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Abstract: In this work, an optimum frequency combination (OFC)
method is proposed to reconstruct high quality phase information of the
complex light field, which is really valuable for many objects such as
optical elements and cells. It is shown that the difference image between
two symmetrical separated, larger defocused planes contains a lot of lower
frequency components of the phase distribution and the higher frequency
components can be easily observed in the difference image between two
nearly focused planes. Based on the phase transfer function (PTF), our
method combines different frequency components with high Signal-to-
Noise Ratio (SNR) together to estimate a more accurate frequency spectrum
of the object’s phase distribution without any complicated linear or nonlin-
ear regression. Then, we can directly reconstruct a high-quality phase map
through inverse Fourier transform. What’s more, in order to compensate
the phase discrepancy resulted from strong absorption in the intensity, an
iterative compensation algorithm is proposed. Both the simulation and
experimental results demonstrate that our iterative OFC (IOFC) method
can give a computationally efficient and noise-robust phase reconstruction
for absorptive phase objects with higher accuracy and fewer defocus planes.
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1. Introduction

Phase information cannot be obtained directly, yet this information is often extremely valuable.
Traditional imaging systems only record the intensity of light, however the phase of complex
light field contains a lot of important information for many classes of objects such as optical
elements, biological soft tissues, and cells [1]. Therefore, quantitative phase imaging (QPI)
increasingly plays an important role in many fields such as surface measurement, X-ray imaging
[2], electron-beam microscopy [3], neutron radiography [4], and quantitative phase microscopy
(QPM) [5-9].

Numerous techniques have been developed for the phase retrieval problem, including dig-
ital holography [10], phase-shifting interferometry [11-13], intensity-based iterative methods
[14, 15], transport of intensity equation (TIE) based methods [16, 17], and methods based on
Ptychography [18-20]. Among these different quantitative phase retrieval methods, the TIE-
based method [16, 17] has the advantages of being non-interferometric [21], not needing phase
unwrapping [22], applicable with partially coherent beams [23-25], and without significant
hardware modification and complicated computation [26, 27]. Moreover, by using recently de-
veloped multi-plane simultaneously capture schemes instead of simply moving the sample ax-
ially [28, 29], TIE method can capture a series of through-focus intensity images in real-time.
In the TIE method, the phase of the object is extracted from the first derivative of intensity
along the optical axis that occur due to propagation. Therefore, an accurate estimate of in-
tensity derivative should be obtained in order to solve a Poisson equation [30-32]. However,
because the Poisson inversion process significantly amplifies low spatial frequency information,
the TIE has an intrinsic problem of amplifying low-frequency noise, which results in cloudy
phase results [33].

Specifically, the cloudy noise problem of TIE phase reconstruction has been found to be de-
pendent on a couple of factors, for example the distances between planes, the number of planes,
the absorption of objects, and the SNR level of captured intensity images. Simply increasing the
number of planes or utilizing multi-frame de-noise algorithm could improve the reconstruction
accuracy certainly, but neither of them is a time-efficient strategy. Therefore, many techniques
have been proposed to improve the reconstruction accuracy in TIE. Soto and Acosta [34] pro-
posed a noise-reduction finite difference formula to minimize the noise effect. Afterwards, two
well-known high-order derivative estimation methods [35, 36] were respectively introduced by
L. Waller and R. Bie to further suppress the cloudy noise in retrieved results. Successively, it
was proved that these different derivative estimation methods can be generalized by Savitzky-
Golay differentiation filter (SGDF), and then an optimal frequency selection (OFS) method was
reported in [37] by analyzing the frequency response of the SGDF and the ideal derivative filter
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in TIE. In addition, these methods have been extended to the situation in which the intensity is
measured in unequally-spaced planes [38, 39]. However, a drawback of these techniques is the
lack of analyses for the optimum separation between measurement planes. Therefore, an opti-
mum selection scheme of value and number of the sample-to-detector distances and the photon
energy has been carried out to optimize the phase contrast using hard x rays [40]. Lately, two op-
timum plane selection criteria have been proposed to minimize the noise effect [41, 42]. Each of
them introduced an optimum plane selection scheme based on mathematical optimization mod-
els and both of them improve the reconstruction quality notably. However, their optimization
performance depends on some priori knowledge, such as the noise level and the characteris-
tics of the experimental data. Zhong et al. estimated the derivative of the intensity spectrum by
using Gaussian process (GP) regression with an exponential spacing measurement scheme, de-
creasing the number of required images significantly [43]. Although this algorithm is amenable
to parallel processing and can be implemented with Graphics Processing Units (GPUs) for near
real-time performance, it is not easy to be accomplished due to the computational complexity
of GP regression.

In this paper, we introduce a quantitative phase retrieval algorithm called OFC method for re-
constructing high quality phase information. It is shown that the difference image between two
symmetrical separated, lager defocused planes contains a lot of lower frequency components
of the phase distribution and the higher frequency components can be easily observed in the
difference image between two nearly focused planes. Based on this fact, utilizing a combined
PTF and an exponential spacing measurement scheme, our method can estimate a more accu-
rate frequency spectrum of the object’s phase distribution, by combining different frequency
components with high SNR together without any complicated linear or nonlinear regression. In
addition, we introduce an IOFC approach with compensative iteration process to compensate
the phase discrepancy resulted from the strong absorption of objects. Both the simulation and
experimental results demonstrate that this IOFC method can give a computationally efficient
and noise-robust phase reconstruction for absorptive phase objects with higher accuracy and
fewer defocus planes.

