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a  b  s  t  r  a  c  t

Based  on  two-step  phase-shifting  technique,  we  present  a new  derivative  method  for  phase  informa-
tion  extraction  in  quantitative  phase  imaging  (QPI).  By acquiring  two  phase-shifted  interferograms  and
numerically  calculating  their  1st  order  derivatives,  one  can  directly  obtain  the  quantitative  phase  infor-
mation.  We  demonstrate  the  proposed  method  by comparing  our  simulated  results  with  the experimental
results  of the  red blood  cell  and  the  HeLa  cell,  respectively.  It  shows  that  our  method  can  be  generally
applied  to any  QPI, such  as  on-axis  and  off-axis  interferometry,  especially  for  slightly  off-axis  interfer-
ometry,  and it has  the  feature  of efficient  utility  of  camera  spatial  bandwidth  and  the  ability  of  fast  data
processing.

©  2014  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Over the last decade the quantitative phase imaging (QPI)
technique has attracted increasing scientific interest in study of bio-
logical cells in virtue of its label-free feature and high sensitivity.
In QPI technique, retrieving the quantitative phase information is a
key task, because it can offer some structure details to further study
the cell’s shape and dynamic behavior [1–5]. Generally, the quan-
titative phase information retrieving process is mainly dependent
on the specific interferometric approaches.

Usually, in on-axis interferometry, at least three phase-shifted
interferograms are acquired to separate the sample field for yield-
ing the quantitative phase information [6–8]. Thus, it may  not be
effectively utilized for studying some dynamic imaging processes
due to that the whole reconstruct process is time-consuming
and the sample may  change between frame acquisitions [9,10].
Concerning on this, Meng [11] and Liu et al. [12] proposed the
on-axis two-step phase-shifting imaging techniques, but in these
cases, the reference wave intensity measurement or estimation is
needed. For this reason, Shaked [10] presented a different parallel
two-step phase-shifting technique in a single camera exposure
without the above measurement based on the wide-field digital
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interferometry. However, among its phase retrieving, a static
phase reference measurement without the sample is required.

In off-axis technique, another interferometeric approach, some
phase information retrieval methods have been proposed and
successfully applied to cell research based on Fourier transform
[13,14], Hilbert transform [15–17], and so on. Only a single image
is needed in these methods, which makes it suitable to dynamic
research at the expense of losing detector bandwidth. Considering
the frequency bandwidth, slightly off-axis interference [18,19] has
been put forward, which requires two  images. However, similar
to other methods, it refers to the integral transformation with the
computationally demand, and thus it is difficult to achieve real-
time phase information. More recently, a novel derivative method
[20] has been proposed, and the speed of its phase retrieval is faster
than the current approaches owing to only using the derivative
operation. However, it requires that the phase change between
adjacent neighborhoods induced by the object could be neglected
with respect to the spatial frequency of the carrier fringes.

In this paper, we  present an alternative approach for phase
extraction, which combines the derivative operation and two-step
phase-shifting technique. This method only relies on two  phase-
shifted interferograms and their 1st order derivatives. It has to be
pointed out that it can be applied generally to any quantitative
phase imaging, such as on-axis interference, traditional or slight
off-axis interference. This method requires neither the knowledge
of other parameters compared to two-step on-axis interference,
and nor the integral transformation that needed for off-axis inter-
ferometry. Besides, in our method, once the two  interferograms are
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acquired in a single camera exposure, the data processing speed of
its phase extraction is equivalent to that of the derivative method
in Ref. [20], and also with a wide bandwidth.

2. Method

In the interference system, two phase-shifted interferograms
can be expressed as

I1(x, y) = I0(x, y) + �(x, y) cos[ϕ(x, y) + kx], (1)

I2(x, y) = I0(x, y) + �(x, y) cos[ϕ(x, y) + kx + ˛], (2)

where I0 (x, y) is a low frequency function that describes back-
ground intensity, � (x, y) is the amplitude modulation factor of the
interferogram, ϕ (x, y) is the spatial phase delay associated with
the sample, the most interest quantity in QPI, and k is the spatial
frequency of fringes, which is determined by the tilt angle between
the sample beam and reference beam. In case of on axis interfer-
ence, k is zero because the tilt angle is zero.  ̨ is the phase shift
induced between the interferograms. Note that k and  ̨ could be
determined by fitting the background interference to a sine wave
in the experiment.

