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a b s t r a c t 

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 × /0.25NA, 20 × /0.45NA and 60 × /1.2NA are employed in the object arm 

of the system while keeping single objective lens 10 × /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. 
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. Introduction 

Low coherence interference microscopy (LCIM) also known as white

ight interference microscopy is a widely accepted technique in the field

f optical profilometry, quantitative phase microscopy and full field

ptical coherence tomography (FFOCT) [ 1–6 ]. In optical profilometry,

CIM allows extended range of height measurement, which is not possi-

le in monochromatic light source, i.e., laser-based interferometry sys-

ems [ 7–10 ]. In FFOCT, low coherent light sources are utilized to gen-

rate three dimensional optical images of the specimens with high ax-

al resolution depending on the temporal coherence length of the light

ource [ 4 , 11 ]. The three-dimensional optical images of the specimens

an also be obtained by employing high numerical aperture objective

enses. Here, the axial resolution is decided by the longitudinal spatial

oherence length, i.e., depth of field, rather than the temporal coherence

ength of the light source [12] . 

LCIM utilizes the spectrally broad band light sources like halogen

amp, super luminescent diodes and light emitting diodes (LEDs) to form

he interference pattern at the detector plane. The use of these light

ources imposes a constraint on optical path difference (OPD) adjust-

ent within their short TC length, which is done by employing identical
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bjective lenses in both the object and the reference arm of LCIM in the

ast [ 4 , 5 ]. This is also called balanced optical configuration. In addition,

he low TC property of the white light (WL) source leads to the forma-

ion of speckle noise free, coherent noise free, and parasitic fringe free

nterferometric images of the specimens [ 3 , 13 ]. Thus, it generates supe-

ior quality images of the specimens under study. Moreover, it provides

ccurate quantitative height/phase maps of the ultrathin specimens as

ell which are otherwise difficult to image with the high TC length light

ources like lasers [ 2 , 14 ]. However, this comes with a cost of more pre-

ise optical alignment, due to the need of OPD adjustment within the

C length of the light source. In addition, WL source generates limited

nterference field of view (FOV) at the camera [15] . Therefore, it is good

o use relatively narrow spectral bandwidth light sources like LEDs or

ltered white light (FWL) rather than pure WL source in the LCIM sys-

em. 

The LEDs or FWL sources are also partially temporally coherent and

ave couple of micrometer TC length depending on their spectral band-

idths. Thus, in the past identical objective lenses have been used in

oth the object and the reference arm of the LCIM systems based on Lin-

ik and Mach-Zehnder interferometric configurations [ 4 , 16 ]. The use of

dentical objective lenses in both the arms of interferometer limits the
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pplicability of the system, as a change in the imaging objective lens

ould require changing the objective lens at the reference arms as well.

his problem is usually avoided by pre-defined use of an imaging and

eference objective lenses, but is then devoid of flexibility in imaging

agnification and resolution. Furthermore, the problem is more chal-

enging while working with immersion objective lenses to obtain higher

esolution. It is cumbersome to use the immersion objective lens in the

eference arm as it increases instability and complexity in the system.

irau interferometer is another kind of interference microscopy config-

ration which is also used to obtain interference pattern quickly with WL

ource [ 1 , 2 , 17 , 18 ], however, it has a limited highest possible transverse

esolution corresponding to 0.7 numerical aperture (N.A.) and fixed ref-

rence arm. 

The focus of the present work is the implementation of low TC light

ource in LCIM having non-identical objective lenses in the object arm

nd the reference arm. This opens the flexibility to achieve scalable FOV

nd resolution in LCIM system, which is not done previously. Here, Lin-

ik interference microscopy system is implemented with unfiltered WL

nd FWL for a range of imaging objective lenses in the object arm and

 single objective lens in the reference arm. The reference arm of the

nterferometer always has 10 × /0.25NA objective lens, whereas, in the

bject arm 10 × /0.25NA, 20 × /0.45NA and 60 × /1.2NA objective

enses are sequentially inserted to acquire scalable FOV and resolution.

he phase recovery of the specimens is done by implementing advanced

terative algorithms (AIA) which requires phase shifted interferograms

nd has the capability to recover quantitative phase maps from the ran-

omly phase shifted interferograms [19] . 