The remainder of this paper is structured as follows: in Section 2.1 we derive the phase trans-
fer function for TIE and analyze its characteristic. Based on it, in Section 2.2 we then design
an OFC phase transfer function, combining all the frequency components of the phase infor-
mation together without any losing or excessive information. Furthermore, in Section 2.3 we
propose the IOFC compensation algorithm to get higher reconstruction accuracy for different
objects. Numerical simulation and experimental results are presented in Section 3 and Section
4 respectively. At last, conclusions are summarized in Section 5.

2. Principle
2.1.  Phase transfer function

Firstly, let us consider the intensity derivative estimation problem in the spatial frequency space.
Note this intensity difference is the basis for numerous phase retrieval methods based on TIE
or contrast transfer function (CTF) [33, 37, 40, 44]. When the phase ¢(x,y) is small and the
intensity image in focus I(x,y,0) is almost a constant Iy, the intensity for a given plane at the z
position can be approximate in frequency space by the CTF as [40, 44]

~

I(u,v,2) = Ip{ 8 (u,v) — 2cos[mAz(u® +V*)|U (u,v) + 2sin[mAz(u® +*)|®(u,v)}, (1)

where 1(u,v,z), U(u,v), and ®(u,v) are Fourier transforms of I(x,y,z), *%ZH(W)» and
©(x,y), respectively. 6(u,v) denotes Dirac delta function. Therefore, the intensity differences

between images at z and —z can be deduced in frequency domain as Eq. (2):
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~

1(u,v,2) —1(u,v,—2)

= sin[mAz(u® +?)|D(u,v). (2)
41,

~ ~

For each defocus distance z, I(u,v,z) —I(u, v, —z) varies as a sinusoidal function with frequency
(u® +v?). Therefore, to derive an ideal sampling scheme, we extract the phase transfer function
G(u,v,z) from Eq. (2):

G(u,v,z) = sin[wAz(u? +v?)]. 3)

For a given position z, the phase transfer function is a sinusoidal function of TAz(u? + v?)
which would be close to zero for particular frequencies, as shown in Figs. 1(a) and 1(b). Fig-
ure 1(a) presents the one-dimension PTF curve taken as a function of (u2 + v2) and Figure 1(b)
shows the 2D representation of |sin[7Az(u? +1?)]|. In Fig. 1(b), black rings denote the range of
frequencies where the phase transfer function is close to zero while white rings denote the fre-
quency area where the phase information could be reliably transformed into intensity difference
by PTFE.
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Fig. 1. Explanation for phase transfer function. (a) the one-dimension curve of G(u,v,z);
(b) the 2D representation of |G(u,v,z)|; (c) presents the frequency spectrum of /(u,v,z) —
I(u,v,—z) without noise; (d) shows the frequency spectrum of I(u,v,z) —I(u,v,—z) with
additive white Gaussian noise.

Since in both TIE and our approach, the phase is calculated based on the intensity difference
image, their quality is curial to the final phase retrieval result. So, at first, we analyze the influ-
ence on the intensity difference image between two defocused planes I(u,v,z) and I(u,v,—z) in
frequency domain which is exerted by the PTF and the noise level by simulating two different
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situations. For a typical pure-phase object, when the captured images /(u, v,z) and I(u,v, —z) are
free of noise, the frequency spectrum of their difference image I(u,v,z) —I(u,v, —z) is shown in
Fig. 1(c). After manually adding white Gaussian noise in I(u,v,z) and I(u,v, —z), another spec-
trum can be obtained [Fig. 1(d)]. In Fig. 1(c), blue rings represent the frequency range where
objects phase information is lost and the rest purple area denotes the phase components which
are transformed into intensity difference. However, in Fig. 1(d), those blue rings are covered by
the frequency spectrum resulted from the noise in the captured images I(u,v,z) and I(u,v, —z).
This illustrates that, in an actual experiment, the frequency components within these blue rings
have much more information of noise and almost contain no phase information. Furthermore,
the distribution of those blue rings is decided by the defocus distance z in Eq. (3). So the choice
of z defines how much phase information from the object is transferred into intensity contrast in
the defocused images and how many frequency components around some particular frequencies
are lost.

2.2.  Exponential spacing measurement scheme

To address this problem in Fourier domain, we note that in order to capture low-frequency phase
information, images with large defocus distance are required. Meanwhile, the high-frequency
components are transferred in those images with small defocus distance, which are important
for recovering accuracy of the result. Therefore, to recover a high quality result, we should
capture images both at small defocus distance as well as at large defocus distance.

