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Low coherence interference microscopy (LCIM) provides high spatial phase sensitivity, i.e., speckle free and co-
herent noise free quantitative phase images of the test specimens. Due to low temporal coherence (TC) length of
the light source, LCIM requires precise adjustment of the optical path difference (OPD) between the object and
the reference arm, which is only a few micrometers. Consequently, previously demonstrated LCIM systems are
implemented with the use of identical objective lenses in both the arms and also known as balanced interferomet-
ric configuration. The use of identical objective lens hinders both the use of high numerical aperture objective
lens and also the swift change of the objective lens during imaging. In the present work, LCIM is implemented
with non-identical objective lenses in the object and the reference arm also called unbalanced optical configura-
tion. A range of objective lenses 10 x /0.25NA, 20 x /0.45NA and 60 x /1.2NA are employed in the object arm
of the system while keeping single objective lens 10 x /0.25NA in the reference arm. To resolve the challenges
associated with unbalanced configuration, advanced iterative algorithm (AIA) and principal component analysis
(PCA) algorithms are integrated to recover quadratic phase error free phase images of the test specimens. The
capabilities of the proposed method are exhibited on various specimens like USAF resolution, step-like test object
and for the biological cells, HeLa cells. The proposed approach enables scalable magnification and resolution by

simply rotating the imaging objective turret without the need of changing objective lens in the reference arm.

1. Introduction

Low coherence interference microscopy (LCIM) also known as white
light interference microscopy is a widely accepted technique in the field
of optical profilometry, quantitative phase microscopy and full field
optical coherence tomography (FFOCT) [1-6]. In optical profilometry,
LCIM allows extended range of height measurement, which is not possi-
ble in monochromatic light source, i.e., laser-based interferometry sys-
tems [7-10]. In FFOCT, low coherent light sources are utilized to gen-
erate three dimensional optical images of the specimens with high ax-
ial resolution depending on the temporal coherence length of the light
source [4,11]. The three-dimensional optical images of the specimens
can also be obtained by employing high numerical aperture objective
lenses. Here, the axial resolution is decided by the longitudinal spatial
coherence length, i.e., depth of field, rather than the temporal coherence
length of the light source [12].

LCIM utilizes the spectrally broad band light sources like halogen
lamp, super luminescent diodes and light emitting diodes (LEDs) to form
the interference pattern at the detector plane. The use of these light
sources imposes a constraint on optical path difference (OPD) adjust-
ment within their short TC length, which is done by employing identical
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objective lenses in both the object and the reference arm of LCIM in the
past [4,5]. This is also called balanced optical configuration. In addition,
the low TC property of the white light (WL) source leads to the forma-
tion of speckle noise free, coherent noise free, and parasitic fringe free
interferometric images of the specimens [3,13]. Thus, it generates supe-
rior quality images of the specimens under study. Moreover, it provides
accurate quantitative height/phase maps of the ultrathin specimens as
well which are otherwise difficult to image with the high TC length light
sources like lasers [2,14]. However, this comes with a cost of more pre-
cise optical alignment, due to the need of OPD adjustment within the
TC length of the light source. In addition, WL source generates limited
interference field of view (FOV) at the camera [15]. Therefore, it is good
to use relatively narrow spectral bandwidth light sources like LEDs or
filtered white light (FWL) rather than pure WL source in the LCIM sys-
tem.

The LEDs or FWL sources are also partially temporally coherent and
have couple of micrometer TC length depending on their spectral band-
widths. Thus, in the past identical objective lenses have been used in
both the object and the reference arm of the LCIM systems based on Lin-
nik and Mach-Zehnder interferometric configurations [4,16]. The use of
identical objective lenses in both the arms of interferometer limits the
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applicability of the system, as a change in the imaging objective lens
would require changing the objective lens at the reference arms as well.
This problem is usually avoided by pre-defined use of an imaging and
reference objective lenses, but is then devoid of flexibility in imaging
magnification and resolution. Furthermore, the problem is more chal-
lenging while working with immersion objective lenses to obtain higher
resolution. It is cumbersome to use the immersion objective lens in the
reference arm as it increases instability and complexity in the system.
Mirau interferometer is another kind of interference microscopy config-
uration which is also used to obtain interference pattern quickly with WL
source [1,2,17,18], however, it has a limited highest possible transverse
resolution corresponding to 0.7 numerical aperture (N.A.) and fixed ref-
erence arm.

