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Abstract. Three-dimensional digital holographic microscopic phase
imaging of objects that are thicker than the wavelength of the imaging
light is ambiguous and results in phase wrapping. In recent years, several
unwrapping methods that employed two or more wavelengths were intro-
duced. These methods compare the phase information obtained from
each of the wavelengths and extend the range of unambiguous height
measurements. A straightforward dual-wavelength phase imaging method
is presented which allows for a flexible tradeoff between the maximum
height of the sample and the amount of noise the method can tolerate.
For highly accurate phase measurements, phase unwrapping of objects
with heights higher than the beat (synthetic) wavelength (i.e. the product of
the original two wavelengths divided by their difference), can be achieved.
Consequently, three-dimensional measurements of a wide variety of
biological systems and microstructures become technically feasible. Addi-
tionally, an effective method of removing phase background curvature
based on slowly varying polynomial fitting is proposed. This method allows
accurate volume measurements of several small objects with the same
image frame. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI:
10.1117/1.OE.51.5.055801]
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1 Introduction
Previously, digital holographic microscopy (DHM) has been
effectively applied to image microstructures and biological
systems.1–5 The availability of both amplitude and quantita-
tive phase information makes digital holography especially
important for microscopy applications, as it allows three-
dimensional microscopic imaging. DHM is a phase-contrast
technique which converts phase changes undergone by a
light wave, either by passing through or by reflecting from
objects, into an observable intensity modulation. Similarly to
the well-known Zernike phase contrast (ZPC) and differen-
tial interference contrast (DIC) microscopy, digital hologra-
phy can be used to visualize so-called “pure” phase objects.
When viewed, these objects appear almost transparent, but
they change the phase of light that propagates through
them. ZPC and DIC microscopy techniques cannot easily
quantify the phase changes since the conversion of intensity
variations to phase is nonlinear. In comparison, DHM pro-
vides direct access to quantitative phase, which can then be
used to map the changes in the optical path length. The
optical path length can converted to physical thickness,
which provides the sample’s height information.

In DHM, a hologram is captured by a CCD camera and is
reconstructed by numerically propagating the optical field
along the direction perpendicular to the hologram plane
(z-direction) in accordance with the laws of diffraction. (We
use the angular spectrum method in this work.) The complete
and precise description of propagation of the reference wave
by diffraction theory allows for digital reconstruction of the

optical field as a two-dimensional array of complex numbers
from which the quantitative amplitude and phase of the
optical field are obtained.

Once the complex field is calculated, its phase ϕðx; yÞ can
be converted to height hðx; yÞ. If the light wave reflects from
an object, its surface is described by a height map hðx; yÞ,
which is determined from the phase map ϕðx; yÞ of the
holographic reconstruction at a given wavelength by

hðx; yÞ ¼ λ

2π
ϕðx; yÞ: (1)

Here λ is equal to 1∕2 of the wavelength of light, since the
light wave travels to the surface and then is reflected back.

Phase imaging of objects with an optical height variation
greater than the wavelength of light is ambiguous and results
in a wrapped phase. A number of algorithmic approaches to
phase unwrapping have been developed in the past6. How-
ever, even a relatively sophisticated software unwrapping
algorithm can mistakenly identify low intensity areas as
multiple phase steps, producing non-existent height features
in the unwrapped image. Also, software algorithms often
cannot handle certain complex phase topologies, such as
porous materials.7

Previously, a technique based on the comparison of two
phase images of the same object recorded by using two dif-
ferent wavelengths was introduced.8 This dual-wavelength
technique effectively generates an extended range beat wave-
length phase image. However, it greatly increases the
uncertainty of measurements. Therefore, the beat wavelength
phase image is used to subsequently adjust one of the
original single wavelength phase images in order to reduce0091-3286/2012/$25.00 © 2012 SPIE
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this uncertainty. It is possible to compare the two phase
images directly without generating the beat wavelength
phase image, so the two phase images can be accurately
unwrapped via pixel-by-pixel comparison.9