Here, we utilize an exponential spacing measurement scheme, which has been reported in
[43], to build OFC phase transfer function. Aiming to reconstruct phase distribution by com-
bining different frequency components with high SNR, we set a sensitivity threshold o to
minimize the range of frequencies where the PTF is close to 0. It is known that, the highest
frequency fi = ﬂl(%)z that can be recovered is set by the diffraction limit as NA, which

is the numerical aperture of the microscope. So, the minimum defocus distance z; is selected
b} w—arcsin(o)

n(NA)?
sented by the yellow curve intersecting with the purple dot-line in Fig. 2(a). Then, noticing that
G(u,v,z1) falls below o from f, to 0, we select the second defocus distance z, = z;, where
B = %w > 1. So that G(u,v,22) is @ at f>, and will remain at least a for a range of
frequencies to f3, as illustrated by the green curve in Fig. 2(a).

Similarly, subsequent defocus distances should satisfy the following exponential relation,

as z;1 = to make sure that G(u,v,z;) is o at the maximum frequency f, as pre-

in = ﬁzn—l- “4)

Using this exponential spacing measurement scheme, we can build OFC phase transfer function
to give a computationally efficient and noise-robust phase reconstruction with higher accuracy
and fewer defocus planes. As shown by the red dotted curve in Fig. 2(a), the OFC phase transfer
function

n
OFCq(u,v) = Z PB{G(u,v,z1) }, (5)
k=1
which combines those band-pass filtered parts of each phase transfer function G(u,v,z) to-
gether, satisfies a minimum phase measurement sensitivity o.. Here, 2{. ..} denotes the band-
pass filter for each phase transfer function G(u,v,z;). In other words, the most parts of the
proposed OFC phase transfer function are kept above the purple dot-line in Fig. 2(a) and the
range of frequencies where OFC falls below ¢ is minimized. Figure 2(b) shows the 2D rep-
resentation of the OFC phase transfer function. Comparing with Fig. 1(b), Fig. 2(b) has fewer
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Fig. 2. Explanation for phase transfer function. (a) the one-dimension curve of OFCg(u,v);
(b) the 2D representation of OFC phase transfer function OFCg(u,v); (c) presents the
frequency spectrum of OFCj(u,v) without noise; (d) shows the frequency spectrum of
OF Cy(u,v) with additive white Gaussian noise.
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frequency components where the OFC phase transfer function is close to zero. Similarly, a
combined Fourier spectrum of intensity distribution differences could be presented as

n o~ ~
Z ‘@{I(uyw Zk) - I(M,V, _Zk)}
k=1
OFCy(u,v) = h . (6)
Comparing with Fig. 1(c), this combined Fourier spectrum, shown in Fig. 2(c), has no ob-
vious rings where the phase information is missing. So, by using this exponential spacing
measurement scheme and the OFC phase transfer function, we can combine all the frequency
components with high SNR together and then we can reconstruct the phase distribution with
higher accuracy and fewer defocus planes. Mathematically, the Fourier spectrum of phase dis-
tribution ®(u, v) could be obtained according to Eq. (2):

OF Ci(u,v)

q)(u,V) = m

(7

At last, we can efficiently reconstruct a high-quality phase distribution ¢(x,y) through in-
verse Fourier transform.
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2.3. [Iterative compensation algorithm

We have demonstrated that we can reconstruct the phase distribution of an object by using
Eq. (7) when the phase is small and the intensity image in focus is almost a constant. But, as
mentioned before, the reconstruction accuracy is affected by the absorption of objects because
in a general situation the phase could be large and the intensity image in focus is spatially
varying. Figure 3 presents the simulation results of two different situations.

True Intensity True Phase rad Reconstructed Phase Phase Error map rad
1 1 0.2
(b) (c)
.8 0.8 0.1
.6 T tc 0.6 T € o
N0 b YO
.2 0.2 01
-0.2
True Intensity True Phase Reconstructed Phase Phase Error map
(e) (f) (8)

%"

Fig. 3. Comparison of reconstructed phase error in different measurement situations. (a)
- (d) respectively show true intensity distribution, true phase distribution, reconstructed
phase distribution, and phase error map when the phase is small and the intensity image in
focus is almost a constant; (e) - (h) respectively show true intensity distribution, true phase
distribution, reconstructed phase distribution, and phase error map when the phase is large
and the intensity image in focus is spatial varying, by using OFC method.

As shown in Figs. 3(a) - 3(d), when the intensity image in focus is almost a constant and
the phase is small, the reconstructed phase map is very close to the ideal phase map and the
difference map between them can be hardly observed. But when the intensity image in focus
is spatial varying or the phase is large, the discrepancy can be easily observed by using OFC
method, as shown in Figs. 3(e) - 3(h). So we propose an iterative compensation algorithm to
address this problem.

Firstly, considering a strong-absorptive phase object, its phase distribution can be retrieved
by OFC-TIE method. But the retrieved phase map contains a lot of phase discrepancy since the
intensity image in focus is spatial varying between [0.1,0.9]. Therefore, we derived a mathe-
matical expression for the discrepancy R which need to be compensated in Eq. (14) (see details
in Appendix A). Considering the amplitude of .7 {R} is much smaller than OFC;, an itera-
tive phase compensation algorithm for OFC-TIE is proposed with a compensation process as
descripted below. The block diagram of the entire IOFC-TIE algorithm is summarized in Fig.
4.

Step 1: assuming that the target is a weak pure-phase object. So the Fourier spectrum of phase
distribution ®g(u, v) could be obtained easily from a stack of captured images according to Eq.
(7). Then, using inverse Fourier transform, the phase distribution ¢, which actually includes
phase error, can be obtained.