The focus of the present work is the implementation of low TC light
source in LCIM having non-identical objective lenses in the object arm
and the reference arm. This opens the flexibility to achieve scalable FOV
and resolution in LCIM system, which is not done previously. Here, Lin-
nik interference microscopy system is implemented with unfiltered WL
and FWL for a range of imaging objective lenses in the object arm and
a single objective lens in the reference arm. The reference arm of the
interferometer always has 10 x /0.25NA objective lens, whereas, in the
object arm 10 x /0.25NA, 20 x /0.45NA and 60 x /1.2NA objective
lenses are sequentially inserted to acquire scalable FOV and resolution.
The phase recovery of the specimens is done by implementing advanced
iterative algorithms (AIA) which requires phase shifted interferograms
and has the capability to recover quantitative phase maps from the ran-
domly phase shifted interferograms [19].

First, the effect of non-identical objective lenses on the performance
of LCIM in terms of spatial phase sensitivity is systematically studied.
As different objective lenses have different amount of optical dispersion,
therefore, its effect is systematically studied by utilizing pure WL and
FWL generated by inserting different bandpass filters of spectral band-
widths 69, 10, and 3 nm in LCIM. In addition, the use of non-identical
objective lenses in the interferometer enforces the adjustment of the
OPD between both arms, the object and the reference, within the TC
length of the light source to obtain interference pattern. The OPD ad-
justment is done by translating the reference arm (objective + mirror).
The OPD adjustment for non-identical objective lenses is done at the
cost of non-equal geometrical path lengths of the object and the ref-
erence arms. This leads to the generation of circular fringes instead of
straight fringes in the interference microscopy system due to the wave-
front curvature mismatch in both arms of LCIM. Consequently, it gener-
ates an unwanted quadratic phase error in the recovered phase images.
The quadratic phase error is compensated by employing principle com-
ponent analysis (PCA) algorithm which is only implemented for the sin-
gle shot phase recovery algorithm in the past [20]. The implementation
of PCA method with phase shifting recovery algorithm is absent from
the literature. Thus, the integration of AIA and PCA algorithms allow
quadratic aberration free phase recovery of the specimens correspond-
ing to different objective lenses using unbalanced LCIM. Note that the
proposed approach is not restricted only to AIA and PCA algorithms and
can be implemented with any other phase recovery and compensation
algorithm. The use of low TC light source in interference microscopy sys-
tem and above algorithms during reconstruction leads to the formation
of high resolution, quadratic phase error free and highly spatial phase
sensitive quantitative phase images of the test specimens.

2. Material and methods

2.1. Mathematical description

The 2D modulated intensity of the interferograms can be expressed
as follows [19]:

In(%y) = Ap(x,y) +Bp(x,y)cos [p(x,y) + 8] )
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where, subscript m represents the mth phase shifted interferogram
(m = 1,2,3,..., M). A, (x,y) is the background, B, (x,y) is the modula-
tion amplitude, ¢(x,y) is the phase of the test object with respect to the
outside media and &, is the amount of phase shift between the consecu-
tive interferograms. Let us assume N is the total number of pixels in the
individual interferogram.

Under the assumption that A_,(x,y) and B, (x, y) don’t have frame by
frame variation, define a new set of variable a(x,y) = A, (x,y), b(x,y) =
B, (x,y)cos ¢, and c(x,y) = —B,,(x,y) sin ¢,. The Eq. (1) can be rewritten
as follows:

I,(X,y) = a(x,y) + b(X,y)cos S, + c(x,y)sin S, 2)

With known &, ,there are 3 N unknowns and MN equations. These
unknowns can be solved by employing AIA algorithm [19] and the phase
can be obtained by the following expression:

d(x,y) = tan™! [—c(x, Y)/b(x’ y)] 3)

The complex field associated with the phase ‘¢(x, y)’ can be expressed
as follows:

Ux,y) = explig(x,y)| @

If the recovered phase has linear and quadratic aberration terms,
then the above Eq. (4) can be written as:

Ux,y) = explig(x, y)]Q(x,y) )
where, Q(x, y) is the aberration term and defined as follows [20]:
Q(x,y) = exp [i(kxx + kyy)]exp [i(lxx2 + lyyz)] (6)

where, k, and k, represent the linear phase difference between the ob-
ject and reference beam and is arises due to the angle between them. The
parameters I, and 1, describe the relative divergence between the object
and the reference beams due to their wavefront curvature mismatch.