Three-dimensional measurements by DHM often require
removing the background from the phase image. DHM
measures the phase difference between plane object and
reference waves, which, along with the phase difference due
to the actual optical thickness variation of a sample, includes
phase difference due to the path length difference between
the object and reference arms. If this path length difference
is not the same for each pixel in the phase image, background
curvature will be present. Some of this background curvature
can be compensated numerically by multiplying the propa-
gating wavefront by a phase factor.5 However, that may still
leave a small amount of uncompensated background curva-
ture, which can be problematic. Even a small variation of the
background due to not entirely compensated curvature
drastically affects the total volume measurement. Here, we
present an automated iterative algorithm based on polyno-
mial fitting of the phase map, with subsequent removal of
the background curvature.

2 Dual-Wavelength Phase Imaging
If an object is imaged by two wavelengths, the actual height
at each point is:9

hðx; yÞ ¼ λ1

�
ϕ1ðx; yÞ

2π
þm1ðx; yÞ

�

¼ λ2

�
ϕ2ðx; yÞ

2π
þm2ðx; yÞ

�
;

(2)

where m1 and m2 are the integer numbers of wavelengths at
ðx; yÞ. Let us assume that λ2 is larger than λ1, in which case
m1 cannot be smaller than m2. Rearranging these equations,
we can obtain:9

hðx; yÞ ¼ Λ12

2π
½φ1ðx; yÞ − φ2ðx; yÞ�

þ Λ12½m1ðx; yÞ −m2ðx; yÞ�: (3)

Here, the term Λ12 ¼ ðλ2λ1Þ∕ðλ2 − λ1Þ is the beat (or
synthetic) wavelength. Since m1 and m2 are nonnegative
integers and m1 ≥ m2, then the term m1 −m2 is also a
nonnegative integer. Also, since the height is always positive,
if φ1ðx; yÞ − φ2ðx; yÞ < 0, then m1 −m2 must be at least 1.

It is worth noting that if Λ12 is larger than the entire height
of the object, then m1 −m2 cannot exceed 1, so then it is
either 0 or 1 depending on whether φ1ðx; yÞ−
φ2ðx; yÞ > 0 or φ1ðx; yÞ − φ2ðx; yÞ < 0. Therefore, a
known method of subtracting the two phase maps and adding
2π whenever the difference is negative effectively yields a
new phase map, which corresponds to the beat wavelength
Λ12. However, while extending the range of unambiguous
phase measurement, this method also increases the
error by at least the same factor as the range.8 Therefore,
it is desirable to use one of the original single-wavelength
phase images together with the dual-wavelength profile as
a rough guide to correct the original single-wavelength
profile. This method fails, however, if the single-wavelength
phase noise exceeds a certain limit (effectively requiring that

the two wavelengths be sufficiently far apart), which in effect
reduces the total unambiguous range by reducing Λ12.

8

The alternate approach is to determine m1 andm2 directly
via linear regression.9 We rewrite Eq. (2) to obtain m1 in
terms of m2:

m1ðx; yÞ ¼
λ2
λ1

m2ðx; yÞ þ
�
λ2
λ1

φ2ðx; yÞ
2π

−
φ1ðx; yÞ

2π

�
: (4)

Since m1 and m2 are integers (unless the wavelengths have a
common multiplier), there is only one set of values for m1

andm2 which satisfy this equation exactly. In the presence of
measurement uncertainty, we can determine the values of m1

and m2 such that the difference between the two sides of
Eq. (4) is minimal. By trying different values of m2 and
selecting one at which this equation yields the result closest
to an integer, we can recreate the true profile of the object
using Eq. (2).

Note that since the wavelengths can be measured quite
accurately, the uncertainty is mostly contained in the second
term of Eq. (4). The linear function m1ðm2Þ is plotted in
Fig. 1. In this case, the wavelengths are λ1 ¼ 635 nm and
λ2 ¼ 675 nm, which means a synthetic wavelength is Λ12 ¼
10.7 μm (approximately 16 times higher than the smaller of
the single wavelengths). The slope of this line is the same for
all points ðx; yÞ, as both phases are only contained in the
y-intercept term ð1∕2πÞ½ðλ2∕λ1Þφ2ðx; yÞ − φ1ðx; yÞ�. The
selection of m2 and m1 are based on how close the right
side of Eq. (4) is to an integer.