Step 2: set this incorrect phase map @ as the initial phase map (p} and start iterative com-
pensation algorithm. Here j = 0.

Step 3: iterative OFC compensation process invovles four sub-steps from Step 3a to Step 3d.
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Entire IOFC-TIE phase retrieval procedure

Image stack |

N o o o e e e

Iterative OFC
compensative
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1
1
,‘

’_———————_’

Fig. 4. Block diagram of the IOFC-TIE method.

Step 3a: calculate R; according to Eq. (14) with the input (p;-.

Step 3b: figure out an updated phase distribution (p} 1 according to Eq. (17).

Step 3c: calculate the difference phase map A(p]’- between (p;. (before compensation) and
¢}, (after compensation). Here A@} = ¢/, | — ¢'.

Step 3d: set a threshold € to terminate the iteration process. If the difference map A(p;-

is quite large, send @} | go back into Step 3a and j = j + 1. Otherwise, if ’A(p} < €, which

means the iteration converged, then terminate iteration algorithm and set (p} 1 as the output.

Step 4: set the output of the iterative OFC compensation process (p} 41 as the correct phase
map of the object .

Unlike the mixed transfer function approach for TIE (MTF-TIE) based on the mixed contrast
transfer model [44] and the iterative compensation algorithm for TIE (IC-TIE) compensating
the phase discrepancy by utilizing the Teagues assumption [45], our IOFC-TIE algorithm is
proposed based on the OFC phase transfer function. This is the fundamental difference be-
tween IOFC-TIE and other iterative phase compensation algorithms. In order to evaluate the
efficiencies of IC-TIE and IOFC-TIE, both of them will be tested afterwards.
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3. Simulations
3.1. Pure phase object

To confirm and characterize the performance of various phase recovery methods that use equal
spacing and exponential spacing schemes, we simulated the propagation of a complex field of
a pure phase profile of the letters “TIE’, shown in Fig. 6(a), which was defined on a grid with
256 x 256 pixels (pixel size of 2um x 2um). In the simulation, the illumination wavelength is
set as 632.8nm. Equally Spaced Stack 1 has 129 intensity images, simulated with a constant
defocus step size of 2um over a large defocus range [—128um to 128 um|. Then, we extract
some images from Equally Spaced Stack 1 to build up other three stacks. Equally Spaced Stack
2 has 17 intensity images, simulated with a constant defocus step size of 2um over a small
defocus range [—16um to 16um|. Equally Spaced Stack 3 also has 17 intensity images, but
simulated with a larger constant defocus step size of 16um over a large defocus range [—128um
to 128um]. Exponentially Spaced Stack has 15 images and they are exponentially spaced, at
z positions around focus of £2um, +4um, £8um, +16um, £32um, +64um, and +128um.
In order to evaluate the accuracy, all the simulated intensity images are corrupted by additive
white Gaussian noise with standard deviation ranging from O to 0.2. The Poisson noise case
has been also tested on the same data. The results did not differ significantly from the case of
Gaussian and hence not discussed further in this work.

0.14 —0—OFS-TIE,Equally Spaced Stack 1
OFS-TIE,Equally Spaced Stack 2

T 0.12
_E; . ~OFS-TIE,Equally Spaced Stack 3
um.l 0.1 %~ GP-TIE,Exponentially Spaced Stack
S —¥—OFC-TIE,Exponentially Spaced Stack
o 0.08
]
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- > X
a X
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X X
X
0.02 %X

i A B

ok M?
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Fig. 5. Comparison of RMSE in phase distributions for different measurement strategies
with noise level increasing. Using exponential spacing scheme, OFC-TIE achieves the best
performance with no more than 15 sampling planes.

Figure 5 shows the root mean square error (RMSE) of the recovered phase by using three dif-
ferent phase retrieval algorithms as the standard deviation of noise increases. OFS-TIE method
is employed with the equally spaced stacks while GP-TIE and OFC-TIE methods are employed
with the exponentially spaced stack. For the equally spaced stacks, by analyzing the ascending
tendency of each curve in Fig. 5, it can be concluded that small defocusing distance performs
obviously worse than large defocusing distance with same number of sampling planes, and the
stack which has 129 measurement planes performs best. This can be explained by the fact that
the Equally Spaced Stack 2 contains more high-frequency phase content in the measurements
while the Equally Spaced Stack 3 contains more low-frequency phase content. So the phase re-
covered from Equally Spaced Stack 2 is contaminated by low-frequency noise while the phase
recovered from Equally Spaced Stack 3 is perceptibly blurred. Since the Equally Spaced Stack
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1 has 129 images, which containing all the excessive frequency components of the object, the
phase recovered from it clearly exhibits the lowest RMSE expectedly as the standard deviation
of noise increases. For the Exponentially Spaced Stack, it only requires 15 images and it almost
performs as good as the equally spaced stack which has 129 measurement planes. This is be-
cause that the exponentially spaced stack contains both the low-frequency components and the
high-frequency components of the phase information, and there is no trade-off between noise
and nonlinearity. In addition, comparing with GP-TIE, OFC-TIE achieves better performance
as shown in Fig. 5. Figure 6 gives an example of the recovered phase at standard deviation of
0.01. It seems that the phase retrieved from the Equally Spaced Stack 1 and Equally Spaced
Stack 3 appears almost same. This is due to the fact that low-frequency information is gener-
ally sufficient to present the outline of a target. In order to highlight the details under cover, the
enlargement part of Fig. 6(e) is presented and the blurring edge is quite evident comparing with
the accurately retrieved phase map in enlargement part of Fig. 6(c). What’s more, it only takes
OFC-TIE about 0.028s to finish the phase reconstruction with 256 x 256 pixels. But it takes
GP-TIE 0.32s, about 11 times longer than OFC-TIE, to reconstruct the phase distribution in the
same situation.

