(ξ, η)

− ln
ut(ξ, η, θ)
u0(ξ, η)

= ln
u

(m )
fwd (ξ, η, θ)
ut(ξ, η, θ)

, (4)

where ut(ξ, η, θ) is the true, but unknown, field throughout the
scattering area/volume. In conventional ODT, ut(ξ, η, θ) is esti-
mated by backpropagating the true field ut(ξ = d, η, θ) through
the background medium, but since we now have a known esti-
mate f (m )(x, y) of the object, we heuristically use instead the
measured field backpropagated through the estimated object,
which we denote u(m )

bwd(ξ, η, θ). It follows that

Δϕ(m )
R

(ξ, η, θ) ≈ ln
u

(m )
fwd (ξ, η, θ)

u
(m )
bwd(ξ, η, θ)

. (5)

If the estimated object f (m )(x, y) equals the true object
f(x, y), then u(m )

fwd (ξ, η, θ) = u
(m )
bwd(ξ, η, θ) for all angles, and

the perturbation Δϕ(m )
R (ξ, η, θ) = 0. This is the perfect so-

lution consistent with both input and output boundary condi-
tions. Since this condition is not generally satisfied, we use this
perturbation Δϕ(m )

R (ξ, η, θ) to calculate the corresponding cor-
rection to the reconstructed object function, Δf (m )(x, y) =
f (m )(x, y) − f(x, y), by means of formulae derived from Eqs.
(2) and (3):

ΔΠ(m )
EDOF(ξ, kη , θ) = Δϕ(m )

R (ξ, kη , θ) |kη | , (6)

Δf (m )(x, y) = −j2πkb

∫ 2π

0
ΔΠ(m )

EDOF(ξ, η, θ)dθ. (7)

We now use the correction Δf (m )(x, y) to determine a
new estimate for the true object function, f (m+1)(x, y) =
f (m )(x, y) − Δf (m )(x, y), where m = 0, 1, . . . is the itera-
tion number as illustrated in the block diagram in Fig. 2. If the
initial guess f (0)(x, y) = 0, then the first iteration of the iODT
generates a reconstructed object function f (1)(x, y) identical to
that of conventional ODT. Prior information on the true object
function f(x, y) may be used to apply constraints, such as non-
negativity or reality, on the estimated object function f (m )(x, y)
at each iteration. The algorithm is then described by the iterative
relation

f (m+1)(x, y) = C[f (m )(x, y) − Δf (m )(x, y)], (8)

where C is a constraint operator. To implement the iODT algo-
rithm, it is necessary to solve the forward and backward prop-
agation problems at each angle for each iteration. An accurate
and efficient forward solver S is used to calculate the forward-
propagated field u(m )

fwd (ξ, η, θ) = S[u0 , f
(m )(x, y), θ], which is

generated by the incident wave u0 as it propagates through
the object f (m )(x, y) at each angle θ. The same solver is used
in the reverse direction to calculate the backward propagated
field u(m )

bwd(ξ, η, θ) = S−1 [ut(d, η, θ), f (m )(x, y), θ], which re-
sults from backpropagating the true field ut(d, η, θ) through the
estimated object at each angle θ.

The proposed iODT algorithm also needs a proper conver-
gence criterion. Furthermore, it is desirable to institute a stop-
ping criterion independent of the object. When the error be-
tween the estimated sinogram u

(m )
fwd (d, η, θ) and the true sino-

gram ut(d, η, θ) converges, the correction to the object func-
tion will be negligible in comparison with the object function
itself. To characterize the deviation between the estimated sino-
gram and the true sinogram in each iteration, we define the
normalized-root-mean-square (nRMS) error between these two
sinograms in both amplitude and phase

εA(m) =

√∑[
|ut(η, θ)| − |u(m )

fw d (η, θ)|
]2
/Npix

range [|ut(η, θ)|] , (9)

εφ(m) =

√∑{
W

[
Arg ut(η, θ) − Arg u(m )

fw d (η, θ)
]}2

/Npix

range {W[Arg ut(η, θ)]} ,

(10)

whereNpix is the number of pixels in the sinogram, W is a phase-
wrapping operator, Arg{·} returns the principal value of phase,
and the argument ξ= d is ignored for brevity. When convergence
is achieved, the variation of the nRMS errors εA and εφ will be
vanishingly small for successive Q iterations. If these errors fail
to converge before a predefined maximum number of iterations,
the iterative reconstruction will be terminated at this predefined
number. Therefore, we select the stop conditions as follows

|εA(m) − εA(m− q)| < εtol,
|εφ(m) − εφ(m− q)| < εtol,

orm > mmax ,
(11)

where εtol is predefined tolerance level, parameter q =
1, 2, . . . Q, and mmax is the predefined maximum number of
iterations.