First, the effect of non-identical objective lenses on the performance

f LCIM in terms of spatial phase sensitivity is systematically studied.

s different objective lenses have different amount of optical dispersion,

herefore, its effect is systematically studied by utilizing pure WL and

WL generated by inserting different bandpass filters of spectral band-

idths 69, 10, and 3 nm in LCIM. In addition, the use of non-identical

bjective lenses in the interferometer enforces the adjustment of the

PD between both arms, the object and the reference, within the TC

ength of the light source to obtain interference pattern. The OPD ad-

ustment is done by translating the reference arm (objective + mirror).

he OPD adjustment for non-identical objective lenses is done at the

ost of non-equal geometrical path lengths of the object and the ref-

rence arms. This leads to the generation of circular fringes instead of

traight fringes in the interference microscopy system due to the wave-

ront curvature mismatch in both arms of LCIM. Consequently, it gener-

tes an unwanted quadratic phase error in the recovered phase images.

he quadratic phase error is compensated by employing principle com-

onent analysis (PCA) algorithm which is only implemented for the sin-

le shot phase recovery algorithm in the past [20] . The implementation

f PCA method with phase shifting recovery algorithm is absent from

he literature. Thus, the integration of AIA and PCA algorithms allow

uadratic aberration free phase recovery of the specimens correspond-

ng to different objective lenses using unbalanced LCIM. Note that the

roposed approach is not restricted only to AIA and PCA algorithms and

an be implemented with any other phase recovery and compensation

lgorithm. The use of low TC light source in interference microscopy sys-

em and above algorithms during reconstruction leads to the formation

f high resolution, quadratic phase error free and highly spatial phase

ensitive quantitative phase images of the test specimens. 

. Material and methods 

.1. Mathematical description 

The 2D modulated intensity of the interferograms can be expressed

s follows [19] : 

 m ( x , y ) = A m ( x , y ) + B m ( x , y ) cos 
[
𝜙( x , y ) + δm 

]
(1)
2 
here, subscript m represents the mth phase shifted interferogram

 m = 1,2,3,…, M). A m ( x , y ) is the background, B m ( x , y ) is the modula-

ion amplitude, 𝜙( x , y ) is the phase of the test object with respect to the

utside media and δm is the amount of phase shift between the consecu-

ive interferograms. Let us assume N is the total number of pixels in the

ndividual interferogram. 

Under the assumption that A m ( x , y ) and B m ( x , y ) don’t have frame by

rame variation, define a new set of variable a( x , y ) = 𝐴 m ( x , y ) , b( x , y ) =
 m ( x , y ) cos 𝜙n and c ( x , y ) = − B m ( x , y ) sin 𝜙n . The Eq. (1) can be rewritten

s follows: 

 m ( x , y ) = a ( 𝑥, 𝑦 ) + 𝑏 ( x , y ) cos δm + 𝑐 ( x , y ) sin δm (2)

With known δm ,there are 3 N unknowns and MN equations. These

nknowns can be solved by employing AIA algorithm [19] and the phase

an be obtained by the following expression: 

( x , y ) = tan −1 
[
− 𝑐 ( x , y ) ∕ b ( x , y ) 

]
(3) 

The complex field associated with the phase ‘ 𝜙( x , y ) ’ can be expressed

s follows: 

 ( x , y ) = exp 
[
i 𝜙( x , y ) 

]
(4)

If the recovered phase has linear and quadratic aberration terms,

hen the above Eq. (4) can be written as: 

 ( x , y ) = exp 
[
i 𝜙( x , y ) 

]
Q ( x , y ) (5)

here, Q( x , y ) is the aberration term and defined as follows [20] : 

 ( x , y ) = exp 
[
i 
(
k x 𝑥 + k y y 

)]
exp 

[
i 
(
l x x 2 + l y y 2 

)]
(6)

here, k x and k y represent the linear phase difference between the ob-

ect and reference beam and is arises due to the angle between them. The

arameters l x and l y describe the relative divergence between the object

nd the reference beams due to their wavefront curvature mismatch. 

The phase aberration term ‘ Q( x , y ) ’ defined in Eq. (6) is compensated

y employing PCA approach [20] , which effectively remove this type of

hase error from the recovered phase maps. 

.2. Experimental setup 

The experimental scheme of LCIM system is illustrated in Fig. 1 and

orks on the principle of Linnik based interference microscopy system.

he light coming from a white light source (halogen lamp) is coupled

nto a multi-mode fiber (MMF) of 1 mm core diameter using a coupling

ens CL 2 . This improves the spatial coherence length of the white light

ource. The TC length of the WL source is increased by inserting a spec-

ral bandpass filter into the light beam path at the output of MMF. This

s required to achieve high contrast interference fringes over the whole

amera FOV while working with non-identical objective lenses. The nar-

ow bandwidth of the filtered white light (FWL) alleviates the problem

f optical dispersion while working with high NA objective lenses. For

patial phase sensitivity comparison, a laser light beams coming from a

iode laser ( 𝜆 = 638 nm; Δ𝜆 = 0.1 nm) is coupled into a single-mode

ber (SMF) using a coupling lens CL 1 . The output of SMF generates tem-

orally and spatially high coherent light beam. 