The phase aberration term ‘Q(x,y)’ defined in Eq. (6) is compensated
by employing PCA approach [20], which effectively remove this type of
phase error from the recovered phase maps.

2.2. Experimental setup

The experimental scheme of LCIM system is illustrated in Fig. 1 and
works on the principle of Linnik based interference microscopy system.
The light coming from a white light source (halogen lamp) is coupled
into a multi-mode fiber (MMF) of 1 mm core diameter using a coupling
lens CL,. This improves the spatial coherence length of the white light
source. The TC length of the WL source is increased by inserting a spec-
tral bandpass filter into the light beam path at the output of MMF. This
is required to achieve high contrast interference fringes over the whole
camera FOV while working with non-identical objective lenses. The nar-
row bandwidth of the filtered white light (FWL) alleviates the problem
of optical dispersion while working with high NA objective lenses. For
spatial phase sensitivity comparison, a laser light beams coming from a
diode laser (1 = 638 nm; A4 = 0.1 nm) is coupled into a single-mode
fiber (SMF) using a coupling lens CL;. The output of SMF generates tem-
porally and spatially high coherent light beam.

The output port of MMF and SMF is attached with the input port of
interference microscopy system as illustrated in Fig. 1. The light beams
coming from SMF and MMF are combined using beam splitter BS;. The
combination of lenses L; (fl = 75 mm) and L, (fl = 125 mm) relay the
source image at the back focal plane of the microscope objective MO,
to achieve uniform illumination at the sample plane. Here, a range of
objective lenses 10 x /0.25NA, 20 x /0.45NA and 60 x /1.2NA are used
in the object arm to achieve user defined magnification and resolution.
The beam splitter BS, split the input beams into two; one is directed
towards the sample (S) and the other one towards reference objective
lens (MO, ) and mirror (M). The reference objective lens is always kept
10 x /0.25NA during the whole experimentation. The light beams re-
flected from the sample and M recombine and forms interference pattern
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Fig. 1. Schematic diagram of LCIM system. MO,_,: Microscope objectives; BS;_,: Beam splitters; L; ,: Achromatic doublet lenses; CL,_,: Coupling lenses; BPF:
Bandpass filter; MMF: Multi-mode fiber; SMF: Single mode fiber; M: Mirror and PZT: Piezo electric transducer.

at the same beam splitter plane, which is projected at the camera plane
with the help of tube lens (fl = 180 mm) to form interference pattern.
As the reference objective lens is fixed, therefore, MO; and mirror
are attached to a long travel range motorized linear translation stage
(50 mm) to adjust the OPD between the object and reference arm of
LCIM. This is required to obtain interference patterns while switch-
ing different MO, in the object arm for achieving scalable FOV and
resolution. The reference mirror M is attached to a piezo stage to in-
troduce temporal phase shift between the object and reference arm
with nanometer precision. The piezo stage and high-speed complemen-
tary metal oxide semiconductor (CMOS) camera are synchronized us-
ing micromanager to record phase shifted interferograms. Further, the
phase shifted interferograms of the test objects are used to retrieve their
diffraction limited phase maps as illustrated in the forthcoming sections.