Analogous to the derivative method [20], we apply the local
transformation to the interferograms. Thus, the first order deriva-
tives of each interferograms with respect to x can be expressed
as

I(1)
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∂x
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For most transparent phase objects such as biological cells
or tissues, both the background intensity I0 and the amplitude
modulation factor � (x, y) are constants over the interferogram
approximately [20], so we can make the following favorable
approximations:

∂I0(x, y)
∂x

≈ 0,
∂�(x, y)

∂x
≈ 0. (5)

Thus, Eqs. (3) and (4) can be transformed to
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If the phase shift  ̨ is a special value, such as �/2, Eq. (7) can be
simplified as

I(1)
2 = �(x, y){− cos[ϕ(x, y) + kx]}

[
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+ k

]
. (8)

Based on Eqs. (6) and (8), the phase distribution induced by the
specimen can be extracted by

ϕ(x, y) = tan−1

[
I(1)
1

I(1)
2

]
− kx. (9)

Fig. 1. The thickness distribution of the RBC obtained from Ref. [21].

In case of on-axis interference, k = 0, the quantitative phase
image ϕ (x, y) can be simply determined by

ϕ(x, y) = tan−1

[
I(1)
1

I(1)
2

]
. (10)

Note that, once the two  interferograms are acquired simulta-
neously, the phase information associated with the sample can be
computed from them, and the fast phenomena can be visualized.

3. Simulation results

To demonstrate the applicability of our proposed method, we
firstly imaged a simulated red blood cell (RBC) in the cases of on-
axis interference and off-axis interference by applying MATLAB
software, and then compared the thickness distributions obtained
from both reconstructed phase maps with the original thickness
distribution of the simulated RBC. The thickness distribution of the
simulated RBC is obtained from Ref. [21], as shown in Fig. 1.

Generally speaking, the RBC can be regarded as a homogenous
phase object owing to the absence of intracellular organelles such
as the nucleus. Therefore, the refractive index of RBC, ncell, is uni-
form, which can be set a constant, ncell = 1.4 in our simulation. The
refractive index of the cell medium, nmedium, is 1.34 and the wave-
length, �, is 514 nm,  which both are same as the experiment value
for comparison. In addition, in order to simplify the calculation,
both the sample wave and reference wave are considered as plane
waves, and their amplitudes are assumed to be 1 in our simulation.

At first, in case of off-axis interference, the tilt angle between
the sample and reference beams is set in our simulation. According
to the above parameters, we can obtain two  off-axis interferograms
(512 pixels × 512 pixels) with a phase shift of �/2, as shown in
Fig. 2(a) and (b) respectively, and through the numerically calcula-
tion, their corresponding first order derivatives with respect to x are
shown in Fig. 2(c) and (d). For the situation of on-axis interference,
the tilt angle is zero, the relative results are shown in Fig. 2(e)–(h).
Once k is known, which is determined by the tilt angle, according to
Eqs. (9) and (10), the 2D reconstructed phases after phase unwrap-
ping in cases of off-axis and on-axis interference are extracted,
which are presented in Fig. 2(i) and (j), respectively. We  have com-
pared these results in both cases, and obtained good agreement.
According to the definition of image similarity that reflects the cor-
relation degree between two images [22], the similarity between
them is calculated to be 0.9981, and the shape distribution of these
two maps is similar to the original thickness distribution (Fig. 1)
owing to the homogenous object, which is consistent with the the-
ory.

To demonstrate the validity of this method further, we analyzed
the thickness distributions of the cell. Fig. 3(a) and (b) display the
2D thickness distribution maps of the simulated RBC in cases of off-
axis and on-axis, respectively, which are obtained from the above
corresponding quantitative phase maps with the relationship h = (ϕ
�/2�)/(ncell − nmedium), where h indicates the thickness. For further
comparison and demonstrating the accuracy of our method, we
have calculated the similarity between these two  thickness maps
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