The output port of MMF and SMF is attached with the input port of

nterference microscopy system as illustrated in Fig. 1 . The light beams

oming from SMF and MMF are combined using beam splitter BS 1 . The

ombination of lenses L 1 (fl = 75 mm) and L 2 (fl = 125 mm) relay the

ource image at the back focal plane of the microscope objective MO 2 

o achieve uniform illumination at the sample plane. Here, a range of

bjective lenses 10 × /0.25NA, 20 × /0.45NA and 60 × /1.2NA are used

n the object arm to achieve user defined magnification and resolution.

he beam splitter BS 2 split the input beams into two; one is directed

owards the sample (S) and the other one towards reference objective

ens (MO 1 ) and mirror (M). The reference objective lens is always kept

0 × /0.25NA during the whole experimentation. The light beams re-

ected from the sample and M recombine and forms interference pattern
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Fig. 1. Schematic diagram of LCIM system. MO 1–2 : Microscope objectives; BS 1–2 : Beam splitters; L 1–2 : Achromatic doublet lenses; CL 1–2 : Coupling lenses; BPF: 

Bandpass filter; MMF: Multi-mode fiber; SMF: Single mode fiber; M: Mirror and PZT: Piezo electric transducer. 

a  

w

 

a  

(  

L  

i  

r  

t  

w  

t  

i  

p  

d  

3

3

 

o  

1  

n  

b  

f  

t  

b  

o  

t  

(  

t  

j  

6  

o  

t  

p  

f

3

L

 

f  

L  

o  

s  

f  

r  

b  

b  

 

6  

F  

u  

T  

a  

d  

f  

c  

L  

d  

p  

c  

6  

b  

i  

a  

b  

o  

i  

o  
t the same beam splitter plane, which is projected at the camera plane

ith the help of tube lens (fl = 180 mm) to form interference pattern. 

As the reference objective lens is fixed, therefore, MO 1 and mirror

re attached to a long travel range motorized linear translation stage

50 mm) to adjust the OPD between the object and reference arm of

CIM. This is required to obtain interference patterns while switch-

ng different MO 2 in the object arm for achieving scalable FOV and

esolution. The reference mirror M is attached to a piezo stage to in-

roduce temporal phase shift between the object and reference arm

ith nanometer precision. The piezo stage and high-speed complemen-

ary metal oxide semiconductor (CMOS) camera are synchronized us-

ng micromanager to record phase shifted interferograms. Further, the

hase shifted interferograms of the test objects are used to retrieve their

iffraction limited phase maps as illustrated in the forthcoming sections.

. Results and discussion 

.1. Optical path difference measurement for different objective lenses 

In the present LCIM system, reference arm always has 10 × /0.25

bjective lens, and in the object arm different objective lenses are used

0 × /0.25, 20 × /0.45 and 60 × /1.2 NA. The optical path lengths of

on-identical objective lenses are not equal and generates different OPD

etween both arms of the system. Therefore, in order to achieve inter-

erence fringes with low TC length light source for all objective lenses,

he OPD must be adjusted and bring within the TC length. It is done

y translating the reference arm (objective + mirror) and continuously

bserving the formation of interference fringes at the detector. First,

he zero OPD position is achieved by using identical objective lenses

10 × /0.25) in both arms. It forms straight fringes at zero OPD posi-

ion. The reference arm (objective + mirror) is then translated to ad-

ust the OPD within TC length for other objective lenses 20 × /0.45 and

0 × /1.2 NA to achieve interference fringes. This leads to the formation

f curved fringes instead of straight fringes due to the wavefront curva-

ure mismatch between the object and the reference beam at zero OPD
3 
osition. The OPDs are measured to be equal to 9.94 mm and 27.62 mm

or 20 × /0.45 and 60 × /1.2 NA, respectively. 