Looking at the square of the difference between m1 and
the nearest integer (Fig. 2), notice that the function has
a local minimum every 16 points. Within the range of 0
to 16, the height of the object is less than the synthetic
wavelength, and the value of m2 is easy to select. But, if
the phase measurements are highly accurate, the unambigu-
ous phase measurements can be extended well beyond the
synthetic wavelength. As some of these local minima are
smaller than others [Fig. 2(b)], by selecting the absolute
minimum, the imaging range can be extended to any set
maximum value of m2.

Theoretically, the function in Fig. 2 extends to infinity, but
because the phase measurements are noisy, this method will
eventually fail and select the wrong local minimum. How-
ever, if the approximate size of the imaged object can be esti-
mated (either through a technique or simply by looking at a
wrapped single-wavelength phase map and estimating the
approximate number of phase jumps), we can simply limit
the maximum value of m2 to the number which corresponds
to that height.

For example, consider a slanted surface with the total
height of 7.5 μm. The phase imaging of this surface using
two wavelengths (532 and 633 nm) can be simulated by
using Eq. (1). Phase maps in Fig. 3(a) and 3(b), which cor-
respond to each of the wavelength, show multiple disconti-
nuities. Looking closely at Fig. 3(b), we can determine that
the object’s height is approximately 12λ2, which indicates
that the maximum value of m2 needs to be set to at least
12. By using the dual-wavelength linear regression method
to directly compare the two phase images, the value of m2

from Eq. (4) can be determined for each point of an image
frame. Indeed, the algorithm correctly guesses the value
of m2 [Fig. 3(c)] and the unwrapped profile is then easily
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reconstructed using Eq. (2), yielding the final phase map,
free of discontinuities [Fig. 3(d)]. Note that in this case, the
overall height of the object is more than double the synthetic
wavelength (Λ12 ¼ 3.3 μm).

The simulated surface in Fig. 3 can be unwrapped using
even the most basic software algorithms by simply following
the gradient of surface and adding or subtracting 2π
whenever a phase jump occurs. The strength of this method
is in the fact that for each point ðx; yÞ, the method does not
rely on the surrounding pixels and thus even topologically
complicated images can be unwrapped without introducing
phase errors.

If the measurements are very noisy but the object is only a
few wavelengths high, the maximum number of m2 can be
set to that number of wavelengths (much lower than 12 in the

example above), thus providing a flexible tradeoff between
the amount of noise this method can tolerate and the overall
height.

Consider the case where the object is a semi-sphere, which
has a relatively steeply sloped surface on the side. (This shape
is chosen because many biological cells exhibit similar
morphological structure.) Additionally, the object is placed
at the edge of an image frame, which further complicates
single-wavelength unwrapping, as in this case for each phase
jump a software algorithm has only a few pixels to determine
the phase gradient. Finally, both simulated phase images
[Fig. 4(a) and 4(b)] were also corrupted by high amplitude
(up to 2 radians) random phase noise. As a result [and as
evident from Fig. 4(c)], the single-wavelength unwrapping
algorithm fails to recover the phase correctly, as some of

Fig. 1 Linear function m1ðm2Þ, illustrating Eq. (4). In this example, λ1 ¼ 635 nm, λ2 ¼ 675 nm, so Λ12 ¼ 10.7 μm.

Fig. 2 Selecting the correct values of integer wavelengths. (a) r ðm2Þ–the square of difference between m1 and the nearest integer; (b) 3 local
minima. Here, r ðm2Þ has its lowest value at m2 ¼ 39.
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the phase errors propagate into other parts of the image. On
the other hand, the dual-wavelength method produces a cor-
rect profile [see Fig. 4(d)]. Once again, it is worth noting that
the phase noise level here is much higher than what previous
dual-wavelength algorithms can tolerate.8,9

3 Phase Background Removal
Three dimensional measurements by digital holographic
microscopy require removing the background from the
phase image. Since DHM measures the phase difference
between object and reference waves, the phase image
(along with the phase difference due to the actual optical

thickness variation of a sample) includes a phase difference
due to the path length variation between the object and the
reference arms within the image frame. In the case of smaller
image frames, the background can be removed by simply
compensating for the wavefront curvature numerically.5

For larger images, even a small amount of uncompensated
background can be a problem, especially if many cells are
imaged simultaneously, since even a small variation of the
background due to not entirely compensated curvature
will drastically affect the total volume measurements.