3. Results and discussion
3.1. Optical path difference measurement for different objective lenses

In the present LCIM system, reference arm always has 10 x /0.25
objective lens, and in the object arm different objective lenses are used
10 x /0.25, 20 x /0.45 and 60 x /1.2 NA. The optical path lengths of
non-identical objective lenses are not equal and generates different OPD
between both arms of the system. Therefore, in order to achieve inter-
ference fringes with low TC length light source for all objective lenses,
the OPD must be adjusted and bring within the TC length. It is done
by translating the reference arm (objective + mirror) and continuously
observing the formation of interference fringes at the detector. First,
the zero OPD position is achieved by using identical objective lenses
(10 x /0.25) in both arms. It forms straight fringes at zero OPD posi-
tion. The reference arm (objective + mirror) is then translated to ad-
just the OPD within TC length for other objective lenses 20 x /0.45 and
60 x /1.2 NA to achieve interference fringes. This leads to the formation
of curved fringes instead of straight fringes due to the wavefront curva-
ture mismatch between the object and the reference beam at zero OPD

position. The OPDs are measured to be equal to 9.94 mm and 27.62 mm
for 20 x /0.45 and 60 x /1.2 NA, respectively.

3.2. Effect of optical dispersion due to non-identical objective lenses in
LCIM

As different objective lenses have different optical dispersion, there-
fore, it becomes important to understand its effect on the performance of
LCIM as a function of the spectral bandwidth of the light source. The use
of non-identical objective lenses introduces the problem of uncompen-
sated dispersion/chromatic aberration in the images which reduces the
fringe contrast significantly. The problem of dispersion/chromatic aber-
ration is systematically studied by utilizing pure WL and FWL generated
by inserting different bandpass filters at central wavelength/spectral
bandwidths: 630 nm/69 nm, 632 nm/10 nm, and 632 nm/3 nm in LCIM.

The experiment is conducted with water immersion objective lens
60 x /1.2NA in the object arm and 10 x /0.25NA in the reference arm.
Fig. 2a—d illustrate the full FOV interference fringes corresponding to
unfiltered WL and FWL (630/69 nm; 632/10 nm; and 632 nm/3 nm).
The zoomed views of the regions marked with yellow color solid boxes
are exhibited in Fig. 2e-h. The interference signals are normalized by
dividing from their maximum values and displayed in the range 0 to 1
for clearly demonstrating the effect of optical dispersion on their fringe
contrast. It can be seen that the use of WL and FWL at 630/69 nm in
LCIM reduces the fringe contrast significantly due to uncompensated
dispersion as depicted in Fig. 2e and f. This will further reduce the spatial
phase sensitivity of the system as illustrated in Fig. 2i and j. On the
contrary, the fringe contrast is observed to be quite high for FWL at
632/10 nm and 632/3 nm as shown in Fig. 2g and h. Thus, narrow
bandpass filters reduce the effect of dispersion and reconstruct the phase
images of the targeted specimen with significantly reduced phase noise
as presented in Fig. 2k and 1. Similar studies are performed and found to
be same for other objective lenses 20 x /0.45NA and 60 x /0.7NA in the
object arm keeping 10 x /0.25NA in the reference arm, which are not
included here. It is observed that bandpass filter of 10 nm bandwidth
or smaller is sufficient to provide high contrast interference fringes over
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Fig. 2. (a-d) Full FOV interference signal corresponding to unfiltered white light and filtered white light at peak wavelength with spectral bandwidth 630/69 nm,
632/10 nm, and 632 nm/3 nm. (e-h) Zoomed views of the region marked with yellow color solid boxes. (i-1) Reconstructed phase maps to illustrate the influence

of optical dispersion on the spatial phase sensitivity of LCIM system.

the whole FOV of the camera and subsequently reduction in the spatial
phase noise of unbalanced LCIM system significantly.

3.3. Quadratic aberration free diffraction limited phase reconstruction

In order to exhibit the capability of the phase reconstruction (AIA)
and quadratic phase error compensation (PCA) algorithm, the experi-
ment is conducted on a USAF resolution test target (Newport: model
# RES-1). For AIA reconstruction algorithm, 10 phase shifted interfer-
ograms within a range of 0-2r are recorded. One of the phase shifted
interferograms of USAF chart is depicted in Fig. 3a. The interferograms
are recorded with 20 x /0.45 NA objective lens. It can be seen that the
shape of the fringes is curved instead of straight fringes due to the use
of non-identical objective lenses in both arms of the interferometer as
explained in the last section.