True Phase Equally Spaced Stack 1  Equally Spaced Stack 2 Equally Spaced Stack 3

OFS-TIE

True Intensity GP-TIE OFC-TIE

Exponentially
Spaced
Stack

Fig. 6. Comparison of phase quality among simulation results utilizing different measure-
ment strategies. OFC-TIE acquires the best phase quality with fewer defocus planes. (a)
is the true phase distribution; (b) is the true intensity distribution; (c) is the reconstructed
phase result by using OFS-TIE with Equally Spaced Stack 1; (d) is the reconstructed phase
result by using OFS-TIE with Equally Spaced Stack 2; (e) is the reconstructed phase result
by using OFS-TIE with Equally Spaced Stack 3; (f) is the phase result by using GP-TIE
method, when Exponentially Spaced Stack is used; (g) is the phase result by using OFC-
TIE method, when Exponentially Spaced Stack is used.

3.2.  Complex phase and intensity distribution

In the previous simulation, the complex field was constructed with a weak pure-phase object.
Next, to test the performance of IOFC-TIE algorithm for absorptive phase objects, we consider
the phase profile of letters “TIE’ in Fig. 7(a) and the complex intensity distribution of a ‘digital
eye’ logo in Fig. 7(b). The value range of the intensity is [0.1, 0.9] and the noise standard de-
viation is 0.04. Figures 7(c), 7(d), and 7(e) show the phase distribution of the OFS-TIE method
with different equally spaced stacks. Since the intensity distribution in-focus varying spatially
between [0.1, 0.9], the phase error mainly emerges from where the intensity is close to zero, as
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shown in Fig. 7(c). Figures 7(f) and 7(g) show the phase distribution of the GP-TIE, OFC-TIE
methods before compensation. The reconstruction quality of the result in Fig. 7(g) is little better
than the result in Fig. 7(f). But both of them contain a lot of low-frequency noise and amount
of phase discrepancy which are resulted from strong absorption. Therefore, two iterative phase
compensation algorithms are tested.

True Phase rad Equally Spaced Stack 1 Equally Spaced Stack 2 Equally Spaced Stack 3
0.8
(c)
0.7
0.6 QC
il
05 ©
0.4
True Intensity GP-TIE OFC-TIE
1
(b)
0.8 >
C 5
0.6 E % E » Q
0.4 589 ‘
Q
x
0.2 «

Fig. 7. Comparison of phase quality among simulation results utilizing different measure-
ment strategies for absorptive phase objects. OFS-TIE with 129 measurement images ac-
quires the best phase quality. (a) is the true phase distribution; (b) is the true intensity
distribution; (c), (d), (e) are the reconstructed phase result by using OFS-TIE with different
Equally Spaced Stacks; (f) is the phase result by using GP-TIE method, when Exponentially
Spaced Stack is used; (g) is the phase result by using OFC-TIE method without iterative
compensation algorithm.

Figure 8(a) presents the comparison of IC-TIE algorithm and IOFC-TIE algorithm for their
compensation efficiencies. Utilizing IC-TIE method, after five iterations of compensation, the
majority amount of phase discrepancy, which was caused by the absorption, was removed as
shown in Fig. 8(c). But the iterative IC-TIE algorithm converge to a result which still contains
amount of obvious phase discrepancy where the intensity is very small. However, utilizing
IOFC-TIE compensation algorithm, after five iterations of compensation, the phase discrepancy
was removed more radically, as shown in Fig. 8(e), and the compensated phase distribution
almost equals to the true phase distribution in Fig. 7(a).

These results demonstrate that, comparing with GP-TIE algorithm, OFC-TIE algorithm
could achieve better result before compensation. Moreover, comparing with IC-TIE algorithm,
IOFC-TIE compensation algorithm could significantly reduce the phase error and converging
to an accurate phase result with no more than five iteration times, which demonstrating its high
efficiency.

