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In this Letter, we show that a Shack–Hartmann wavefront
sensor can be used for the quantitative measurement of the
specimen optical path difference (OPD) in an ordinary incoherent optical microscope, if the spatial coherence of the
illumination light in the plane of the specimen is larger than
the microscope resolution. To satisfy this condition, the
illumination numerical aperture should be smaller than
the numerical aperture of the imaging lens. This principle
has been successfully applied to build a high-resolution
reference-free instrument for the characterization of the
OPD of micro-optical components and microscopic biological samples. © 2017 Optical Society of America
OCIS codes: (110.0110) Imaging systems; (180.0180) Microscopy;
(010.7350) Wave-front sensing; (120.5050) Phase measurement.
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Optical path difference (OPD) is an important modality in
modern microscopy, as it provides additional information
about the structure of microscopic samples, especially when
the intensity modulation is weak due to low absorption in
the specimen. In many cases, such as the characterization of
micro-optical components, it is important to measure the quantitative distribution of the sample OPD, with a precision comparable to ordinary optical shop testing.
Phase contrast microscopy visualizes the OPD of microscopy
samples, and different techniques can be used to achieve this
phase contrast. Zernike phase contrast microscopy increases
the image contrast by manipulating the phase difference between
the scattered and unscattered light [1,2]. However, this intensity
information cannot be converted to OPD directly; moreover, the
images are affected by an inherent halo and shade-off artifacts.
Differential interference contrast microscopy is a kind of shearing
interferometry that generates the phase gradient contrast by
slightly shifting two polarized light beams and then having them
interfere with each other [3]. This method is more popular than
Zernike phase contrast for its good pseudo three-dimensional
view and improvement on the transverse resolution, although
0146-9592/17/112122-04 Journal © 2017 Optical Society of America

it cannot be employed to quantitative OPD measurements
due to its nonlinear response [4].
Interferometric methods, such as interference microscopy and
digital holographic microscopy, provide quantitative phase measurements with high transverse resolution [5], but they require a
highly coherent light source. On the other hand, white-light
interferometry usually requires an accurate positioning stage
to achieve quantitative measurements [6]. In addition, the practical applicability of these interferometric methods is limited by
the requirements of a highly coherent reference beam [7,8].
Phase diversity methods [9,10] retrieve the phase by iteratively solving inverse problems using a well-established diffraction theory. Mostly, they suffer from slow convergence and
non-uniqueness due to the ill-posed nature of the problem.
Redundant constraints, such as intensity measurements at different distances [11], with diverse phases [12] and with varying
apertures [13,14], can be used to improve phase retrieval performance. The additional apparatus required by these methods
further complicates the imaging system.
Wavefront sensing technology is widely and maturely developed in the field of adaptive optics [15]. A quadriwave lateral
shearing interferometry wavefront sensor has been employed
for quantitative phase imaging and has achieved a sensitivity of
a few nanometers [16]. Recently, a technique named partitioned
aperture wavefront sensing also realized a quantitative phase measurement with incoherent illumination by using a quatrefoil
lens [17].
Shack–Hartmann (SH) wavefront sensors are widely used to
detect the smooth wavefronts of the light beam. Such a restriction
to low-order reconstruction is sufficient for many applications;
thus, the transverse resolution of SH sensors was inferior to
the interferometric and phase retrieval sensors [18]. However,
the development of high-resolution SH sensors facilitates their direct application to imaging problems, for example, a holographic
imaging with a SH sensor has been recently demonstrated: [19].
In this Letter, we report a quantitative OPD microscope
based on a high resolution SH wavefront sensor. By directly
using wavefront reconstruction technique, the OPD due to
the sample thickness and refractive index can be simply obtained by integration of the gradient field registered by the
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sensor. This non-interferometric technique is able to work
under spatial incoherent illumination with high light efficiency.
As a widely available optical component, the SH wavefront sensor can easily transform an ordinary microscope into an OPD
imaging modality with the following described principles.
The scheme of the SH-based OPD microscope is shown in
Fig. 1. To correctly understand its function, we need to consider two optical paths. (1) The imaging is performed by projecting the sample image on the microlens array (MLA) by the
optical system formed by the objective lens and the tube lens
with magnification M  f t ∕f o , where f t and f o are the focal
lengths of the tube and the objective lens, respectively. In this
optical path, each lenslet corresponds to a single pixel in the
image of the sample intensity. (2) The wavefront sensing path
is formed by the light source, a transparent sample with unknown OPD distribution, an objective lens, a tube lens, and
a MLA. The first image of the light source is formed in the
pupil of the objective lens if L ≫ f o which is easy, considering
the short focal length of microscope objectives. The position of
this image depends on the wavefront tilts introduced by the
sample. The pupil plane, containing an image of the source,
is conjugated to the image sensor by the system formed by
the tube lens and one of the lenslets. Since each lenslet corresponds to a single resolution point in the sample plane, the
lateral shift of the source image behind the lenslet will be dependent on the local wavefront tilt introduced in the corresponding point of the sample.
To obtain a correct SH pattern with localized light spots, the
position of which is linearly dependent on the OPD gradients,
two physical conditions should be satisfied:
(1) To guarantee that the scattered light has enough space
to move in the pupil of objective, the half angular size of the
light cone α scattered by the sample should be smaller than the
aperture angle of the objective:
tanα ≪ Ao :