The wrapped phase map obtained from AIA algorithm is shown in
Fig. 3b. The wrapped phase map is then unwrapped using phase unwrap-
ping algorithm [21] and presented in Fig. 3c. It can be visualized that
the recovered phase map has quadratic phase aberration error due to
the curved interference fringes. This quadratic phase aberration is then
compensated by employing PCA method. It can also be compensated by
recording and subtracting the reference phase corresponding to the ref-
erence interferograms at the cost of less temporal resolution as presented
in the next section. The compensated phase map of the USAF chart is
illustrated in Fig. 3d. It can be visualized from Fig. 3d that the com-
pensated phase map still has slowly varying background phase, which
is due to the presence of other optical aberrations like spherical, field
flatness and distortion etc. in the system. The reconstructed phase map

does not suffer from the coherent noise due to the use of low TC length
light source.

3.4. Phase error analysis

In order to perform this study, we compared PCA compensated phase
with the standard double exposure method. In double exposure method,
two interferograms are required one with sample (object interferogram)
and other without sample (reference interferogram). The corresponding
recovered phase maps are then subtracted for quadratic phase aberra-
tion compensation. The experiments are performed using 20 x /0.45 NA
objective lens on a standard object, i.e., step/barrier like structure. The
structures are made on a Si wafer and fabricated by etching the Si wafer
down to approximately 110 nm depth. For double exposure method, the
phase shifted object interferogram and the reference interferograms cor-
responding to structure free flat region on the sample are recorded and
analyzed for phase recovery. One of the phase shifted reference and ob-
ject interferograms and corresponding recovered wrapped phase maps
are illustrated in Fig. 4a-d. The phase recovery from object and refer-
ence interferograms is done by using AIA algorithm. The wrapped phase
maps are then unwrapped using minimum Lp norm phase unwrapping
algorithm. The unwrapped phase map corresponding to reference inter-
ferogram is subtracted from the object unwrapped phase map to obtain
quadratic aberration free phase images. The subtracted phase map of
step like structure is presented in Fig. 4e. Next, quadratic phase aberra-
tion error from the object phase map is compensated numerically using
PCA algorithm. The compensated phase map is shown in Fig. 4f. For er-
ror analysis, PCA compensated phase map is subtracted from the double
exposure compensated phase map and illustrated in Fig. 4g. The phase
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bandpass filter of 3 nm spectral bandwidth at central wave-
length 632 nm is inserted into the white light beam path to
generate FWL. (a) One of the phase shifted interferograms of
USAF chart recorded with 20 x /0.45 NA objective lens. (b)
Wrapped phase map obtained by employing AIA phase recov-
ery algorithm. (c) Unwrapped phase map without the removal
of unwanted quadratic phase error which is generated due to
the curved fringes. (d) PCA compensated unwrapped phase
map. The color bars are in rad.

N Fig. 3. Quadratic aberration free phase reconstruction. A

¢(rad.)

" 3@ 33 mrad.

Ad(rad.)
0.5

0.5

Fig. 4. (a, c) Reference and object interferogram recorded using 20x/0.45NA objective lens and bandpass filter at peak wavelength of 632 nm with 3 nm spectral
bandwidth. (b, d) Corresponding wrapped phase maps retrieved by employing AIA. (e, f) Quadratic aberration compensated phase maps corresponding to double
exposure based physical method and PCA based numerical method, respectively. (g) Error phase map between the compensated phase maps for double exposure and

PCA based approach.

error is measured to be equal to 33 mrad. Thus, compensated phase
maps are found to be in a good agreement with each other.

3.5. Comparison of laser vs FWL based phase reconstruction

To compare the capability of LCIM while working with FWL and
laser, the experiments are conducted on a standard Si wafer having
structures of approximately 110 nm height. The specimen is placed un-