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

CIM 

As different objective lenses have different optical dispersion, there-

ore, it becomes important to understand its effect on the performance of

CIM as a function of the spectral bandwidth of the light source. The use

f non-identical objective lenses introduces the problem of uncompen-

ated dispersion/chromatic aberration in the images which reduces the

ringe contrast significantly. The problem of dispersion/chromatic aber-

ation is systematically studied by utilizing pure WL and FWL generated

y inserting different bandpass filters at central wavelength/spectral

andwidths: 630 nm/69 nm, 632 nm/10 nm, and 632 nm/3 nm in LCIM.

The experiment is conducted with water immersion objective lens

0 × /1.2NA in the object arm and 10 × /0.25NA in the reference arm.

ig. 2 a–d illustrate the full FOV interference fringes corresponding to

nfiltered WL and FWL (630/69 nm; 632/10 nm; and 632 nm/3 nm).

he zoomed views of the regions marked with yellow color solid boxes

re exhibited in Fig. 2 e–h. The interference signals are normalized by

ividing from their maximum values and displayed in the range 0 to 1

or clearly demonstrating the effect of optical dispersion on their fringe

ontrast. It can be seen that the use of WL and FWL at 630/69 nm in

CIM reduces the fringe contrast significantly due to uncompensated

ispersion as depicted in Fig. 2 e and f. This will further reduce the spatial

hase sensitivity of the system as illustrated in Fig. 2 i and j. On the

ontrary, the fringe contrast is observed to be quite high for FWL at

32/10 nm and 632/3 nm as shown in Fig. 2 g and h. Thus, narrow

andpass filters reduce the effect of dispersion and reconstruct the phase

mages of the targeted specimen with significantly reduced phase noise

s presented in Fig. 2 k and l. Similar studies are performed and found to

e same for other objective lenses 20 × /0.45NA and 60 × /0.7NA in the

bject arm keeping 10 × /0.25NA in the reference arm, which are not

ncluded here. It is observed that bandpass filter of 10 nm bandwidth

r 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–l) Reconstructed phase maps to illustrate the influence 

of optical dispersion on the spatial phase sensitivity of LCIM system. 
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he whole FOV of the camera and subsequently reduction in the spatial

hase noise of unbalanced LCIM system significantly. 

.3. Quadratic aberration free diffraction limited phase reconstruction 

In order to exhibit the capability of the phase reconstruction (AIA)

nd quadratic phase error compensation (PCA) algorithm, the experi-

ent is conducted on a USAF resolution test target (Newport: model

 RES-1). For AIA reconstruction algorithm, 10 phase shifted interfer-

grams within a range of 0–2 𝜋 are recorded. One of the phase shifted

nterferograms of USAF chart is depicted in Fig. 3 a. The interferograms

re recorded with 20 × /0.45 NA objective lens. It can be seen that the

hape of the fringes is curved instead of straight fringes due to the use

f non-identical objective lenses in both arms of the interferometer as

xplained in the last section. 

The wrapped phase map obtained from AIA algorithm is shown in

ig. 3 b. The wrapped phase map is then unwrapped using phase unwrap-

ing algorithm [21] and presented in Fig. 3 c. It can be visualized that

he recovered phase map has quadratic phase aberration error due to

he curved interference fringes. This quadratic phase aberration is then

ompensated by employing PCA method. It can also be compensated by

ecording and subtracting the reference phase corresponding to the ref-

rence interferograms at the cost of less temporal resolution as presented

n the next section. The compensated phase map of the USAF chart is

llustrated in Fig. 3 d. It can be visualized from Fig. 3 d that the com-

ensated phase map still has slowly varying background phase, which

s due to the presence of other optical aberrations like spherical, field

atness and distortion etc. in the system. The reconstructed phase map
4 
oes not suffer from the coherent noise due to the use of low TC length

ight source. 

.4. Phase error analysis 

In order to perform this study, we compared PCA compensated phase

ith the standard double exposure method. In double exposure method,

wo interferograms are required one with sample (object interferogram)

nd other without sample (reference interferogram). The corresponding

ecovered phase maps are then subtracted for quadratic phase aberra-

ion compensation. The experiments are performed using 20 × /0.45 NA

bjective lens on a standard object, i.e., step/barrier like structure. The

tructures are made on a Si wafer and fabricated by etching the Si wafer

own to approximately 110 nm depth. For double exposure method, the

hase shifted object interferogram and the reference interferograms cor-

esponding to structure free flat region on the sample are recorded and

nalyzed for phase recovery. One of the phase shifted reference and ob-

ect interferograms and corresponding recovered wrapped phase maps

re illustrated in Fig. 4 a–d. The phase recovery from object and refer-

nce interferograms is done by using AIA algorithm. The wrapped phase

aps are then unwrapped using minimum Lp norm phase unwrapping

lgorithm. The unwrapped phase map corresponding to reference inter-

erogram is subtracted from the object unwrapped phase map to obtain

uadratic aberration free phase images. The subtracted phase map of

tep like structure is presented in Fig. 4 e. Next, quadratic phase aberra-

ion error from the object phase map is compensated numerically using

CA algorithm. The compensated phase map is shown in Fig. 4 f. For er-

or analysis, PCA compensated phase map is subtracted from the double

xposure compensated phase map and illustrated in Fig. 4 g. The phase
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Fig. 3. Quadratic aberration free phase reconstruction. A 

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 × /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. 