III. RECONSTRUCTION RESULTS

We have verified the effectiveness of the iODT algorithm for
objects with high RI contrast, complex structures, and/or large
OPDs by both simulations and experiments. In simulation veri-
fications, the true sinograms are obtained from phantoms using
the finite-difference time-domain (FDTD) method [24], which
is considered the most accurate. In experimental verifications,
the interferograms are measured using a Mach-Zehnder inter-
ferometer (see Fig. 11) and the true sinograms are extracted
from the interferograms. In the iterative reconstruction process,
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an accurate and efficient numerical solver is highly desirable in
order to calculate the forward and backward fields in Eq. (5)
for all illumination angles. In this paper, we use the wide-angle
beam propagation method (WABPM) [25], instead of FDTD
which is also the most time-consuming, as the numerical solver
for each iteration. The L2-norm method [26] is used to unwrap
the complex phase. To suppress high-frequency noise, the ramp
filter in Eq. (6) can be replaced by a Shepp-Logan-Gaussian
filter, which is a product of a Shepp-Logan filter [20] and a
Gaussian filter. For constraints, non-positivity or non-negativity
will be applied to the real part of reconstructed RI distribution
if it is a priori known that the background medium has, respec-
tively, largest or smallest RI. Since we are more interested in
phase objects, a non-imaginary constraint will also be applied
to the reconstructed object function. For the stop condition, the
sinogram errors are compared for the successive Q = 10 iter-
ations and the error tolerance level εtol is chosen to be 10−3.
The iODT algorithm is implemented in MATLAB 2016a and
the simulation is conducted in a computer equipped with an
Intel(R) Core(TM) i7-5820K 3.3 GHz CPU and a 32GB RAM.

A. Validation Based on Simulated Data

True sinograms from phantoms with high contrast, complex
structures, and/or large OPDs, consisting of diffracted fields
corresponding to illumination angles from 0° to 355° with an
increment of 5°, are calculated using the FDTD method. If
the phantom or the reconstructed object in each iteration has
rotational symmetry of order α, only the fields corresponding
to the angles from 0° to 360°/α need to be calculated. The
wavelength of the probe light λ0 is 650 nm and the RI of the
background medium nb is 1.4584 so that the wavelength in this
medium λb is 445.7 nm For the following examples, we will
use these wavelengths and background RI, unless otherwise
specified.

1) Two-Core Fiber

In this example, the phantom is a two-core fiber with
core diameters of 20 µm separated by 30 µm, and a core-
cladding/background RI contrast of 10%. This phantom is used
to validate the effectiveness of iODT in reconstructing ob-
jects with high RI contrast and large OPD (11.1λb in this
case). The computational domain is sampled with grid size
Δx = Δy = λb/2. The data processing time of iODT recon-
struction is approximately 0.4 minutes per iteration. The RI
distribution of the phantom and the reconstructed object using
three different algorithms, CT, ODT and iODT (m = 21), are
shown in Fig. 3, and their horizontal cross sections are plotted
in Fig. 4. In the CT reconstruction, there are many artifacts be-
tween the two cores as well as around the background because
the phase unwrapping, applied on the sinogram, undergoes sig-
nificant failures which contaminate the reconstruction. In the
ODT reconstruction, EDOF-FBPP propagates the field in the
background medium, thus can model the defocused field to some
extent. The modelling of the defocused field is more accurate for
illumination angles at which the two cores are approximately
aligned in the transverse direction so that the probe beam is

Fig. 3. (a) RI distribution of the phantom of a two-core fiber (10% contrast).
Reconstructions using (b) CT, (c) ODT, and (d) iODT (m = 21).