der the LCIM (Fig. 1) to acquire random phase shifted interferograms
corresponding to direct laser and FWL both as depicted in Fig. 5(a) and
5(d), respectively. It can be visualized in Fig. 5(a), diode laser interfer-
ogram suffers from the coherent noise generated due to high temporal
and spatial coherence length of the laser. In contrast, FWL produces co-
herent and speckle noise free interferogram as illustrated in Fig. 5(d).
The data is recorded with 20 x /0.45 NA objective lens. The recorded
interferograms are further post-processed by employing AIA and PCA
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Fig. 5. FWL prevents coherent noise formation. A bandpass filter of 3 nm bandwidth at central wavelength 632 nm is inserted into the white light beam path to
generate FWL. (a, d) One of the phase shifted interferometric images of a UiT text fabricated by etching Si wafer. (b, €) Corresponding reconstructed phase images
while employing laser and FWL, respectively. (c, f) Normalized probability density functions of the region marked with yellow dotted box in the recovered phase
images of Si wafer. The FWL effectively suppresses the spatial phase noise in the recovered phase images. The color bars are in rad.

Fig. 6. Scalable FOV and resolution in LCIM. Three objective lenses with different magnification and numerical aperture were used: 10 x /0.25NA, 20 x /0.45NA
and 60 x /1.2NA. (a—c) Interferometric images of HeLa cells recorded with FWL while sequentially using 10 x /0.25NA, 20 x /0.45NA and 60 x /1.2NA objective lens
in the object arm, respectively. (d-f) Reconstructed phase images of the cells corresponding to aforementioned objective lenses. The white dotted boxes in Fig. 6(d)
and (e) exhibit the 20 x and 60 x FOVs. The scale bars are in micron.
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algorithms for the quadratic phase error free quantitative phase maps
of UiT text fabricated on a Si wafer. Subsequently, the phase maps can
be used to measure the height maps of text for both laser and FWL by
using H(x,y) = A(x,y)/4pi, where A is the peak wavelength of the light
source. Fig. 5(b) and (e) illustrate the reconstructed phase maps of the
UiT text corresponding to diode laser and FWL, respectively.

The normalized histogram plots of the region marked with yellow
dotted box for both sources are illustrated in Fig. 5(c) and 5(f), respec-
tively. It is observed from the histogram plots that diode laser generates
large coherent noise in the recovered phase maps compared to FWL. The
phase difference between the structure’s foreground and background are
measured to be equal to 2.2 rad. and 2.27 rad. for laser and FWL, re-
spectively. It can be seen that the spatial phase noise is large in case
of laser compared to FWL. The standard deviation values are measured
to be approximately equal to 0.5 rad and 0.2 rad for laser and FWL,
respectively. It is quite evident from Fig. 5(c) and (f) that the coher-
ence property of the light source plays an important role in deciding the
phase measurement sensitivity of the system. Thus, partially spatial and
partially temporal coherent light source, like FWL in the present work,
generates superior quality interferometric and subsequently phase im-
ages of the specimen. High spatial phase sensitivity is required when
minute structures like membrane of liver sinusoidal endothelial cells (H
~100 nm), tail of the sperms and thin optical waveguide are needed to
be imaged. These structures would be difficult to image in a laser based
interferometric systems.

3.6. Scalable field of view and resolution

The scalable FOV and resolution is indispensable in the LCIM system.
It provides the flexibility to the user to acquire, first, the extremely large
FOV with low magnification objective lens and then the high-resolution
phase images of the region of interest. In the previous sections, it has
been demonstrated that non-identical objective lenses can be used in the
object and the reference arm of the LCIM system to obtain interference
fringes with low TC length light source. In this section, the experiments
are conducted on the biological sample (HeLa cells) to exhibit the scal-
able FOV and resolution capability of the present approach. The data
is acquired with three different 10 x /0.25, 20 x /0.45 and 60 x /1.2
NA objective lenses in the object arm of LCIM system. To prepare the
sample, first, PDMS chamber having opening area 10 x 10 mm is placed
on top of the Si wafer. The HeLa cells are grown in the PDMS chamber
and then covered from the top using a 170 um thick cover glass.