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. 

e  

m

3

 

l  

s  

d  

c  

5  

o  

a  

h  

T  

i  
rror is measured to be equal to 33 mrad. Thus, compensated phase

aps are found to be in a good agreement with each other. 

.5. Comparison of laser vs FWL based phase reconstruction 

To compare the capability of LCIM while working with FWL and

aser, the experiments are conducted on a standard Si wafer having

tructures of approximately 110 nm height. The specimen is placed un-
5 
er the LCIM ( Fig. 1 ) to acquire random phase shifted interferograms

orresponding to direct laser and FWL both as depicted in Fig. 5 (a) and

(d), respectively. It can be visualized in Fig. 5 (a), diode laser interfer-

gram suffers from the coherent noise generated due to high temporal

nd spatial coherence length of the laser. In contrast, FWL produces co-

erent and speckle noise free interferogram as illustrated in Fig. 5 (d).

he data is recorded with 20 × /0.45 NA objective lens. The recorded

nterferograms 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, e) 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 × /0.25NA, 20 × /0.45NA 

and 60 × /1.2NA. (a–c) Interferometric images of HeLa cells recorded with FWL while sequentially using 10 × /0.25NA, 20 × /0.45NA and 60 × /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 × and 60 × FOVs. The scale bars are in micron. 

6 
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lgorithms for the quadratic phase error free quantitative phase maps

f UiT text fabricated on a Si wafer. Subsequently, the phase maps can

e used to measure the height maps of text for both laser and FWL by

sing H( x , y ) = λ𝜙( x , y )∕4 pi , where λ is the peak wavelength of the light

ource. Fig. 5 (b) and (e) illustrate the reconstructed phase maps of the

iT text corresponding to diode laser and FWL, respectively. 

The normalized histogram plots of the region marked with yellow

otted box for both sources are illustrated in Fig. 5 (c) and 5(f), respec-

ively. It is observed from the histogram plots that diode laser generates

arge coherent noise in the recovered phase maps compared to FWL. The

hase difference between the structure’s foreground and background are

easured to be equal to 2.2 rad. and 2.27 rad. for laser and FWL, re-

pectively. It can be seen that the spatial phase noise is large in case

f laser compared to FWL. The standard deviation values are measured

o be approximately equal to 0.5 rad and 0.2 rad for laser and FWL,

espectively. It is quite evident from Fig. 5 (c) and (f) that the coher-

nce property of the light source plays an important role in deciding the

hase measurement sensitivity of the system. Thus, partially spatial and

artially temporal coherent light source, like FWL in the present work,

enerates superior quality interferometric and subsequently phase im-

ges of the specimen. High spatial phase sensitivity is required when

inute structures like membrane of liver sinusoidal endothelial cells (H

100 nm), tail of the sperms and thin optical waveguide are needed to

e imaged. These structures would be difficult to image in a laser based

nterferometric systems. 

.6. Scalable field of view and resolution 

The scalable FOV and resolution is indispensable in the LCIM system.

t provides the flexibility to the user to acquire, first, the extremely large

OV with low magnification objective lens and then the high-resolution

hase images of the region of interest. In the previous sections, it has

een demonstrated that non-identical objective lenses can be used in the

bject and the reference arm of the LCIM system to obtain interference

ringes with low TC length light source. In this section, the experiments

re conducted on the biological sample (HeLa cells) to exhibit the scal-

ble FOV and resolution capability of the present approach. The data

s acquired with three different 10 × /0.25, 20 × /0.45 and 60 × /1.2

A objective lenses in the object arm of LCIM system. To prepare the

ample, first, PDMS chamber having opening area 10 × 10 mm is placed

n top of the Si wafer. The HeLa cells are grown in the PDMS chamber

nd then covered from the top using a 170 𝜇m thick cover glass. 