Fig. 4. 1D cross sections of the phantom and reconstructions using CT, ODT
and iODT (m = 21).

diffracted by each core independently. The phase unwrapping,
applied locally on the back-propagated fields, performs well
for these angles. Therefore, the artifact in the reconstructed RI
distribution in the transverse direction is suppressed. However,
for the remaining illumination angles where the two cores are
aligned approximately along the wave propagation direction, the
defocused field cannot be accurately modelled by EDOF-FBPP
because of multiple scattering. As a result, the phase differences
against the background are still large and have phase vortices,
causing phase-unwrapping failures, which introduce errors into
the reconstructed RI. To consider the multiple-scattering effect
in the iODT reconstruction, plane waves and true fields are
forward and backward propagated, respectively, for each illu-
mination angle, through an estimate of RI distribution instead
of the background medium. The perturbative complex phase re-
mains small and therefore can be successfully unwrapped. The
RI distribution reconstructed by iODT (see Fig. 3) is the more
accurate in terms of shape, RI values and artifact suppression,
as quantified below.

The nRMS errors in the amplitude and phase of the sinograms
as functions of the iteration number are shown in Fig. 5(a) and
(b), respectively. Since the 2π phase ambiguities are gradu-
ally removed by phase unwrapping in each iteration, the nRMS
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Fig. 5. The nRMS errors in the amplitude (a) and the phase (b) of the sino-
grams as functions of the iteration number m. The dashed lines in (a) and
(b) indicate the floors corresponding to the discrepancy between WABPM and
FDTD. The amplitude (c) and phase (d) of the field diffracted by the phantom
(blue) and by the reconstructed object (red) after 21 iterations for the illumina-
tion angle of 0°.

error in the phase of sinograms, which is defined by the wrapped
phase difference [see Eq. (10)], may diverge temporarily, after
which the iteration converges quickly. The iterative reconstruc-
tion converges by 21 iterations, at which the sinogram errors
approach the floors corresponding to the discrepancy between
WABPM and FDTD (indicated by the dashed lines), which in-
dicates that the object can be accurately reconstructed using the
iODT method. After 21 iterations, the amplitude and phase of
the field diffracted by the phantom and by the reconstructed
object for the illumination angle of 0° are displayed in Fig. 5(c)
and (d), respectively.

In order to assess upper limits on the contrast of objects
that may be successfully reconstructed using iODT, we have
tested the two-core fiber phantoms at various contrast levels
(higher than the 10% example shown above). We find that the
maximum RI contrast that iODT can adequately reconstruct is
about 12% (Δn = 0.1750). If the contrast is 14%, then the
value of the reconstructed RI is about 0.023 smaller than that
of the phantom. However, the fields diffracted by the phantom
and the reconstructed object match well, indicating that iODT
reconstruction is trapped in a local minimum.

2) 19-Core Fiber

In this test, we create a phantom with a complex structure
and large OPD (2.5λb) to demonstrate the effectiveness of
iODT against multiple scattering. The phantom is a 19-core
fiber with a cladding RI of 1.453 and cladding diameter of 180
µm. Each core has a RI of 1.458 and diameter of 9.2 µm sur-
rounded by a trench with a width of 4.6 µm and RI of 1.444.
The core-to-core distance is 32 µm. The largest RI variation
Δn = 0.014 is between the trench and the core, so that the RI
contrast is about 0.96%. The grid size used in the reconstruc-
tion is Δx = Δy = λb/2. The data processing time of iODT
reconstruction is about 1.6 minutes per iteration. The RI distri-
butions of the phantom and the reconstructed object using the
CT, ODT and iODT (m = 34), are shown in Fig. 6. In the CT
reconstruction, the phase-unwrapping failures, attributed to the

Fig. 6. (a) RI distribution of a 19-core fiber phantom. Reconstructions using
(b) CT, (c) ODT, and (d) iODT (m = 34).