Fig. 6(a)-(c) illustrate one of the phase shifted interferograms
of HeLa cells corresponding to 10 x /0.25NA, 20 x /0.45NA and
60 x /1.2NA objective lenses, respectively. It can be seen from the
interferograms that the shape of the fringes is circular for all objec-
tive lenses. This is due to the wavefront curvature mismatch between
the object and the reference beam at zero OPD position while working
with 20 x /0.45NA and 60 x /1.2NA objective lenses. The 60 x /1.2NA
objective lens generates large curvature mismatch than 20 x /0.45NA
objective lens and forms relatively high-density fringes as presented in
Fig. 6(b) and (c). For identical objective lenses 10 x /0.25NA in both
the object and the reference arm, the shape of the fringes is also circu-
lar. In this case, slight curvature mismatch is arising due to the sample,
which generated extra OPD in the object beam compared to the ref-
erence beam. These interferograms are further post processed to mea-
sure the corresponding phase maps using AIA and PCA algorithms. The
recovered phase maps of HelLa cells corresponding to 10 x /0.25NA,
20 x /0.45NA and 60 x /1.2NA objective lenses are illustrated in
Fig. 6(d)-(f), respectively. It can be visualized that the recovered phase
maps do not suffer from the speckle noise and coherent noise. The use
of FWL generates highly spatial phase sensitive phase images of the bi-
ological specimens over the whole camera FOV. Thus, it demonstrates
that the present approach provides the possibility of obtaining scalable
FOV and resolution with high spatial phase sensitivity in interference
microscopy system.
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4. Conclusion and discussion

In the present work, LCIM is implemented with non-identical objec-
tive lenses in the object and the reference arm and low TC length (~
60 pm) light source. LCIM has advantages such as optical sectioning
due to the short TC length of the light source, extended range of height
measurement in profilometry compared to monochromatic light source-
based interferometry system, and generation of three-dimensional im-
ages in FFOCT system. Along with these advantages, the use of low TC
light source in interference microscopy system significantly increases its
phase measurement sensitivity compared to laser.

High spatial phase sensitivity is indispensable in the LCIM system
for imaging thin biological specimens like membrane of LSECs [2], tail
of sperm, extracellular vesicles, bacteria and liposomes which introduce
minute optical lengths in the light wavefront. Such objects are difficult
to image under laser-based interference microscopy system due to the
coherent noise. The problem of coherent noise can be resolved by em-
ploying LCIM system, which utilizes low TC length light sources instead
of high TC length light source like laser. At the same time, the low TC
length imposes a constraint on the LCIM. This limits the use of only
identical objective lenses in both arms of the interference microscopy
system. The identical objective lenses do not disturb the zero OPD con-
dition between the object and the reference arm and helps to form the
interference fringes even with the low TC length light sources. This over-
all restricts the applications of LCIM system only for a specific objective
lens.

On the contrary, the use of non-identical objective lenses introduces
extra OPD (larger than TC length of the light source) and optical dis-
persion mismatch between the object and the reference field of LCIM
system while switching different objective lenses in the object arm and
consequently washout the interference fringes. The OPD adjustment is
done by translating the reference arm (objective lens + mirror) and op-
tical dispersion compensation is done by employing FWL with spectral
bandwidth less than 10 nm. At zero or nearly zero OPD position, the
interference fringes again appear at the camera. It disturbs the geomet-
rical path length between the object and the reference arm of the system
and introduce wavefront curvature mismatch between the interfering
beams. This leads to the formation of curved fringes in place of straight
fringes and subsequently introduces an unwanted quadratic phase error
in the recovered phase maps.

The AIA algorithm is implemented for the quantitative phase recov-
ery of the test specimens which reconstruct the diffraction limited phase
images from the randomly phase shifted interferograms. The quadratic
phase error is compensated by employing PCA algorithm, which is im-
plementing only for a single shot phase recovery algorithm in the past.
It is demonstrated that these algorithms work effectively in the present
unbalanced LCIM system and generates high quality phase images of the
specimens without losing any resolution during the reconstruction steps.
The capability of the present approach is exhibited by performing phase
imaging of the USAF chart, step like object (UiT text) and scalable FOV
imaging of HeLa cells. Thus, user defined scalable FOV and resolution
can be easily obtained in LCIM system. The present approach would also
enable the use of highest possible resolution immersion objective lenses
for phase imaging of a variety of specimens. We believe the present
approach would have a wide penetration in the field of interference mi-
croscopy and opens the avenue for wide range of bio applications in
future.
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