Fig. 6 (a)–(c) illustrate one of the phase shifted interferograms

f HeLa cells corresponding to 10 × /0.25NA, 20 × /0.45NA and

0 × /1.2NA objective lenses, respectively. It can be seen from the

nterferograms that the shape of the fringes is circular for all objec-

ive lenses. This is due to the wavefront curvature mismatch between

he object and the reference beam at zero OPD position while working

ith 20 × /0.45NA and 60 × /1.2NA objective lenses. The 60 × /1.2NA

bjective lens generates large curvature mismatch than 20 × /0.45NA

bjective lens and forms relatively high-density fringes as presented in

ig. 6 (b) and (c). For identical objective lenses 10 × /0.25NA in both

he object and the reference arm, the shape of the fringes is also circu-

ar. In this case, slight curvature mismatch is arising due to the sample,

hich generated extra OPD in the object beam compared to the ref-

rence beam. These interferograms are further post processed to mea-

ure the corresponding phase maps using AIA and PCA algorithms. The

ecovered phase maps of HeLa cells corresponding to 10 × /0.25NA,

0 × /0.45NA and 60 × /1.2NA objective lenses are illustrated in

ig. 6 (d)–(f), respectively. It can be visualized that the recovered phase

aps do not suffer from the speckle noise and coherent noise. The use

f FWL generates highly spatial phase sensitive phase images of the bi-

logical specimens over the whole camera FOV. Thus, it demonstrates

hat the present approach provides the possibility of obtaining scalable

OV and resolution with high spatial phase sensitivity in interference

icroscopy system. 
7 
. Conclusion and discussion 

In the present work, LCIM is implemented with non-identical objec-

ive lenses in the object and the reference arm and low TC length ( ∼
0 𝜇m) light source. LCIM has advantages such as optical sectioning

ue to the short TC length of the light source, extended range of height

easurement in profilometry compared to monochromatic light source-

ased interferometry system, and generation of three-dimensional im-

ges in FFOCT system. Along with these advantages, the use of low TC

ight source in interference microscopy system significantly increases its

hase measurement sensitivity compared to laser. 

High spatial phase sensitivity is indispensable in the LCIM system

or imaging thin biological specimens like membrane of LSECs [2] , tail

f sperm, extracellular vesicles, bacteria and liposomes which introduce

inute optical lengths in the light wavefront. Such objects are difficult

o image under laser-based interference microscopy system due to the

oherent noise. The problem of coherent noise can be resolved by em-

loying LCIM system, which utilizes low TC length light sources instead

f high TC length light source like laser. At the same time, the low TC

ength imposes a constraint on the LCIM. This limits the use of only

dentical objective lenses in both arms of the interference microscopy

ystem. The identical objective lenses do not disturb the zero OPD con-

ition between the object and the reference arm and helps to form the

nterference fringes even with the low TC length light sources. This over-

ll restricts the applications of LCIM system only for a specific objective

ens. 

On the contrary, the use of non-identical objective lenses introduces

xtra OPD (larger than TC length of the light source) and optical dis-

ersion mismatch between the object and the reference field of LCIM

ystem while switching different objective lenses in the object arm and

onsequently washout the interference fringes. The OPD adjustment is

one by translating the reference arm (objective lens + mirror) and op-

ical dispersion compensation is done by employing FWL with spectral

andwidth less than 10 nm. At zero or nearly zero OPD position, the

nterference fringes again appear at the camera. It disturbs the geomet-

ical path length between the object and the reference arm of the system

nd introduce wavefront curvature mismatch between the interfering

eams. This leads to the formation of curved fringes in place of straight

ringes and subsequently introduces an unwanted quadratic phase error

n the recovered phase maps. 

The AIA algorithm is implemented for the quantitative phase recov-

ry of the test specimens which reconstruct the diffraction limited phase

mages from the randomly phase shifted interferograms. The quadratic

hase error is compensated by employing PCA algorithm, which is im-

lementing only for a single shot phase recovery algorithm in the past.

t is demonstrated that these algorithms work effectively in the present

nbalanced LCIM system and generates high quality phase images of the

pecimens without losing any resolution during the reconstruction steps.

he capability of the present approach is exhibited by performing phase

maging of the USAF chart, step like object (UiT text) and scalable FOV

maging of HeLa cells. Thus, user defined scalable FOV and resolution

an be easily obtained in LCIM system. The present approach would also

nable the use of highest possible resolution immersion objective lenses

or phase imaging of a variety of specimens. We believe the present

pproach would have a wide penetration in the field of interference mi-

roscopy and opens the avenue for wide range of bio applications in

uture. 
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