Fig. 7. The nRMS errors in the amplitude (a) and the phase (b) of the sino-
grams as functions of the iteration number m. The dashed lines in (a) and
(b) indicate the floors corresponding to the discrepancy between WABPM and
FDTD. The amplitude (c) and phase (d) of the field diffracted by the phantom
(blue) and by the reconstructed object (red) after 34 iterations for the illumina-
tion angle of 0°.

presence of phase vortices, introduce severe artifacts around the
central region of the reconstruction. EDOF-FBPP, propagating
the true field through the background medium, however, fails
to model the defocused fields correctly because the multiple-
scattering effect caused by this multi-core fiber is not negligi-
ble for all illumination angles. Ironically, the phase differences
against the background field remain large and contain complex
distributions, caused by phase vortices, which exacerbate the
phase-unwrapping failures. Consequently, the ODT reconstruc-
tion contains more artifacts. Compared with CT and ODT, the
reconstruction using iODT is more accurate in terms of RI dis-
tribution and artifact suppression.

The nRMS errors in the amplitude and phase of the sinograms
as functions of the iteration number are shown in Fig. 7(a) and
(b), respectively. The sinogram errors converge by 34 itera-
tions, reducing the nRMS error in amplitude from 4.7% to 2.5%
and the error in phase from 7.3% to 2.2%, respectively. The
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Fig. 8. (a) RI distribution of the Shepp-Logan phantom. Reconstructions using
(b) CT, (c) ODT, and (d) iODT (m = 14).

nRMS errors do not reach the floors corresponding to the dis-
crepancy between WABPM and FDTD (indicated by the dashed
lines). After 34 iterations, the amplitude and phase of the field
diffracted by the phantom and by the reconstructed object for
the illumination angle of 0°, are shown in Fig. 7(c) and (d),
respectively. We believe the reason why the nRMS errors do not
reach the WABPM-FDTD floors is not due to the iODT method
itself. We have verified that by increasing the angular resolution
of the sinogram from 5° to 1°, the nRMS errors do reach the
WABPM-FDTD floors. This is reasonable because the reduced
periodicity between cores, from 180° in the previous case of the
two-core fiber to 60° for the current 19-core fiber, necessitates
a finer angular step size.

3) Shepp-Logan Phantom

In this example, the capability of iODT will be further demon-
strated by reconstructing the well-known Shepp-Logan phantom
whose parameters are labeled in Fig. 8(a) [17]. The wavelength
used in this test is 406 nm and the background RI is 1.333, so that
the wavelength in the background medium λb is 304.6 nm. The
largest RI variation Δn = 0.124 is between the phantom edge
and the background, therefore the RI contrast is about 9.3%. To
accurately represent the small features of this phantom, a small
grid size Δx = Δy = λb/35 is used. The data processing time
of iODT reconstruction is about 3 minutes per iteration. The RI
distributions of the phantom and the reconstructed object using
the CT, ODT and iODT (m = 14), are shown in Fig. 8, and their
horizontal and vertical cross sections are displayed in Fig. 9(a)
and (b), respectively.

Because this phantom has feature sizes smaller than or com-
parable to the wavelength in the background medium and a RI
contrast as high as 9.3%, the multiple-scattering effect cannot be
neglected. As a result, small features in this phantom can only be
resolved by iODT. In this reconstruction, a Shepp-Logan filter
is employed to balance spatial resolution and artifact suppres-

Fig. 9. Horizontal (a) and vertical (b) cross sections of the phantom and
reconstructions using CT, ODT and iODT (m = 14).

Fig. 10. The nRMS errors in the amplitude (a) and the phase (b) of the
sinograms as functions of the iteration number m. The dashed lines in (a) and
(b) indicate the floors corresponding to the discrepancy between WABPM and
FDTD. The amplitude (c) and phase (d) of the field diffracted by the phantom
(blue) and by the reconstructed object (red) after 14 iterations for the illumination
angle of 0°.

sion. The three features at the bottom of the phantom are only
visible in the iODT reconstruction. Since ODT and iODT have
resolution of λb/

√
2 in the transmission configuration, the three

features at the bottom of the phantom, which are smaller than
λb/2, cannot be completely resolved, even with iODT.