(1)

(2) To guarantee the correct centroiding, the image of light
source behind the lenslet should be smaller than the MLA pitch:
tanα∕M  ≪ AM ;

(2)

where AM is the numerical aperture of the micro-lens array.
With the assumption that the sample has a minor effect on
the scattered light cone, the angle α is mainly defined by the
numerical aperture of the illumination As . According to Van
Cittert–Zernike theorem, the coherence size provided by an extended source with a numerical aperture of As in the plane of

Fig. 1. Diagram of the SH quantitative OPD microscope.
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the sample is proportional to ∼λ∕As , while the resolution of
the microscope is defined by the numerical aperture of the imaging
lens ∼λ∕Ao . This brings us to a conclusion that, to secure correct
operation of a SH sensor, the length of spatial coherence of the
illumination light in the sample plane should be larger than the
optical resolution of the microscope. In the plane of the MLA,
full spatial resolution is obtained with lenslets that are smaller than
the microscope point spread function (PSF). This condition is
equivalent to the requirement of complete spatial coherence over
the extent of a single lenslet. If the lenslet size is larger than the
PSF size, correct wavefront reconstruction is still possible, with
some loss of spatial resolution, as long as condition 2 is satisfied.
Compared to the usual wavefront sensing requirement of complete coherence over the whole aperture of the sensor, these requirements are much softer. This difference is explained by the
fact, that the OPD function is a deterministic function which
is coherent by definition; therefore, only local coherence of the
probe light is needed to characterize it. In contrast, the wavefront
characterization in the field of adaptive optics, the deterministic
function describing the wavefront can be defined only if the light
is coherent over the whole sensor aperture, including all lenslets.
In the MLA plane, the wavefront gradient decreases by a factor of M due to the microscope magnification, while the wavefront height remains the same. The registered SH pattern can be
approximated as a regular foci grid modulated by the wavefront
∂W
gradients ∂W
∂x ; ∂y under the assumption that the spots are
circularly symmetric and equal. The wavefront gradients may be
retrieved from the first harmonics as follows [20,21]:
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where F is the focal length of a lenslet. P is the pitch of MLA.
Therefore, the illumination source should also meet the same
requirement as the assumption for SH spots. When considering
the absorption of the sample, the movement of spots is not affected by small intensity variations. If the absorption is severe,
however, the SH pattern should be carefully exposed or
enhanced with high dynamic range techniques.
In this Letter, we retrieve the wavefront gradients by using
the Fourier demodulation method [22]. A reference wavefront
is registered in advance in the absence of a sample, for sensor
calibration. Then the OPD gradients brought by the sample
∂Ox;y ∂Ox;y
can be obtained by calculating the deviation from
∂x ; ∂y
the reference. Finally, we can reconstruct the OPD by two-dimensional gradient integration [23]:
8
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Here F f·g and F −1 f·g denote the Fourier transform and inverse
Fourier transform. f x; f y are the coordinates in the frequency
domain. Note that phase unwrapping is needed when the obtained wavefront gradients contain phase jumps [24].
To study the feasibility and accuracy of this method, the
OPD profile of a microlens array (APO-Q-P300-R8.6,
AMUS GmbH) was measured in the experiment with a customized microscope in the configuration of Fig. 1. The light
source is a collimated LED (M470L3-C1, Thorlabs) with
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the central wavelength of 460 nm and a bandwidth of 25 nm.
The numerical aperture of this collimated LED source is
As ≈ 0.02. A commercial SH sensor (FS3370-O-P63-F2,
OKO Tech) consisting of 140 × 140 lenslets with a pitch of
P  63 μm, a focal length of F  2 mm, with a 2048 ×
2048 digital CMOS sensor was employed for image registration. Our setup is built to satisfy the condition
λ
(5)
P≤M· ;
Ao
which is equivalent to (2). According to Eq. (5), the microscope
was then implemented with a 10× microscope objective
(Ao  0.25) and a tube lens with f t  400 mm, providing
∼2.5 × extra magnification, resulting in a total magnification
of 25×. With a 63 μm lenslet, here we have experienced some
loss in the spatial resolution, but the OPD was correctly reconstructed since condition 2 was still satisfied.
The experimental results are shown in Fig. 2. According to
the manufacturer specification sheet, the sample lenslets have a
plano–convex spherical shape with a pitch of 300 μm and a
nominal focal length of 18.6 mm. The sagitta of the microlens
is s  1.31 μm. The contrast of the bright field image in
Fig. 2(a) is very poor, even though some ring structures are
visible. Figure 2(b) shows the three-dimensional reconstruction
of the OPD in the specimen. The layer structure due to the
lithographic fabrication process is clearly visible. The refractive
index of the central wavelength in the fused silica is
n  1.4647. Then the OPD map of a single microlens is converted to the optical thickness in Fig. 2(c). The blue line in
Fig. 2(d) is the center line cross section of the microlens thickness map. The measured sagitta s  1.388 μm is close to the
given geometric parameter. The red dashed line is the measurement of the same microlens in the same setup, but with the
LED replaced by a collimated fiber laser (HLS635,
Thorlabs). The wavelength of the laser is 635 nm, and the refractive index is then n  1.4570. We can see a very good