Figure 5 shows several simulated cells on a flat substrate.
A small amount of uncompensated curvature in each of the
single-wavelength images [Fig. 5(b) and 5(c)], is present in
the final unwrapped image [see Fig. 5(d)]. To properly

Fig. 3 Simulated imaging and unwrapping of a slanted surface
(a) phase image at 532 nm, (b) phase image at 633 nm, (c) determin-
ing m2 (d) final unwrapped phase image (vertical scale is in radians).
All images are 256 × 256 pixels.

Fig. 4 Simulated cell imaging corrupted by random phase noise
(a) phase image at 635 nm, (b) phase image at 675 nm, (c) unsuccess-
ful software unwrapping (d) dual-wavelength unwrapped phase image
(vertical scale is in radians). All images are 256 × 256 pixels.
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calculate the total volume of all cells, this curvature needs to
be removed. The ideal method for background subtraction
will remove the uncompensated curvature with the minimal
user intervention, while still retaining the shapes of the
cells. In order to separate the background from the cells, we
implemented an algorithm, based on modified polynomial
fitting.10 The method is as follows:

1. Fit a polynomial (order 2) surface to the unwrapped
phase image.

2. Compare the polynomial surface with the original
image pixel by pixel and retain the lower of two
values. Generate a new profile.

3. Substitute the unwrapped phase image with the new
profile obtained in step 2.

4. Repeat steps 1, 2 and 3 several times until the profile
converges.

Finally, the processed background is subtracted from
the original unwrapped phase image, yielding a phase profile
with a near-null background. However, we have found that
this method,10 while substantially reducing the background,
tends to “overcompensate” any curvature that it presents in
the original unwrapped phase image. To illustrate this point,
consider a curved profile (Fig. 6). The first iteration (dotted
line), while removing the original peaks, also goes under the
original curved profile near the ends of the frame, resulting in
the curvature being overcompensated (dashed line). We have
found that the overcompensation can be fixed by modifying
step 2 of the algorithm as follows:

2a. Compare the polynomial surface with the original
image.

2b. Find the maximum difference between the fit and the
original profile.

2c. Add a fraction of that maximum difference to the poly-
nomial surface.

This modification, although making the convergence
much slower, does result in a much flatter final image
(see Fig. 6, solid line). The fraction, used in step 2c, can
be as high as 95% and is limited only by computational
rounding errors. Generally, the higher the number, the longer
it takes for the method to converge. The result of this

Fig. 5 Unwrapping and background removal (a) simulated cells on the flat substrate. (b) phase image at 635 nm with up to 20% phase noise, (c)
phase image at 675 nm with up to 20% phase noise, (d) dual-wavelength unwrapped phase image (e) dual-wavelength unwrapped phase image
with background removed (vertical scale is in radians).

Fig. 6 Background subtraction by polyfit method, showing original
profile with curvature, first iteration of the polyfit method, as well as
the results of the algorithm with/without height adjustment (steps
2a to 2c) applied.
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modified algorithm applied to the simulated cells in Fig. 5(a)
is presented in Fig. 5(e).

4 Live Cell Imaging
The experimental setup used to obtain live cell images is
shown in Fig. 7. Two pigtail diode systems produce 675
and 635 nm laser beams. Each beam is expanded using
microscope objectives OBJ1 and OBJ2. The beams are com-
bined using a beamsplitter (BS1). Lens L1 and L2 collimate
the beams. Another beamsplitter (BS2) splits both beams
into object and reference arms. Lens L2 focuses both object
beams into the back focal plane of a 10× water immersion
microscope objective (WOBJ), which illuminates the sample
with collimated light.