The nRMS errors of the sinograms are presented in Fig.
10(a) and (b). The error in the amplitude of the sinogram de-
creases from 7.2% to 4.2% and the error in the phase decreases
from 5.4% to 2.5%. Sinogram errors converge by 14 iterations
and approximately approach the floors corresponding to the
discrepancy between WABPM and FDTD (indicated by the
dashed lines). The amplitude and phase of the field diffracted by
the phantom and the reconstructed object for the illumination
angle of 0° are shown in Fig. 10(c) and (d), respectively.

B. Experimental Validation

To evaluate the proposed iODT algorithm using experimental
data, a commercial optical fiber profiler IFA-100 [27] is used
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Fig. 11. Schematic setup of the commercial profiler IFA-100. P: polarizer;
BS: beam splitter; M: mirror; TPW: translating phase wedge; CL: condenser
lens; RM: rotation motor; MO: microscope objective; TL: tube lens.

to collect the data. As displayed in Fig. 11, the setup is based
on off-axis Mach-Zehnder phase-shifting interferometry in an
object-rotating configuration. Light coming from an incandes-
cent lamp, passing through a narrow-band filter and polarizer, is
split into a reference beam and an object beam, both of which are
rendered to be plane waves after the condensers. The sample to
be imaged is held transversely to the illumination and controlled
by a rotation motor. The interference between the object and ref-
erence arms are captured through an imaging system consisting
of high-NA, oil-immersion objectives (25×, NA = 1.4) and a
tube lens by a CCD camera to create a digital hologram. The
complex fields are extracted from the measured interferograms
by the Fourier transform method [28] or the Hilbert transform
method [29]. The true fields ut are obtained by forward prop-
agating the field from the plane conjugate to the camera plane
to the ξ = d plane through the background medium. The data
acquisition time is about one minute for each illumination angle.

1) 19-Core Single-Mode Fiber

In this experiment, we choose a 19-core single-mode fiber,
modeled earlier by the phantom in Section III-A, designed for
spatial-division multiplexing [30], [31] as a test sample. The
central wavelength of the narrow-band filter used in the experi-
ment is 650 nm, at which the RI of the matching oil is 1.4584.
Since the sample to be imaged, unlike the phantom shown in the
previous examples, does not have rotational symmetry, interfer-
ograms corresponding to illumination angles extending from 0°
to 355°, with an increment of 5°, are recorded using the profiler.

The grid size in the reconstruction is Δx = Δy = 4.6/25 =
0.184 µm, which equals the pixel size of the CCD camera di-
vided by the magnification of the objective. The data processing
time of iODT reconstruction is 10.2 minutes per iteration. The
true sample, unlike the phantom of 19-core fiber shown in the
previous case, does not have rotational symmetry of order 6, so
that the reconstruction processing time is approximately scaled
by a factor of 6. The microscopic image of the sample and the
reconstructed RI distributions, using CT, ODT and iODT
(m = 13) algorithms are shown in Fig. 12. In the CT recon-
struction, the inability of modelling the defocused field accen-
tuates the phase-unwrapping failures, resulting in large errors
in the middle of the reconstruction. ODT, even when combined
with extended depth of focus, also fails to model the defocused
field correctly for all illumination angles, due to the fields only
being backpropagated through the background medium. The

Fig. 12. (a) Microscopic image of the 19-core single-mode fiber. Reconstruc-
tions using (b) CT, (c) ODT, and (d) iODT (m = 13).

Fig. 13. The nRMS errors in the amplitude (a) and the phase (b) of the
sinograms as functions of the iteration number m. The amplitude (c) and phase
(d) of the experimental field (blue) and the simulated field diffracted by the
reconstructed object (red) after 13 iterations for the illumination angle of 0°.

phase differences against the background are not only large but
complicated in their distributions, due to phase vortices. There-
fore, more drastic failures in phase unwrapping are introduced,
which results in reconstruction artifacts. The smearing effect in
the iODT reconstruction may be related to the uncertainty of the
rotation angles in the experiment, due to the fiber not rotating
as a rigid object, with respect to the rotational mount.

The dependence of the nRMS errors in the amplitude and
phase of the sinograms versus the iteration number are pre-
sented in Fig. 13(a) and (b), respectively. The sinogram errors
decrease from 7.0% to 6.0% in the amplitude, and from 7.5% to
3.9% in the phase. Sinogram errors converge by 13 iterations.
The amplitude and phase of the experimental field and the sim-
ulated field, which is diffracted by the reconstructed object, for
the illumination angle of 0° are shown in Fig. 13(c) and (d),
respectively.