4. Experiments

The simulation results have presented that IOFC requires fewer sampling planes to obtain a
high quality phase result, with exponential spacing measurement scheme. To demonstrate it ex-
perimentally, we compare the recovered phase map by using OFS-TIE, GP-TIE and IOFC-TIE
with different sampling strategies. First we test these methods under coherent illumination. The
experimental test setup is presented in Fig. 9(a). The test source is a beam from a He-Ne laser
(wavelength 632.8nm) that has been expanded and collimated, then passed through the object
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Fig. 8. Comparison of IC-TIE algorithm and IOFC-TIE algorithm for their compensation
efficiencies. After five iterations of compensation, IOFC-TIE algorithm acquires the better
phase quality than IC-TIE algorithm does. (a) is the RMSE in reconstructed phase distribu-
tions for two different compensation methods with iteration number increasing; (b) is the
phase result by using GP-TIE before compensation (RMSE 0.0490); (c) is the compen-
sated phase result by using IC-TIE algorithm (RMSE 0.0175); (d) is the phase result by
using OFC-TIE before compensation (RMSE 0.0358); (e) is the compensated phase result
by using IOFC-TIE algorithm (RMSE 0.0099).

under test. The object was imaged onto a monochrome CCD camera with a standard 4 f system
- two lenses of focal length f = 25mm separated by the distance 2 f, and the distance from the
object to the first lens is f. The camera is set on a translation stage in order to modify the virtual
distance Az between the image of the surface and the camera. The phase object under test is a
geometry pattern etched on polymethyl methacrylate (PMMA) substrate, which is also shown
in Fig. 9(a). Figure 9(b) illustrates the tested phase sample captured in a DIC Microscope. The
DIC microscope rendered a pseudo three-dimensional relief shading intensity which related
to the phase gradient of the object. It is evidently shown that the test object includes phase
ramps of different heights, and more importantly, it contains some regular periodic vertical line
structures. It can be estimated that the period of the line structures is 25.9um . Therefore, the
corresponding spatial frequency is 38.61cycles/mm, which was sufficient to be resolved by the
4f system.

We shall be interested in the behavior and limitations of the phase retrieval algorithm across a
range of defocus distance. For this purpose, we acquired five sets of images at defocus distances
40um, 120um, 600um, 1040um, and 1280um , respectively. Their corresponding difference
images are shown in Fig. 10. The left column shows three images for each defocus distance.
Left two are the captured defocusing images and each of them are either less defocused (left
up) or further defocused (left down) on top of the defocus distances mentioned, while the image
on the right shows the difference between left two images. The contrast ratio of the right im-
age represents the amount of phase information which has been transformed into the intensity
difference with light propagating. Since in both TIE and our approach, the phase is calculated
based on the intensity difference image, their quality is curial to the final phase retrieval result.
The corresponding theoretical PTF and TIE PTFs are shown in the right column. It can be seen
that when the defocus value was small (40um or 120um), the phase contrast effect was not
evident. This is because the PTF in most of the object frequency range is near zero, as shown

#247291 Received 4 Aug 2015; revised 8 Oct 2015; accepted 12 Oct 2015; published 16 Oct 2015
© 2015 OSA 19 Oct 2015 | Vol. 23, No. 21 | DOI:10.1364/0E.23.028031 | OPTICS EXPRESS 28043



g

sample

=

af syste™

\.aSe" co\“mator

Fig. 9. (a) The experimental test setup; (b) the DIC image of the tested phase sample.

in Figs. 10(a) and 10(b). In this case, the intensity difference image was barely usable for phase
retrieval. With the defocus value increased, the quality of the intensity difference improved
gradually. When the defocus distance reached 600um, the contrast of the period structure was
the best, which is in accordance with the corresponding PTF curves plotted in Fig. 10(f). When
the defocus value continued increasing to about 1040um, the regular vertical line structures
almost disappeared. This is because the spatial frequency of the structure fall into the vicinity
of zero crosses of PTF in Fig. 10(h). When the defocus value increase again to about 1280um,
the structure reappeared and showing inverse contrast accordingly. Besides, the rapid changing
PTF curve in high frequency part results in the evident ripple effect around the edge of the large
phase changes. All these results confirmed that the estimated model presented in Section 2 is
sufficiently accurate.

Then, in order to reconstruct the phase images, a Data Set containing 129 images was cap-
tured, equally spaced by a constant small step size dz = 20um over a large defocus range
[—1280um to 1280um|. Some data samples from the intensity stack are shown in Fig. 11(a).
The intensity distribution in-focus, varying between [0.41, 0.50], illustrating the phase object
under test is a weak-absorptive object. First, the best phase result in Fig. 11(b) is recovered by
using OFS-TIE method with Equally Spaced Stack 1, which involves all 129 images. Then,
we extract some images from Equally Spaced Stack 1 to make up other three stacks. Equally
Spaced Stack 2 has 17 intensity images, simulated with a constant defocus step size of 20uum
over a small defocus range [—160um to 160um]. Equally Spaced Stack 3 also has 17 intensity
images, but simulated with a larger constant defocus step size of 160um over a large defo-
cus range [—1280um to 1280um|. Exponentially Spaced Stack also has 15 images and they
are exponentially spaced, at z positions around focus of £20um, £40um, £80um, =160um,
+£320um, £640um, and £1280um. Using Equally Spaced Stack 2, if we recover phase with
OFS-TIE method, the result becomes susceptible to low-frequency noise, as shown in Fig.
11(c). This is due to the fact that the low-frequency information of phase is not well cap-
tured at small defocus distances. If we use Equally Spaced Stack 3, increasing the step size,
high-frequency components are lost and low-frequency noise still exists because of the in-
tensity varying in-focus, shown in Fig. 11(d). In order to accurately capture both high and
low-frequency information with the same reduced number of images, we utilized exponentially
spaced measurements. Unfortunately, as can be seen from Fig. 11(e), the phase result still in-
volves low-frequency noise by using GP-TIE. Because only if the captured images are free of
noise, the excessive 112 images in Equally Spaced Stack 1 is completely redundant comparing
with the 17 images involved in Exponentially Spaced Stack. But when the captured images are
suffer from heavy noise, those excessive images in Equally Spaced Stack 1 will restrain the
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(e) 600um, (g) 1040um, and (1)1280um . The corresponding theoretical PTF and TIE PTFs