The sample is mounted on a micrometer moving stage.
The WOBJ forms an image on the CCD camera. The object
and reference beams are recombined by the beamsplitter
BS2. The initial curvature mismatch between the reference
and object wave was compensated numerically,5 and the
unwrapped images were subsequently background corrected.

Figure 8 shows the results of both linear regression
unwrapping and modified polyfit background subtraction
method to the sample of about 25 KB human epithelial
cells. KB cell line (derived from a human carcinoma of
the nasopharynx) is used here for its ability to attach itself
well to the silicon substrate slides. The slides were washed
with sulfuric acid, which resulted in the silicon surface being
covered with several nanometers of SiO2, creating a hydro-
philic surface to which the cells could adhere. The silicon
surface provided a sufficiently reflective background to
perform holographic imaging. The slide was placed into a
petri dish and submerged in complete cell growth medium
(RPMI-1640 supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin) to provide maximum cell
viability. The thickness of the cells was determined by:

hðx; yÞ ¼ λ

2π

ϕðx; yÞ
ðn − n0Þ

; (5)

where ðn − n0Þ is the refractive index difference between
the cell and the surrounding medium, and λ is the half-
wavelength of light (the light propagates through the cell,
reflects from the substrate and propagates back).

Examining single wavelength images in Fig. 8(a) and 8(b),
we could determine that the maximum value ofm2. As evident
from Fig. 8(c), the application of both methods is highly suc-
cessful in removing phase discontinuities and background,
which allows for accurate measurement of the total volume
of all the cells in the sample.

It is worth noting that one of the sources of phase noise is
a result of misalignment between the two wavelengths
(i.e., the phase images produced by each wavelength are
not entirely consistent with each other. Thus, using

Fig. 8 Imaging KB cells: (a) phase image at 635 nm, (b) phase image
at 675 nm, (c) dual-wavelength unwrapped phase image with back-
ground subtracted by polyfit method. All images are 140 by 140 μm.
(700 × 700 pixels)

Fig. 7 Digital holographic microscope. (See text for details.) Two pig-
tail laser diode systems (675 and 635 nm) produce a pair of beams.
Each beam is expanded using microscope objectives (OBJ1) and
(OBJ2). Beamsplitter (BS1) combines the two beams. Lens L1 and
L2 collimate the beams and focus them onto the back focal point
of 10× water immersion microscope objective (WOBJ). The WOBJ
forms an image on the CCD camera. Beamsplitter (BS2) splits
both beams into object and reference arms and then recombines
them.
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three or more wavelengths to further extend the range of
unambiguous phase measurements11 can actually lead to
higher noise and therefore may not be desirable. The
dual-wavelength method demonstrated here provides an
alternative which is generally easier to implement.

While the method generally performs well, in some of
the images there may be areas where one of the single-
wavelength images is corrupted by excessive noise. This
results in the algorithm selecting a neighboring value of
m2, producing occasional “spikes”. Therefore, once the
unwrapping is complete, these areas still need to be shifted
back to their proper places using a software algorithm that
looks for λ2 jumps in the final image and corrects them by
shifting the segments up or down.

5 Conclusion
We demonstrated an application of a dual-wavelength
phase unwrapping method and a background phase
removal to the imaging of simulated objects and biological
cells. As evident from this work, dual-wavelength phase
unwrapping method is well-equipped to deal with compli-
cated phase topologies. It is also computationally fast, as
the only time limitation is the speed at which the Fourier
transforms for both wavelengths are performed for calcu-
lating the angular spectrum. Our dual-wavelength phase
unwrapping approach provides tradeoffs between
the amount of phase noise the method can tolerate and
the overall height at which the unambiguous height
measurements can be conducted. Coupled with the auto-
matic phase background removal by the modified polyfit
background removal method developed here, it effectively
extends the DHM technique to objects of many optical
heights, which makes holographic phase imaging much
more practical. Both methods operate with minimal user
intervention and provide a simple and flexible way to
image both transparent and reflective microscopic objects.
Both techniques can also be successfully applied to many
other phase imaging systems, even outside the field of
optics.
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