2) Leakage Channel Fiber

To further verify the effectiveness of iODT for the RI profiling
of optical fibers, we provide another example of reconstructing
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Fig. 14. (a) Microscopic image of the leakage channel fiber. Reconstructions
using (b) CT, (c) ODT, and (d) iODT (m = 12).

Fig. 15. The nRMS errors in the amplitude (a) and the phase (b) of the
sinograms as functions of the iteration number m. The amplitude (c) and phase
(d) of the experimental field (blue) and the simulated field diffracted by the
reconstructed object (red) after 12 iterations for the illumination angle of 0°.

the resonantly enhanced leakage channel fiber [32], [33], whose
cladding is tapered down to 160 µm. The two rings of fluorine-
doped silica rods have lower refractive indices than that of the
cladding silica. The middle core is also made of silica. The grid
size used in the reconstruction is Δx = Δy = 4.6/25 = 0.184
µm. The data processing time of iODT reconstruction is about
8 minutes per iteration. The microscopic image of this fiber and
the reconstructed RI profiles using CT, ODT and iODT (m =
12) are demonstrated in Fig. 14. The artifacts, shown in the
central and cladding region in the CT and ODT reconstructions,
respectively, are suppressed in the iODT reconstruction.

The nRMS errors of the sinograms are presented in Fig. 15(a)
and (b). The sinogram error decreases from 7.0% to 5.1% in
the amplitude, and from 5.3% to 3.1% in the phase. Sinogram
errors converge by 12 iterations. The experimental field and the
simulated field, which is diffracted by the reconstructed object,
for the illumination angle of 0° are shown in Fig. 15(c) and (d).

IV. CONCLUSIONS & DISCUSSIONS

Conventional optical diffraction tomography (ODT) relies on
the Rytov approximation, which is a first-order perturbation/
linearization method valid for weak-scattering objects satisfy-
ing certain smoothness conditions on the refractive index dis-
tribution and limits on the optical path differences. When these
conditions are not met, the approximation no longer holds and
the reconstruction fails. The inversion problem is also com-
pounded by the emergence of many phase vortices in the fields
diffracted by these objects. In this paper, we have developed an
iterative optical diffraction tomography (iODT) algorithm and
demonstrated that it is applicable in such cases.

The first iteration of iODT provides an estimate of the un-
known RI profile using the standard linearized ODT inversion
algorithm. Subsequent iterations improve on this estimate by ap-
plying a perturbative correction based on differences between
the fields diffracted by the imperfectly reconstructed object and
the measured fields diffracted by the true object. This error is
translated into an error in the associated complex phase, from
which a correction to the reconstructed object function is com-
puted. The Rytov approximation is used in every iteration as
it is more applicable to the perturbative function, as opposed
to the original function. Since the magnitude (distribution) of
the perturbative function becomes smaller (smoother) at higher
iterations, the Rytov approximation improves. Further, as ex-
pected, the number of phase vortices in the perturbative complex
phase is gradually reduced in a self-healing process as the itera-
tions converge. In essence, our iterative algorithm is a nonlinear
reconstruction based on perturbative expansion, much like a
higher-order Born or Rytov expansion for forward propagation.

Through numerical simulations and experimental tests ap-
plied to various optical fiber RI profiles, we have verified that
this heuristic iterative algorithm provides both better accuracy
and fast convergence, as well as sub-wavelength resolution. One
added benefit is that the method tends to suppress errors resulting
from phase-unwrapping failures, which typically occur in such
field-based inverse problems. We therefore maintain that iODT
offers a reliable alternative to conventional ODT for recon-
structing fiber RI profiles of higher contrast, complex structures,
and/or large optical path differences. For objects with contrast
exceeding 12% and/or complex configurations, iODT is prone to
failure primarily caused by the proliferation of phase vortices of
the perturbative complex phase and phase-unwrapping errors,
which result in the creation of artifacts in the reconstruction,
trapping in a local minimum, or even divergence of the iterative
process.
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