are shown in the right column.
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reconstructed cloudy noise in Fig. 11(b). Same conclusion can be drawn from Fig. 5. Except
for the situation when the noise standard deviation is 0, OFS-TIE method with Equally Spaced
Stack 1 performs much better than the GP-TIE method with Exponentially Spaced Stack as
noise level increasing. However, comparing with the phase map recovered by using GP-TIE
algorithm shown in Fig. 11(e), the result recovered from OFC-TIE method in Fig. 11(f) in-
volves less cloudy phase error since OFC-TIE method only use the frequency components with
high SNR to retrieve the phase information. Moreover, it should be emphasized that OFS-TIE
method performs better than GP-TIE and OFC-TIE methods only for the pure-phase objects or
weak-absorptive objects with an redundant image dataset such as Equally Spaced Stack 1. With
fewer defocus planes, OFC-TIE gives a more reliable result.

Equally Spaced Stack 1 rad Equally Spaced Stack 2

Equally Spaced Stack 3

3

OFS-TIE

Equally Spaced Stack 1

Exponentially

129 images
Data Set

——

Fig. 11. Comparison of phase quality among experimental results utilizing different
measurement strategies. The phase object under test is a geometry pattern etched on PMMA
substrate. OFC-TIE acquires the best phase quality with fewer defocus planes. (a) Equally
Spaced Stack 1, each image has 256 x 256 pixels with effective size 4.65um x 4.65um.;
(b) is the phase result recovered by using OFS-TIE method, when all 129 equally spaced
images are used; (c) is the phase result reconstructed by using Equally Spaced Stack 2,
[—160pum to 160um,dz = 20um]; (d) is the phase result reconstructed by using Equally
Spaced Stack 3, [—1280um to 1280um,dz = 160um]; (e) is the phase recovered with ex-
ponentially spaced z steps, by using GP-TIE algorithm; (f) is the phase recovered with
OFC-TIE algorithm by using Exponentially Spaced Stack.

To better assess the accuracy of the phase measurements, we use a confocal microscope
with a 50x objective (NA=0.8) to independently measure the surface profile of a small area
corresponding to the magnified area shown in Fig. 11(b). Fig. 12(a) shows the inverse height
distribution and one line profile was extracted for better quantitatively evaluation in Fig. 12(b).
The same line from Figs. 11(b) - 11(f) were also extracted, plotted in Fig. 12(c), converted to
inverse height (refractive index n,,,,,, = 1.49). The offsets of the five curves were adjusted to
the same level. The result obtained by confocal microscope gave 136nm for the height of the
large step and 42.1nm for the average peak-to-valley height of the small periodic structure. The
OFS-TIE method produced a step height of 138nm and underestimated the height of the small
variations 41.2nm when using Equally Spaced Stack 1. For OFS-TIE method using Equally
Spaced Stack 2, the step height extremely reduced from 160nm to about 80nm due to the low-
frequency noise. When using OFS-TIE method with Equally Spaced Stack 3, the step height
varies stably between 136nm and 152nm but the average peak-to-valley height of the small peri-
odic structure reduced to 15.8nm, which means a lot of high-frequency information is missing.
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Comparing with GP-TIE, OFC-TIE method provided a more faithful result with 139nm step
height and the height of the small variations 39.2nm with Exponentially Spaced Stack. Thus,
we have reduced the data capture requirement and avoided the negative impacts resulting from
intensity absorption, without sacrificing reconstruction quality.
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Fig. 12. Quantitative phase comparison of different methods. (a) The 3D topography char-

acterization of the test sample by a confocal microscope shown in inverse height. (b) Phase

profile obtained along the line. (e) Comparison of line profiles between OFS-TIE, GP-TIE,

and OFC-TIE method with different data capturing strategies.

In addition, we also tested our approach for measuring a sample of unstained SMMC — 7721
human hepatocellular carcinoma cells, using bright-field microscope (magnification 20x, NA
= (0.45) with filtered white light illumination (center wavelength 525nm). Then, a Data Set con-
taining 129 images was captured, equally spaced by a constant small step size dz = 1um over a
defocus range [—64pm to 64m]. Similarly, three equally spaced stacks and one exponentially
spaced stack are extracted from the data set. The reconstructed results are presented in Fig. 13
and again they demonstrate that IOFC-TIE method can achieve high-quality phase reconstruc-
tion somewhat better than other methods. Note that three cloudy phase maps are recovered by
OFS-TIE as shown in Figs. 13(b) - 13(d). This is due to the fact that the intensity distribution
in-focus varies enormously between [0.12, 0.97]. In addition, although the recovered phase map
is free of low-frequency noise using GP-TIE, the details of the cells are blurred as shown in Fig.
13(e). However, comparing with GP-TIE, IOFC-TIE method can recover a high-quality phase
distribution with more detailed information and the result is also free of low-frequency noise,
as shown in Fig. 13(f).