Fig. 2. (a) Bright field microscope of a lenslet obtained with a 10×
microscope objective with Ao  0.25. (b) 3D OPD map of the MLA
reconstructed from a SH sensor with a LED illumination.
(c) Thickness map of the lenslet. (d) Center cross section of the microlens reconstructed with LED and laser illumination.
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agreement between these two measurements. The variance
may be due to the speckle noise, as it tends to produce a more
noisy measurement, compared to partially coherent light. The
spatial resolution in this particular case is limited to
r s  P∕M ≈ 2.5 μm. In the assumption of noiseless registration, the OPD error per lenslet can be derived from the average
2

wavefront curvature over the lenslet ΔM ≈ r 2s j dd rψ2 j, where ψ is
the OPD function and r is the coordinate. For a spherical sur2

face with radius R we have j dd rψ2 j  1∕R. In this particular case,
with R  18.6 mm, ΔM ≈ 0.34 nm. Further analysis of the
OPD error due to reconstruction noise, speckle, sensor sensitivity, and other factors, is out of scope of this work. The data of
our reconstruction, including thickness and number of layers,
and the amplitude of the surface waviness, are in perfect agreement with the manufacturer’s data, obtained independently for
this particular sample (Leleko, private communication).
In Fig. 3, we investigated the influence of the illumination
coherence on the accuracy of the OPD measurement. The incoherent LED illumination was scattered by a ground glass
with a diameter of D  25.4 mm at a distance L from the sample. We controlled the source angular size As  D∕2L by
changing the distance L between the ground glass and the sample. The experiment produces correct reconstruction as long as
the illumination size As ≤ 0.17. A further increase of As causes
the measurement error to rise quickly, when As is approaching
Ao , in agreement with our analysis. The increase of the illumination NA results in a larger bright source image inside the dark
objective lens pupil. Wavefront tilts are sensed as movements of
this bright image in the dark field. When the source image becomes too large, wavefront tilts result in vignetting of the
shifted image by the edges of the pupil, producing erroneous
measurements. Finally, when the image is larger than the pupil,
the sensitivity to movements is reduced to zero. In this configuration, condition 2 is always satisfied; therefore, some strongly
scattered ray movements were still sensed. Thus, we have
shown experimentally that a SH sensor can be used for precision measurements of OPD profiles with relatively low coherent illumination. Conventional microscopes could be easily
converted for OPD imaging by properly adjusting the
numerical aperture of the illumination system.
We have further applied this microscope to biological samples. An unstained dry red blood cell (RBC) smear was observed
under a 40× objective (NA  0.65). Figure 4 is the bright field
image of RBCs. In this image, only the outline of the RBCs is
visible. Details of the content of the RBCs, however, are invisible

Fig. 3. Measured thickness of the microlens sagitta versus the
numerical aperture of illumination As .
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Fig. 5. OPD measurement of a living cheek cell: (left) the bright
field intensity image; (right) the OPD map.

transmissive imaging cases have been verified in experiments, this
technique holds potential for reflective surface profile imaging.
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Fig. 4. (a) Bright field image of RBCs, (b) the SH pattern, and
(c) the reconstructed OPD map. A ross session of the OPD of the
individual blood cell is shown in the inset.
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