5. Conclusion

This paper has demonstrated both theoretically and experimentally that a high-quality, and
noise-robust phase reconstruction can be obtained efficiently by an IOFC-TIE method based on
the PTF with fewer defocus planes. Different from those equally spacing measurement strat-
egy, our proposed IOFC-TIE method utilizing an exponential spacing measurement scheme,
decreasing the number of required images significantly. Comparing with the developed GP-TIE
algorithm, which involves a complex GP regression procedure, OFC-TIE method is simpler and
much better not only for its accuracy, but also for its efficiency. Furthermore, even for an ab-
sorptive phase object, its phase distribution still can be obtained using IOFC-TIE method in a
high quality.

Although the IOFC-TIE improves the noise resistibility and the phase resolution of TIE sig-
nificantly, its performance also limited by the absorption of the object. When the minimum
value of the intensity in-focus is lower than 0.05, our iterative compensation algorithm may
not converge to the correct phase distribution. Moreover, the conventional TIE method has an
advantage of being non-interferometric as mentioned before. However, when the illumination
source loses coherence, reconstruction error will occur in the retrieved phase image by employ-
ing IOFC-TIE algorithm since the PTF no longer varies as an ideal sinusoidal function with
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Fig. 13. Comparison of phase quality among experimental results utilizing different
measurement strategies for measuring SMCC — 7721 human hepatocellular carcinoma
cells. IOFC acquires the best phase quality with fewer defocus planes. (a) Equally Spaced
Stack 1, each image has 616 x 616 pixels with effective size 0.34um x 0.34um.; (b) is the
phase result by using OFS method, when all 129 equally spaced images are used; (c) is the
phase result by using Equally Spaced Stack 2, [—8um to 8uum,dz = 1um]; (d) is the phase
result by using Equally Spaced Stack 3, [—64um to 64um,dz = 8uml; (e) is the phase
recovered with exponentially spaced z steps, by using GP-TIE algorithm; (f) is the phase
recovered with IOFC-TIE algorithm by using Exponentially Spaced Stack.

frequency (u> +v?) for partially coherent illumination [23-25]. Therefore, the proposed IOFC-
TIE algorithm could achieve its best performance only if a coherent illumination is adopted.
This seems to be another limitation of our approach and it will be the subject of future work.

Appendix A: derivation of OFC-TIE
At the beginning, assume that the complex amplitude of an object in focus is

wo =Ae'? = Acos() + iAsin( Q) = Acos() + iAcos(@)tan(@)

8
=A'+iA'g, ®)

where wy is the complex amplitude of an object, A and ¢ present the amplitude and the phase
of the object. Here we defined A’ = Acos(¢) and ¢’ = tan(@). So the Fourier spectrum of wy is

Wo=F{wo} = F{A} +iF {A'¢'}, ©9)

where .%{...} denotes Fourier transform. Then, after angular spectrum propagation, the
Fourier spectrum of the complex amplitude at z is

W, =Woelke/ TRy ik kel TEREE02) _ ik io
=" {[F{A"}cos(@) + F{A ¢ }sin(o)] "
—i[F7{A"}sin(w) — F{A'¢'}cos(w)]},

where %2V 1-22(?+7) denotes the angular spectrum propagation process, z, A, u, and v present
the position of the defocus plane, the wavelength and the frequency coordinates respectively.
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Here we define @ = kz(1 — /1 — A2(u? +v?)). Next, the intensity at the defocus plane can be
presented as

I :WZW: = y_l{wz}y_l{vvz}*
=[F Y F{A'}cos(0) + F{A'¢'}sin(w)}]? (1)
HLF P (W )sin(0) - F G Yeos( o))

where .7 ~!{...} denotes inverse Fourier transform. Then we can derive the difference map
between two images at plane z and —z

I—1_, =47 {7 {A }cos(0)}.Z {.F{A ¢'}sin(w)}
— F HFZ{A}sin(0)}FH{F{A ¢'}cos(w)}].
Equation (12) seems quite different from TIE. But when employing weak phase approximation,
paraxial approximation and nearly focused approximation, TIE can be derived from Eq. (12)
easily.
In order to point out difference between Eq. (12) and Eq. (2), we assume that amplitude A’ is
made up by two components, the average part A/, and the residual part A).. The average part is
a constant and the residual part varies spatially. Then we can get

12)

B a2 (sin(0)@) 4R (13)
R=A,7 YT {A¢'}sin(w)}
+ 7 F A eos(0)}FH{F (A Ysin(0)} (14)

— 7 YT {A)sin(0)}F T {A'¢'}cos()},
where R denotes the phase discrepancy which need to be compensated. So Eq. (13) can be
derived into

L—1.—-4F{R}
4(4;,)?
Then, from the OFC phase transfer function Eq. (5), Eq. (15) can be reduced to

G(u,v,z)d'. (15)

OFC;— 4.7{R}
4(47,)*
At last, we can reconstruct the correct phase distribution @(x,y) through inverse Fourier trans-
form and inverse tangent function

= OFCg®'. (16)

OFC;— 47 {R}

= arctan(F ™!
¢ (7 4(A! Y*OFCg

})- A7)
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